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Scaffold or matrix-attachment regions (S/MARs) are thought to be
involved in the organization of eukaryotic chromosomes and in the
regulation of several DNA functions. Their characteristics are conserved
between plants and humans, and a variety of biological activities have been
associated with them. The identification of S/MARs within genomic
sequences has proved to be unexpectedly difficult, as they do not appear to
have consensus sequences or sequence motifs associated with them. We
have shown that S/MARs do share a characteristic structural property, they
have a markedly high predicted propensity to undergo strand separation
when placed under negative superhelical tension. This result agrees with
experimental observations, that S/MARs contain base-unpairing regions
(BURs). Here, we perform a quantitative evaluation of the association
between the ease of stress-induced DNA duplex destabilization (SIDD) and
S/MAR binding activity. We first use synthetic oligomers to investigate
how the arrangement of localized unpairing elements within a baseunpairing region affects S/MAR binding. The organizational properties
found in this way are applied to the investigation of correlations between
specific measures of stress-induced duplex destabilization and the binding
properties of naturally occurring S/MARs. For this purpose, we analyze S/
MAR and non-S/MAR elements that have been derived from the human
genome or from the tobacco genome. We find that S/MARs exhibit long
regions of extensive destabilization. Moreover, quantitative measures of
the SIDD attributes of these fragments calculated under uniform conditions
are found to correlate very highly (r2O0.8) with their experimentally
measured S/MAR-binding strengths. These results suggest that duplex
destabilization may be involved in the mechanisms by which S/MARs
function. They suggest also that SIDD properties may be incorporated into
an improved computational strategy to search genomic DNA sequences for
sites having the necessary attributes to function as S/MARs, and even to
estimate their relative binding strengths.
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The organization of the eukaryotic nucleus into
chromosomal domains is thought to be mediated by
a proteinaceous intranuclear framework, called
either the nuclear matrix,1 or the nuclear scaffold.2
Branched core filaments provide a supporting
structure for the formation of DNA loops, and
participate in diverse matrix-supported processes
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involved in DNA replication and transcription,
RNA processing and transport,3,4,5 signal transduction and apoptosis.6,7 The DNA elements that
mediate attachment of chromatin loops to this
nuclear scaffold are called scaffold/matrix attachment regions (S/MARs).8 S/MARs are
operationally defined according to the protocols
that led to their detection (see below). The elements
that are recovered by these procedures have been
implicated in a variety of biological activities that
are compatible with an affinity for the nuclear
matrix.9 These include the insulation of transgenes
from negative effects of the genomic surroundings
(insulator function),10,11 augmentation of transcription rates,12 long-term maintenance of high transcription levels by counteracting DNA methylation,
and the support of histone acetylation,13,14 enhancer,15–18 and origin-of-replication functions.19,20
During their replication, episomes are segregated
by S/MARs functioning as maintenance elements.21
All these activities may be consequences either of
the structures of S/MARs or of their interactions
with proteins and/or other molecules.
In line with the above activities, S/MARs have
been reported to mediate domain opening.22,23
During embryonic development, this process is
accompanied by a regional demethylation
activity.16,17 These data, together with the results
from various insulation experiments,9–11,24,25
strongly implicate S/MARs in defining the boundaries of autonomously regulated chromatin
domains. The occupancy of at least some of these
boundaries can be regulated dynamically
in vivo.26,27 Since these dynamic effects have not
been fully characterized, we will examine measures
of matrix affinity and associated biological activities
that have been observed consistently for all S/
MARs.
S/MARs have clearly been shown to have a
variety of effects on transcription. They can act in cis
to increase transcriptional initiation rates,28,29 even
in the absence of an enhancer. This so-called
augmentation activity12 is clearly distinct from
prototypical enhancement, since enhancers, but
not S/MARs, are active in transient assays.30,31
The presence of S/MARs has been shown to
prevent the ectopic expression of transgenes.32 In
one case, the presence of an S/MAR proved to be
indispensable for correct hormonal gene regulation.33,34 It has been shown that short subsections
of a domain border can substitute for the function of
an enhancer-associated element.35
Several investigations have documented a direct
correlation between the matrix binding and transcriptional augmentation activities of S/MARs.36–38
This suggests that a standard assay of in vitro S/
MAR binding strength might predict this regulatory
S/MAR activity, and perhaps others as well.
However, the general augmentation effect of an S/
MAR can be modulated or even disrupted by the
over-expression of distinct S/MAR-binding proteins.39 This finding suggests that an intricate
interplay may occur among various S/MAR-
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binding proteins, which could alter constitutive S/
MAR-matrix contacts.40–42
The relationship between in vitro and in vivo
S/MAR activities
The first studies of the structure/function
relationships of S/MARs performed in this laboratory examined the organization of a 14 kb region
containing the human interferon b (IFNB1) gene
domain that is located at position 9p22 on the short
arm of chromosome 9. The transcription unit of
IFNB1 is bounded by a strong 7 kb S/MAR
upstream, and a strong 5 kb S/MAR downstream
(Figure 1(a)). A second, weakly-associating element
has been found between the gene and its strong
downstream S/MAR.43 The occupancy of this
secondary S/MAR is regulated in vivo according
to transcriptional activity.
To investigate the structure and transcriptional
activity of the native IFNB1 domain, we made a
series of transgene constructs and studied their
expression in a mouse L host cell line.31 Next, we
created a series of artificial single-S/MAR and
double-S/MAR constructs using various reporter
systems. These studies again demonstrated that
transcriptional augmentation increased as longer
S/MAR-like elements were added, and was maximal for constructs having a minidomain structure
in which the reporter gene was bracketed on both
sides by S/MARs.31,44
The properties that confer S/MAR-binding
activity have been studied in vitro using artificial
elements of the appropriate sizes and minimal
sequence complexity, whose binding and transcriptional augmentation properties could be determined in parallel. The first study of this kind
constructed a series of oligomers of a 166 bp region
from the upstream IFNB1 S/MAR.36 Neither
binding nor augmentation was observed for the
monomer, but a simultaneous increase in both
activities was found with increasing degree of
oligomerization (Figure 4). This and other studies
indicate that the strength of in vitro binding can be
used as a qualitative predictor of transcriptional
efficiency.
Specific DNA sequences are not associated with
S/MAR-binding activity
The prediction of S/MARs from primary DNA
sequence data has proven to be unexpectedly
difficult. Despite considerable efforts, no single
consensus sequence, pattern or motif has been
found to be associated with S/MAR-binding
activity. A set of six rules has been proposed
which, together or alone, have been suggested to
contribute to S/MAR function.45,46 The observations that suggested these rules, which were
based on a relatively small sample set of S/MARs,
are: (i) sites of matrix attachment share certain ATrich tracts with homeotic protein recognition sites
and origins of replication; (ii) a number of genes
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Figure 1. The human interferon-ß (huIFN-ß) gene and its upstream bordering (S/MAR-) region analyzed by stressinduced duplex destabilization (SIDD). (a) Binding strength for EcoRI/PstI-fragments (A-F, H, I, K; G is an EcoRI-BglII
fragment) and BglII/HindIII fragments (a, b, d, e, f; c equals G) along the IFNB1 chromatin domain. The position of the
coding region is marked by an arrow in fragment F. (b) The SIDD profile of this region. Here G(x) is the free energy
needed for full separation of base-pair x when this region is at superhelix density sZK0.055.

contain TG-rich sequences in their 3 0 -untranslated
regions (UTRs), which can be S/MARs; (iii)
intrinsically curved DNA occurs within or near
several S/MARs; (iv) the dinucleotides TG, CA or
TA, spaced in a way that leads to kinking, are
present in some S/MARs; (v) topoisomerase II
cleavage sites occur at nuclear matrix attachment
sites; and (vi) many S/MARs contain significant
stretches of AT-rich sequence, with prominent
occurrences of both An runs47 and (AT)n tracts.48
(A refinement of this criterion, the 90% AT box, has
also been proposed.49) These rules were amalgamated into the MARfinder computer program,45,46
now called MAR-Wiz†. Although sometimes in
excellent agreement with the structure-based
method described below,50 this approach alone is
not always successful at reliably finding S/MAR
locations.
The compilation of an S/MAR database called
SMARtDB has enabled a more thorough investigation of the sequence attributes of S/MARs.51
An analysis of all experimentally characterized S/
MARs in SMARtDB in late 2002 showed that
most, but not all, were significantly ACTenriched relative to their genomic averages.52,53
The statistical significances of occurrences of
specific sequence elements in S/MARs were

† http://www.futuresoft.org/MAR-Wiz/

assessed by comparing their occurrences in each
actual sequence with their expected frequency
distributions in randomized sequences having the
same base composition as the actual sequence.
This was done for each of the 245 sequences in
the database. This analysis found that the
apparent enrichments for all the types of
elements listed as (ii)–(vi) above were not
statistically significant. Their frequencies did not
significantly exceed those found for random
sequences having the same average base composition as these S/MARs. Moreover, a careful
examination was made of the frequencies of
occurrence of every possible n-mer, from dimers
through hexamers, both for the actual S/MAR
sequences and for four randomized sequence
sets. Of the 2080 non-redundant hexamers, none
was present in all S/MARs. Only 34 occurred at
apparently elevated frequencies, all of which are
highly ACT-rich. It is probable that most or all of
these were simply random statistical outliers, an
inevitable consequence of asking 2080 different
questions of a dataset. Indeed, none was present
in sufficiently large numbers of different S/MARs
to suggest they formed part of a sequence motif.
This analysis suggests strongly that S/MARs do
not have identifiable sequence patterns or motifs.
So, their binding properties must be determined
by other factors. The expectation is that these are
structural in nature.
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Stress-induced duplex stabilization and baseunpairing in S/MARs
Our own efforts to define a unique property
common to many or all S/MARs were guided by
observations that these elements have an unusual
propensity for DNA strand separation. In vitro
chemical reactivity studies have shown that S/
MARs, when placed in plasmids under negative
superhelical tension, contain local regions of strand
separation. Depending on the salt conditions,
strand separation initiates at the most easily
destabilized site, the core-unpairing element
(CUE), and from there spreads throughout a baseunpairing region (BUR) having well-defined borders.48 Base unpairing has been found to occur in
the transcriptional regulatory loci controlling several genes, including those encoding chicken bAglobin,54 the human CMV major immediate early
protein,55 interferon-b,43 and c-myc.56,57 Several of
these BURs have been shown to coincide with S/
MARs.44,58
The local propensity for the DNA duplex to
become destabilized under stress can be calculated
using methods from equilibrium statistical mechanics.59–62 This stress-induced duplex destabilization (SIDD) analysis technique calculates the
extent to which the imposed level of superhelical
stress decreases the free energy needed to open the
duplex at each position along a DNA sequence. The
results are displayed as an SIDD profile, in which
sites of strong destabilization appear as deep
minima. (The SIDD profile of the human IFNb
gene region is shown in Figure 1(b).)
Using this approach, we have shown that all S/
MARs investigated to date share a common
architecture comprised of one or more very easily
destabilized unpairing element(s) within a long
region of considerable destabilization.50,59 These S/
MAR-associated SIDD sites commonly extend for at
least several hundred base-pairs, and consist of
either an extended continuous unpairing element,
as in the case of the IFNWP18-IFNA10-IFNA7
segment in the interferon cluster,50 or a succession
of approximately evenly spaced local unpairing
elements (Figure 1). The sites of strong destabilization within these regions, which are the deep
minima on the SIDD profile, coincide with the
experimentally observed BURs. And the deepest
minimum commonly is found at the CUE, which
acts as a nucleation center for strand separation.
The extent of destabilization seen for the S/MAR
regions of these plasmids is sufficient to render
them partially or entirely single-stranded at a
moderate negative superhelicity (viz. at superhelix
density sZK0.05).
Some activities of S/MARs may be directly
related to their propensity to become singlestranded under negative superhelical tension.63,64
Any mechanism that involves either single strandspecific DNA binding or partial helical unpairing
would then be expected to occur preferentially at S/
MARs.
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Here, we examine the quantitative correlations
between the SIDD properties of S/MARs and their
in vitro binding activities. A variety of S/MARs
whose binding strengths have been determined
experimentally are placed in a standard plasmid
context, and the SIDD profiles of these plasmids are
calculated at a standard superhelix density. This is
done first for three classes of artificial sequences
that were constructed to evaluate how scaffold
binding varies with systematic changes in specific
attributes. Then, we use the same approach to
determine the SIDD properties that correlate most
closely with S/MAR-binding activity for naturally
occurring S/MARs, whose SIDD profiles are much
more complex. The close correlation between SIDD
properties and both binding strengths and biological activities has a number of obvious implications
regarding regulatory mechanisms.

Results
The IFNB1 domain: an overview
Figure 1(a) shows the measured binding
strengths for individual EcoRI (upper case letters)
or BglII /HindIII fragments (lower case letters)
across the human interferon-b (IFNB1) domain.
Figure 1(b) shows the calculated SIDD profile of this
region, together with previously determined mapping data. The coding sequence of IFNB1 (short
arrow) is contained within the most stable interval
in the entire region, and is flanked by destabilized
sites. A pronounced SIDD site in its 3 0 flank, which,
as in other cases,44 coincides with the transcriptional termination site, is among the most highly
destabilized in the region. In contrast, the promoter
is destabilized less strongly. Three major upstream
SIDD sites coincide with DNase I-hypersensitive
sites (HS1, HS2 and HS3),63,64 and represent factorbinding sites with regulatory potential. Among
these, HS3 also is a genomic fragile region, and
thereby a hotspot for deletion.65 Sites H3 and H2
bracket a register of six positioned nucleosomes.63
The strongest S/MAR activity found within the
region depicted in Figure 1(b) occurs in fragments I,
E, and H that are taken from the left-most 5kb of the
sequence. This region is characterized by a long
succession of moderate SIDD minima. If S/MAR
character depends on SIDD properties, as has been
suggested,59 the activity must be a composite
function of the extent of a destabilized BUR, the
overall amount of destabilization throughout the
BUR, and possibly of the spacing between individual SIDD peaks. The importance of each of these
parameters is assessed in model constructs analyzed below.
Artificial S/MARs
We analyze three classes of artificially constructed S/MAR elements that were designed to
illuminate how binding properties depend on
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specific attributes of a S/MAR. First, we consider
how binding increases with the length of a simple
destabilized site. Next, we assess the synergistic
interactions between two sites. Then, we determine
how binding varies with the number of identical
sites placed in a row, with fixed separation
distances between them.

Extending a core unpairing element: the (25)n series
The S/MAR located 3 0 to the immunoglobulin
heavy chain gene (IgH) enhancer contains the 25 bp
ACT-rich sequence CTCTTAATTTCTAATATATT
TAGAA. When cloned into a plasmid and subjected
to negative superhelicity, this site has been shown to
become base-unpaired, while the balance of the
plasmid remains double-stranded.48 This 25 bp
tract has been oligomerized to form the (25)n series.
This was done in order to determine experimentally
how S/MAR activity varies with sequence length, a
question that arose from the observation that active
S/MARs are relatively long, commonly containing
at least 300 bp, and that there appears to be a
minimum size consistent with activity.
The in vitro binding strengths of these oligomers
were evaluated experimentally by using the modified equal fractions scaffold reassociation procedure, as described.37 Three measurements were
made for each oligomer and the results are shown in
Figure 2(b). Significant binding commences with
the trimer, and the average measured activity of
each oligomer increases monotonically with n
thereafter. Binding is half-maximal at the pentamer
level [(25)5], and 100% binding is achieved by the
octamer. The heptamer (25)7 binds with strength
equal to that of our 800 bp standard, and both
elements cause substantial transcriptional augmentation.36,48 (This heptamer was used by KohwiShigematsu and co-workers to isolate S/MARbinding proteins, including SATB1, nucleolin, and
the p114/PARP and Ku/PARP complexes.66,67)
The destabilization properties of each oligomer in
the (25)n series were computed in the standard pTZ18R vector context by the method described below.
The SIDD profiles of the plasmids containing the
monomer through the octomer are shown in
Figure 2(a). The oligomer insert sites all show a
simple pattern of destabilization: G(x) drops steeply
to a uniform minimum whose width at the bottom
corresponds to the size of the oligomer. For nO1 the
minima at the oligomer site all have essentially the
same depth. Even at the dimer level, destabilization
at the insert site outcompetes that at the terminator
of the b-lactamase gene, an internal standard that
has been shown to be highly susceptible to stressinduced denaturation.59,68 This behavior results
from the globally interactive character of stressdriven transitions. Denaturation at any site relaxes
superhelicity, which is felt by all other sites
experiencing the stress. As the amount of relaxation
afforded by denaturing the insert region increases
with insert length, the competitiveness of denatu-
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ring the terminator region diminishes correspondingly.
Extents of destabilization may be assigned to the
insert portions of the (25)n series of plasmids in a
variety of ways, based either on lengths or areas,
and using any integer threshold Gd between 1 and 9.
(In this, as in other analyses, the absolute minimum
value of G(x) is not informative, here having
essentially the same value for every insert larger
than the monomer; for this reason, it is not
considered further.) In this analysis we include
only insert sizes nZ2,.8. The monomer was
excluded because no activity was measured for it
in any experiment. The 9-mer and 10-mer were
excluded because complete binding had occurred in
the shorter 8-mer. For each threshold chosen, both
the area and the length SIDD measures increased
linearly with n with highly significant correlation
(r2O0.99). This result did not change when 8-mers
were also excluded (data not shown.). Next, the
average binding strength was determined from the
three measurements that were made for each insert
length. Linear, exponential, logarithmic and sigmoidal functions of the SIDD area and length
parameters were fitted to these averages.
For every threshold GdO1, the best linear fits of
either length or area measures gave essentially
identical results, in all cases yielding r2Z0.96. This
is not surprising, given that the linear regression
between the average binding strength and insert
length n also has r2Z0.96, and the fit between the
SIDD parameters and n is virtually perfect, as
described above. A sigmoidal functional form
yielded essentially indistinguishable results. The fit
of the exponential form was degraded only slightly,
while the logarithmic form yielded somewhat poorer
fits. These conclusions are apparent from Figure 2(b)
when one notes that the abscissa n is linearly related
to both area and length SIDD measures. One sees that
the experimentally measured activity values shown
in that Figure fit very well to either a sigmoid or a
straight line. They fit an exponential or a logarithmic
curve slightly less well.
This series of extremely simple artificial constructs does not serve to distinguish whether length
or area measures are more useful, or what values of
the threshold Gd are most informative. However,
their results can be used to determine the minimum
value of each SIDD parameter at which onset of
binding activity occurs. This is the x-intercept of
each fit of each SIDD measure at each threshold Gd.
There is no reason to expect that simple artificial
constructs should behave identically with natural
S/MARs. Thus, as has been noted earlier, the
threshold for 50% activity found for this (25)n series
is shorter than the threshold length seen in natural
S/MARs, whose destabilization patterns are much
less uniform. Any biological differences between
plant and vertebrate S/MARs also might be
reflected in distinct patterns of SIDD association
(see Discussion). For these reasons, we usually
analyze each series de novo, independent of
previous results on other series.
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Figure 2. Extending an unpairing element creates an active S/MAR element. (a) The 25 bp core-unpairing element defined
by Bode et al.46 was oligomerized creating a series (25)1 to (25)10. The Figure shows the SIDD profile for the inserts (nZ1–8) in a
vector background as described.46 As the 25 bp segments are not separated by a spacer, oligomerization results in a
continuous extension of the destabilized region. As the extent of oligomerization increases, the resulting element becomes
increasingly capable of competing with the amp-associated unwinding elements until, at higher degrees of oligomerization,
these are the only regions at which the superhelical strain is released. This behavior illustrates the globally competitive nature
of stress-driven transitions, where denaturation at one site causes a corresponding relaxation of the superhelical stresses
throughout the domain involved. Because longer oligomers relax more stress on denaturing, their transition more effectively
suppresses competing transitions elsewhere. (b) The binding activities of the members of this series were determined by a
standardized reassociation assay in the presence of LIS.37 The binding strength is referenced to an 80% binding standard as
described.59 For the present purposes, the binding strengths were called activities to suggest that they can serve as predictors
of the transcriptional augmentation potential of these elements.46

Synergy and communication between unpairing
elements: the Okada dimer series69
The SIDD profiles of all S/MARs that have been
analyzed to date show them to be highly susceptible
to stress-induced destabilization. Their profiles
commonly consist either of a series of closely
spaced destabilized sites or of a unique, strongly
destabilized site, often with secondary minima
nearby (e.g. see Figure 1(b)). The deepest minima
on the SIDD plots are seen experimentally as

unpairing elements. As the pattern of destabilization within an S/MAR often is complex, it is
appropriate to consider how the separation distances between its internal SIDD sites might affect
its overall binding.
To address this question, Okada and colleagues
have constructed a series of S/MARs derived from
the immunoglobulin k enhancer-associated S/
MAR.47,69 This S/MAR is composed of two
unpairing elements, which by themselves have
sub-S/MAR extension. These unpairing elements
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have been separated and dimerized individually.
Six homodimeric S/MAR inserts were constructed,
in which the copies were separated by distances of
5 bp, 100 bp, 300 bp, 500 bp, 800 bp and 2900 bp.
(The spacer DNA in every case shows no destabilization under stress.) The S/MAR activities of these
sequences were determined using the standard
procedure, as described below. A strong synergistic
effect was seen, in which S/MAR-binding activity
dropped sigmoidally as the distance between the
individual elements increased. The segment having
least separation showed the strongest binding, 37%
in this assay. Binding activity dropped sigmoidally
with separation distance until at the widest
separation (2.9 kb), where the sites presumably
bound independently, 7% activity was measured.
We model this situation as follows. Consider a
domain containing two SIDD sites, which we call S1
and S2. (In the experiments described by Okada
et al.,47,69 these sites are identical copies of a sub-S/
MAR, but here we describe a more general case in
which the sites need not have identical sequences or
SIDD properties). Suppose the separation distance
between these sites is d. When d is sufficiently small,
the sites effectively abut, so they may be regarded as
forming a single longer site, which we call S12. We
denote the S/MAR-binding probabilities of the
three individual sites S1, S2 and S12 by p1, p2 and
p12, respectively. (This probability is the binding
fraction. Since binding activity is expressed as the
percentage binding, these two values are directly
equivalent.)
When d is sufficiently large, sites S1 and S2 are
effectively independent, so the probability of both
binding is the product p1p2 of their individual
binding probabilities. The domain will bind when
either or both sites bind; so, by the addition rule, the
overall binding probability pi is:
pi Z p1 C p2 Kp1 p2

(1)

The binding probability of the widely separated,
independent dimer was measured to be piZ0.07.
Putting this value into equation (1), setting p1Zp2 as
appropriate for identical repeats, and solving the
resulting quadratic equation yields p1Zp2Z0.036.
According to the experiment, as the separation
distance d increases, the observed binding probability pobs decreases sigmoidally from p12Z0.37 to
pi Z0.07:
pobs Z f ðdÞp12 C ½1Kf ðdÞpi

(2)

We call f(d) the synergy function. We have
determined the synergy function that best fits the
experimental data reported by Okada et al.69 using
the following procedure. We give f(d) the functional
form of a standard sigmoidal curve, which is the
cumulative distribution function of a normal
distribution with mean m and standard deviation
F. We fit this curve to the experimental activities by
evaluating this expression for a range of values of m
and F, and determining the pair of values that give
the best rms fit to the data using equations (1) and

Figure 3. Communication between individual unpairing elements is required to create activity. Dimerization of
a sub-S/MAR size fragment (130 bp) from the immunoglobulin k S/MAR creates an element associating with the
nuclear scaffold. If neutral spacers with a balanced AT/
GC ratio are inserted between the monomers, S/MARactivity is gradually lost, indicating the spatial binding
requirements of the major constituent proteins.69 This
Figure shows the synergy function derived in the text to
describe this effect.

(2). We found this to occur when mZ407 and sZ
112.5. The curve that best fits the data, which we call
the synergy curve, is shown in Figure 3.
In fitting SIDD properties to binding data we first
evaluate an SIDD measure m, then find a functional
form aZF(m) that best fits the binding activity a as a
function of this measure. We analyze a variety of
measures and functional forms until we find those
that provide the best fit. Because synergistic
interactions are clearly very important in determining overall activity, this effect must be included
in our procedure. For this purpose, we use the
synergy function found here. However, this can be
done in either of two ways. Suppose the SIDD
profile of an S/MAR contains two minima separated by a distance d. (In practice, d will usually be
determined as the separation distance between
their associated minima in the SIDD profile, not
by the separation of well-defined inserts as for the
above experiment.) One may assume that the
synergistic effect occurs either at the level of the
measure, where:
meff Z f ðdÞm12 C ½1Kf ðdÞmi ; aeff Z Fðmeff Þ

(3a)

or that it occurs at the level of activity, where:
aeff Z f ðdÞFðm12 Þ C ½1Kf ðdÞFðmi Þ:

(3b)

Unless the fitting function is linear, these
approaches will not be equivalent. In what follows,
we will use both strategies. Thereby, we will
determine the best way to incorporate synergistic
interactions based on the Okada synergy function
f(d) determined above.
The experimental observation reported by Okada
et al.,69 that the S/MAR-binding activity of a region
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containing two sub-S/MARs increases when they are
moved closer together, suggests that some sort of
distance-dependent communication occurs between
them. There are several possible mechanisms for this
communication. Proximity between the sites could
increase the chances that both bind to the same
complex, which, through allosteric effects, could
induce a stronger attachment than is achieved by
widely separated sites that must bind to independent
complexes. Alternatively, binding could involve a
progressive buildup of a protein complex from
components that must contact each other in order to
mediate binding of sufficient strength.8 The precise
mechanism underlying this synergy remains to be
elucidated.47
Repetition of unpairing elements: their communication in the (VIII)n series
The (VIII)n series is constructed from n-mers
(nZ1, 2, 3, or 4) of a 166 bp segment from the
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huIFN upstream S/MAR.36 This segment comprises a core-unpairing element similar to that
used to construct the (25)n series. The pCL
sequence, an 800 bp segment taken from the
same S/MAR, serves as our reference standard
for normalizing binding strengths.
We have inserted each of the elements in the
(VIII)n series and the pCL sequence separately
into the pTZ-18R vector, and calculated the SIDD
profiles of the resulting plasmids. The results for
the (VIII)n series are shown in Figure 4. Strong
destabilization is predicted to occur within a subregion of each 166 bp segment, so the strongly
destabilized sites in the multimeric inserts in that
series are separated from each other by fixed
distances. Here, this series is used to evaluate the
dependence of binding strength on the number of
identical, uniformly separated participating sites,
other factors remaining fixed.
The binding activities of these S/MAR constructs
have been measured experimentally, as described

Figure 4. Active S/MAR elements can be created by a succession of individual unpairing elements. The 166 bp
sequence surrounding a core unpairing element in fragment VIII36 was oligomerized to form the (VIII)n series, for nZ1,
2, 3, 4. The resulting S/MAR-binding activities of these constructs were found to increase with the degree of
oligomerization. We have previously reported a correlation of binding activity with the transcriptional augmentation
potential.84
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Here, we analyze two collections of naturally
occurring S/MARs, the first from the human
interferon-b gene region and the second from plants.
In these analyses, we use the information gleaned
from the simple paradigm cases described above.
The human and plant S/MARs are analyzed
separately. We do this for two reasons. First, the
binding activities of these two series were measured
in different laboratories, which may introduce
systematic differences in their measurements. In
particular, the human series included the 800 bp
reference standard, but the plant series did not. So,
measurements of binding activities in these studies
are not directly comparable. Second, and more
fundamentally, the structural and/or functional
properties of S/MARs may not be universal (see
below).70
S/MARs from the human interferon-b chromatin
domain
The human type 1 interferon gene cluster consists
of 26 IFN genes and pseudogenes, distributed over
400 kb at Giemsa band 9p22. This cluster has gained
particular attention because deletions that initiate
here and include the adjacent tumor suppressor
gene(s) are related to some of the most common
genetic abnormalities that occur in numerous forms

(a)

100
Activity
(%)

Naturally occurring S/MARs

of cancer.65,71 S/MARs have been implicated in the
mechanism of these deletions.72
The interferon-b gene (IFNB1) is the most
telomere-proximal member of this cluster. It also
is in the longest domain of the cluster, extending
over 14 kb and flanked on both sides by strong S/
MARs.43,65 Immediately downstream from IFNB1
there is an S/MAR of intermediate strength, whose
occupancy halo-mapping experiments suggest is
regulated upon gene induction.23,43,63
Figure 1(b) confirms that the SIDD profile of the
region encompassing the interferon b gene coding
sequence is complex.65 While the coding region itself
is stable, it is flanked on the 5 0 side by a slightly
destabilized promoter region, and on the 3 0 side by
a highly destabilized locus that contains its polyadenylation site. This architecture has been noted for
numerous other eukaryotic genes.59,62 The other
functional members of this gene cluster have similar
arrangements of SIDD sites, but some of the
pseudogenes do not. Thus, the presence of S/MARs
closely parallels the SIDD properties of these
intergenic regions.
Binding under uninduced versus induced conditions.
The binding activities of 11 fragments were
examined under conditions where the IFNB1 gene
was either induced or uninduced. These were ten
EcoRI/PstI fragments (upper case letters in Figures
1(a) and 5(a)), and a BglII/HindIII fragment (“b”)
r2=0,93
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below. The 166 bp monomer behaves as a sub-S/
MAR, exhibiting very slight binding affinity and no
transcriptional augmentation potential. However,
both of these activities increase monotonically with
n, the number of monomer units in the insert.37 At the
tetramer level (664 bp) the activity of the 800 bp pCL
reference standard S/MAR is attained, both in the
binding experiment (Figure 4) and in the biological
test of transcriptional augmentation.12,37 This
concordance suggests that the functions of the (VIII)4
artificial S/MAR closely match those of the natural
element.
The binding activities of the multimeric (VIII)n
series appears to increase with copy number n in a
slightly sub-linear manner. This might suggest that
the synergy between nearby sites is not strictly a
linear combination of the values when separated
widely and when coincident, as it has been modeled
in equation (2). However, it is more plausible to
incorporate this non-linearity into the functional
dependence aZF(m) of activity on destabilization
measure. Some form of sub-linearity is expected, as
the maximum binding strength cannot exceed 100%,
no matter how extensive the destabilization (in this
series, how many repeat copies are present). This sublinearity suggests a logarithmic dependence of
activity on destabilization, as the following analyses
also find. However, the deviation from linearity is
small in this case, within the uncertainty observed in
repeated experimental measurements of binding
activity under other circumstances. (See the analysis
below of the b-interferon S/MARs.)
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Figure 5. Best correlates of SIDD properties with binding
strengths for naturally occurring S/MAR restriction
fragments. (a) This series of 11 fragments is from the
IFNB1 region, as shown in Figure 1. Besides
the EcoRI
0
0
fragments (A–K), the series includes C3 and C5 , the PstIsubfragments of EcoRI fragment C. (b) The best fit to the
plant series of S/MAR elements described in the text.47
Fragments and binding strengths are from Michalowski
et al.,49 who explored the predictive potential of a number of
sequence-oriented parameters. The SIDD-derived parameters used in the present work were superior to these
previous approaches, as discussed.49 Fragments in order of
decreasing SIDD parameter (i.e. from right to left along the
SIDD axis) are: 116-1O211-1ORB7-6O205-2O206-1O2201O115Ops1O202-2Ops4O217-1O202-2OARS1Ops8O
218 (see Table 1 of Michalowski et al.49).
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spanning the 3 0 S/MAR. Two measurements were
made under the uninduced condition, and one
under the induced condition. The measured binding strengths were correlated very strongly between
each pair of experiments (rO0.95 in all cases),
indicating that reassociation affinities (in contrast to
the in situ halo-mapping approach) remain unaffected by prior gene activity.
Parameter sets and procedures were sought that
gave good fits to all three experiments. When
placed in the standard plasmid context and
subjected to SIDD analysis, in all cases the profile
of the S/MAR region contains sites with strong
destabilization. Often, these consist of multiple
strongly destabilized sites in close proximity,
extending over several hundred, or more, basepairs. Less frequently, a pattern of limited destabilization or of destabilization at a single site is
observed.50
Our evaluations showed that either area-based
measures or linear measures could give fits that
were as good as the pairwise correlations between
these experiments, achieving coefficients of determination r2O0.9 for all three experiments. In all
cases, the best fitting function was logarithmic.
Multiple minima were merged according to
equations (1) and (2), using a closest-pair-mergesfirst strategy. The minimum length Nmin of the
destabilized region needed to be considered an S/
MAR ranged between 150 bp and 235 bp using
either area or length measures. The best fitting area
measures did not consider the relative amount of
destabilization in the vector versus the insert, but the
best fitting length measures did. Excellent fits (i.e. r2O
0.9)0 were found either way. The two apparent outliers
(C3 and K, with binding affinities between 20% and
30%) represent the flanks of the transcription unit,
and may therefore bind to specialized proteins that
are not ubiquitous matrix components.
An extended IFNB1 series. A set of 16 fragments
0
0
from the IFNB1 gene region (I, E, H, C, C3 , C5 , F, K,
D, G, c, a, d, e, b, f as shown in Figure 1(a)) were
investigated for their S/MAR binding activities.
One complete fitting run investigated 426,523
different parameter sets, which is a typical value.
Again, excellent fits were achieved using either area
(best r2Z0.897) or length (best r2Z0.865) measures.
In all cases, the best-fitting function was logarithmic.
As before, a range of parameter values gave high
correlations. Here, the minimum lengths were
smaller, Nmin ranging between 60 bp and 190 bp. In
some cases, the SIDD measures were weighted by the
fraction of destabilization occurring in the insert,
while in other cases they were unweighted.
S/MARs from plants
Spiker and co-workers have created a library of
randomly obtained S/MARs from tobacco by
cloning DNA fragments that co-isolate with the
nuclear scaffold obtained by the LIS halo-mapping
procedure.49 Subsequently, 34 cloned fragments
were tested for binding using a technique that
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corresponds closely to, but is not identical with, the
reassociation protocol used for the IFNB1 S/MAR
studies. Of the 34 fragments tested, 13 were chosen
for further study. These include three strong
scaffold binders, six that bind with medium
strength, two that bind weakly, and two nonbinders. In addition to these 13 elements, a
previously characterized strong tobacco ARS completed the series (see Table 1 of Michalowski et al.49)
Although somewhat different assays for strength
of binding were used for the plant S/MARs and the
IFNB1 S/MARs, the results found here are similar
to those for the IFNB1 S/MARs. High correlations
are achieved with either linear or area measures for
a fairly broad range of parameter choices. All strong
correlations required a logarithmic functional form.
The best fitting length and area measures both
weighted the SIDD measure by the fraction of
destabilization in the insert. Here, however, the
coefficients of determination were not as high as for
the earlier case. The best fit for area measures was
r2Z0.844, and for length measures the best fit was
r2Z0.826. This is probably as good as can be
expected, as the experimental binding activities
were measured to only one significant digit of
accuracy (i.e. to the nearest 10%).
The work reported here demonstrates that only
some of the possible ways of constructing SIDD
measures are relevant to S/MAR activity. In
particular, the best fits to all natural S/MARs have
logarithmic functional forms. Area measures give
slightly better results than length measures, while
extrema measures are not informative. Regarding
the competitiveness of the vector versus the insert
regions, ratio measures do not give good fits.
Fractional measures give the best fits, but in some
cases they are not greatly improved over measures
that do not consider this factor at all. Beyond this,
strong associations (viz. r2O0.8) are achieved with a
variety of thresholds and with both area and length
SIDD measures.

Discussion
The prediction of S/MAR locations from primary
sequence data has proven difficult, because S/MARs
do not appear to share a consensus sequence or motif
(see Introduction). With hindsight, this is reasonable,
as the major scaffold proteins recognize structural
attributes rather than specific base sequences. Our
efforts to define the DNA properties that are shared
by many or all S/MAR were guided by the
observation that these elements have an unusual
tendency for SIDD, which becomes manifest when an
S/MAR is placed under negative superhelical tension
in plasmids.60 We have shown by computation that
natural S/MARs share a common architecture
consisting of unpairing elements, which together
form an extensive base-unpairing region.59
Here, we have documented a close correlation
between the magnitude and extent of destabilization seen in the SIDD profiles of S/MARs and
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their in vitro binding strengths. Using suitable
models in the form of artificial S/MAR elements,
the underlying parameters, such as the size and
degree of destabilization of a BUR could be
examined (Figure 2). Spacing criteria have been
taken into account in cases where BURs were
composed of individual unpairing elements
(Figures 3 and 4).
As the SIDD properties used here to correlate
with S/MAR activity were calculated in a standard
context and under uniform conditions, it is not
straightforward to apply the conclusions to regions
whose SIDD properties were computed in other
contexts. In particular, the results presented here do
not permit S/MAR prediction directly from the
genomic SIDD profile. Instead, one can use the
genomic SIDD profile (or any other information) to
find possible S/MARs, then apply the procedures
presented here to predict their activities. This
requires that each site be placed in the standard
plasmid context, so all SIDD profiles are computed
under uniform conditions. The resulting profile is
examined for SIDD sites, whose properties are
analyzed using the parameters that we have shown
give the strongest correlations. These are the
minimum length Nmin, and the threshold SIDD
measure mthr for whichever attribute (area or
length) is of greatest interest (possibly both). Then
one must amalgamate close SIDD sites to get a total
SIDD measure M for the insert region, plus area
measures for the insert (Ains) and the vector (Avec)
components. This information may be used to
compute a predicted strength ap of S/MAR binding
using the functions that have been found here to
give the best fit:
ap Z sðg log10 ðMÞÞ C b
Here, s and b are the slope and y-intercept of the best
fitting regression line, as determined in the previous
section. The fractional destabilization of the insert
site is:
g Z Ains =½Avec C Ains 
If this predicted activity is greater than the
threshold for strong scaffold binding (aO50%),
this predicts S/MAR binding. This could be done
for either area or length measures, or for both. But
the parameters appropriate to each case must be
used.
It is important to note that this procedure predicts
the level of binding that would occur in the
standard assay procedure used here (see Methods),
not the strength derived from a halo-mapping
approach or even the in vivo binding situation.
Although this assay correlates with in vivo activity,
our SIDD measures as currently developed do not
directly predict that activity. Nevertheless, our
results have three important implications. First,
the fact that the SIDD properties of S/MARs
correlate closely with their activities supports the
suggestion that destabilization may be involved in
the mechanism of scaffold attachment. Second,
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calculations of SIDD properties could form the
basis of a strategy to computationally identify
within genomic DNA sequences the sites that
have the necessary attributes to function as S/
MARs. Third, the results presented here show that
the SIDD properties of naturally occurring S/MARs
can be used to guide the construction of biologically
active synthetic S/MAR elements with a restricted
complexity.12,36,37
Protein–S/MAR interactions and base–unpairing
The backbone of the eukaryotic nucleus can be
isolated and characterized according to protocols
that have been optimized for the removal of soluble
components.72,73 As expected for an operationally
defined entity, the various procedures used to
isolate the nuclear matrix/scaffold produce preparations that differ somewhat in ultrastructure,74
although most of their protein constituents appear
to be the same.75–78
After LIS-extraction the resulting scaffold contains components from three nuclear compartments, the lamins A–C (lamina), nucleolin
(nucleolus) and factors from the fibrogranular
internal network. The components of this network
have a strong resemblance to intermediate filaments.79–81 In addition to their established role at
the nuclear periphery, internal lamins81 are now
thought to serve regulatory functions in both
transcription and replication, and NuMA (nuclear
mitotic apparatus protein) also participates in the
nuclear skeleton, where it co-localizes with splicing
factors that link RNA processing to the nuclear
substructure.82
If the nuclear matrix is isolated in the absence of
ribonuclease (as is usually done), it contains 70% of
the nuclear RNA together with a number of known
RNA-binding proteins. Among these, the heterogeneous nuclear ribonucleoproteins (hnRNP) persist even after RNA degradation, suggesting that
they are involved in the binding of hnRNA to the
nuclear matrix. Experiments have shown that actin
is also a constituent of interphase nuclei and nuclear
matrices, where it is closely associated with small
nuclear ribonucleoproteins (snRNPs) and premRNAs.83
It has been suggested that either lamin B or SAFA shows the S/MAR-binding behavior of a
complete scaffold. While both of these proteins
display comparable recognition profiles for native
and artificial S/MAR elements, they clearly differ in
how effectively S/MAR binding competes with
ssDNA binding.12,50 The 50% competition limit
found for the complete scaffold84 is thought to
reflect the combined contributions of these two
major constituents.
S/MAR elements and the DNA-binding properties of
the nuclear scaffold. Vertebrates, plants and yeast all
have S/MARs, and these are functionally interchangeable in vivo.44 Once optimal SIDD predictors
are known for each group, one can assess how well
they predict the activities of other groups. Any
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differences found might suggest systematic differences in the SIDD properties of plant and human S/
MARs.
Lamins are essential components of the nuclear
scaffold in vertebrates, but are entirely absent from
yeast.70 Plants do have lamins, but they have
striking differences from their vertebrate conterparts in both sequence and nuclear localization.70
The fact that lamins bind ssDNA suggests that the
SIDD attributes of plants and vertebrate S/MARs
might differ. This is why S/MARs from these
sources were analyzed separately here. However,
the fact that both families were best fit by the same
functional forms with similar parameters suggests
that their destabilization properties may not be
significantly different.
Mattern et al. have identified the 21 most
abundant proteins that are present only in the
internal network, most of which are hnRNPs.76,77
This observation is consistent with earlier reports,85
and supports a model in which the major protein
constituents of the internal nuclear network participate in RNA metabolism, packaging and transport. The most prominent scaffold attachment
factor in LIS-extracted scaffolds is hnRNP-U,
which is also called SP12086 and SAF-A.84 Like the
lamins, SAF-A also associates with multiple S/
MARs. Although hnRNP-U is known to bind
RNA,87 UV-crosslinking experiments show that it
also associates with DNA in vivo.84 It has been
proposed that S/MAR binding to SAF-A is
optimized when “AT patches” (short stretches of
consecutive A and T bases), are distributed
according to certain rules.8,47 However, an extensive
analysis of the SMARtDB does not find evidence for
any specific consensus sequence or motif for overall
S/MAR binding.52
Structural features recognized by S/MAR-binding
proteins. The fact that the SIDD properties of S/
MARs correlate highly with both their binding and
biological activities suggests that destabilization
may be involved in their mechanisms of scaffold
attachment.88 A concern may be raised that this
correlation is made between SIDD profiles calculated for DNA under global superhelical stress, and
the in vitro binding activities of DNA fragments
under no such stress. However, the fact that S/MAR
activity requires a long destabilized site suggests
strongly that multiple binding events may be
involved. If the proteins that perform this binding
associate to form a matrix, they could exert
substantial stresses on the DNA between the
binding sites in a manner analogous to superhelicity. If the DNA must be strongly bent, for
example, the increased flexibility of denatured
regions could enable this to occur in an energetically favorable manner. So ease of stress-induced
denaturation could be a requirement for strong
binding, even in short, linear molecules. A specific
model has been suggested,89 according to which
proteins with propensities to bind single strands
will bind the fraction of fragments that expose
single strands at equilibrium. An analogous process
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will occur in vivo. But in this situation positive
superhelicity will arise transiently adjacent to the
binding site. After the relaxation by topoisomerases
a repository of underwound DNA is formed, which
may support the progression of tracking proteins in
a context-dependent manner. This model has been
used to explain the fact that an S/MAR immediately downstream from a promoter forms an
impediment to transcription, while at a more
remote location it is able to support progression of
RNA polymerase in a process that changes the
binding state at the S/MAR, relieving positive
supercoils ahead of the approaching enzyme.28,89
Besides SAF-A and lamins, BURs have been
shown to bind a number of other S/MAR-binding
proteins, some of which were first isolated by their
preferential binding to an oligomerized (25 bp)7
CUE (Figure 2(a)) over a mutagenized (24 bp)8
sequence that lacks the unpairing property. The
contribution of these proteins,66–67,90–97 and their
role in the functional network of the nuclear matrix,
has been reviewed.8,12,23 In summary, many
proteins associating with S/MARs are attracted
by specific features of BURs, such as particular
dsDNA structures (SATB1, HMG I(Y), SAF-A,
(the recognition of single strands individually
(lamins, nucleolin), or conjointly (p53 mut), or
secondary structures depending on prior unpairing
(HMG-1/2). Together, these factors have the potential either to activate,96,97 or to inactivate,39,41,42 a
chromatin domain. These effects explain many of
the known effects of S/MARs, including nuclear
localization, their influences on the expression
characteristics of associated genes,9 and their role
as elements that support the function of episomes
and provide for their segregation.98

Methods
Experimental assay of scaffold binding
Two conventional methods have been used to detect S/
MARs. The halo-mapping approach reveals the potentiated status of genes, i.e. either their active transcription
or their propensity to be transcribed. In contrast, scaffold/
matrix re-association techniques can be used to derive
quantitative data on the interaction of S/MARs with the
scaffold/matrix. Only the latter method yields results that
are suitable for the present purposes.37 Here, we use the
previously described “modified equal fractions
approach” to derive reassociation binding data.37,50
Briefly, a nuclear scaffold preparation is obtained by
LIS-extraction of nuclei, typically from cultured mouse L
or other rodent cell-lines. After equilibration in digestion
buffer, the resulting halo is degraded with a robust
restriction enzyme selected for its compatibility with the
ends of the fragments that will be subjected to reassociation. (Where possible, EcoRI is the preferred choice.) The
resulting scaffolds are supplied with a large amount
(8000–60,000-fold molar excess) of bacterial (Escherichia
coli genomic) DNA. Digested endogenous fragments are
left in place to serve as an additional competitor, a step
that improves the reproducibility of the procedure.49
Scaffolds are then divided into aliquots, and each aliquot
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is provided with a mixture of end-labeled restriction
fragments. As an important control, an S/MAR-containing vector was divided by restriction into its S/MAR part
(strongly binding) and its plasmid part (non-binding).
This control serves to establish the “equivalent fractions”
volumes, i.e. the volumes of supernatant (S) and pellet (P)
that contain the same amount of radioactivity (cpm).
These volumes are maintained for the remaining samples
that contain fragments having presently unknown
binding characteristics. Only in cases where a subsequent
electrophoretic separation yielded an autoradiograph in
which the control contained vector DNA in the S-fraction
and S/MAR DNA in the P-fraction (in the absence of any
cross-contamination) are the parallel samples subjected to
densitometric evaluation. Minor variations between the
experimental series are normalized using an EcoRI/
HindIII-cut pCL vector, whose 800 bp S/MAR insert
serves as a 70% binding standard. In addition, mixture
experiments were performed in which this standard
sequence was re-associated, together with other unknown
samples, and their properties were compared under
conditions of enhanced competition.
Calculation of SIDD profiles
The computational analysis of the destabilization
properties associated with S/MARs was performed as
follows. First, the base sequence was determined for each
S/MAR fragment of interest. Then, this sequence was
inserted computationally into a uniform standard context. For this purpose, we use the multiple cloning site of
the PTZ-18R plasmid (Pharmacia), a pUC derivative. This
is the same context in which the experimental strengths of
scaffold binding of many of the S/MAR fragments were
assessed.59
The SIDD properties of the resulting plasmid were
calculated at the standard superhelix density sZK0.055
using the method described by Benham.59–62 This method
calculates the SIDD profile of the plasmid, which is the
graph of the destabilization energy G(x) associated with
the base-pair at each position x along the plasmid. Here,
G(x)ZGxKG, where G is the ensemble average free
energy of the system and Gx is the average free energy
of the subset of states in which base-pair x is separated.61
Thus, it provides a measure of the stability of that basepair within the superhelical plasmid. The destabilization
energy G(x) is inversely related to the probability of
denaturation: positions where G(x) is high require large
amounts of free energy to open, and hence are stable,
while positions where G(x) is low can be opened easily.
States that are destabilized sufficiently strongly to
experience strand separation at the assumed level of
superhelicity will have values of G(x) near or below zero,
while sites that are destabilized marginally have intermediate values of G(x). Such locations are not destabilized
sufficiently to have a significant probability of opening
without further assistance. But they still can be biologically important if other processes contribute free energy
to their opening that is not enough to drive separation in
the absence of this partial destabilization. Whereas a
probability profile describes only complete strand separation, the SIDD profile contains detailed information
regarding the extent of destabilization, both within the S/
MAR insert and throughout the entire plasmid. For this
reason, we use SIDD profiles in this study.59,62
Each SIDD profile is partitioned into two components,
corresponding to the S/MAR-containing insert and the
vector parts of the plasmid. As described below, a variety
of measures of the destabilization experienced by each

component are evaluated, and those that most closely
correlate with the experimentally measured S/MAR
activity are determined.
Correlating SIDD properties with binding activity
Previous calculations have shown that sequences
exhibiting S/MAR-binding activity have certain apparently characteristic SIDD attributes.59 First, the S/MARbinding sequences analyzed in that study all showed high
propensities for destabilization extending over long
regions of DNA. This suggests that the strength of
in vitro scaffold binding may depend in some as yet
undetermined way upon both the size of the destabilized
region and the extent of its destabilization. Second, within
this region there is an internal, strongly destabilized core
that corresponds to the CUE. Both of these observations
are in accord with experimental results.
Here, we use these insights to design various destabilization measures whose correlations with S/MAR
binding strength are evaluated. This process involved
three steps:
(1) To develop measures m of the overall extent of
destabilization of the SIDD sites within an S/MAR
(2) To specify a functional form expressing the experimentally measured binding activity a as a function of
destabilization, aZF(m)
(3) To assess the goodness of fit between this function and
the experimentally measured binding activity.
This will be done systematically for a wide variety of
destabilization measures, m, and functions F, and those
giving the best fit will be determined. Considerations
involved at each step include the following.
Step 1. Destabilization measures
To quantify the extent of destabilization, one must first
specify a threshold value Gd that must be surpassed (i.e.
G(x)!Gd) for base-pair x to be regarded as destabilized.
One then finds all regions in each component (i.e. insert
versus vector) of the plasmid that satisfy this criterion.
Different threshold values can be used for different
purposes. A low threshold may be used to define a
strongly destabilized core, while a more moderate value
may be used to delineate the boundaries of the wider
destabilized region.
Next, there are several ways to measure the extent of
destabilization found in each region. One may use
extrema, lengths or areas for this purpose. The extremum
measure is the absolute minimum value Gmin that G(x)
attains within a region. A length measure counts the
number of base-pairs within the region that are destabilized according to the threshold criterion being applied.
Area measures determine the area between the curve G(x)
and a threshold value Gt. A measure can be applied to the
entire sequence in each component of the plasmid, giving
one aggregate value for the insert and another for the
vector. Alternatively, measures can be associated to
individual contiguous destabilized regions within either
component.
Previous work suggests that multiple measures may be
needed, some to characterize putative CUEs and others to
treat their encompassing destabilized regions. The
extensive destabilization seen at S/MARs suggests that
a length or area measure may need to surpass a threshold
before scaffold binding activity occurs. For example, the
criterion for a region to be regarded either as destabilized

610
or as a putative core might be that it contains a site where
G(x) falls below a specified value for at least Nmin
contiguous base-pairs. Then the extent of destabilization
of a (possibly larger) region containing a site of this type
could be assessed by determining the area between the
G(x) curve and a (possibly different) threshold value.
Clearly, both the locations that are regarded as destabilized and the values of the destabilization measures
associated with them will depend on the threshold
value(s) used, so calculations are made for each choice
within a reasonable range. We also ascribe a minimum
value to each type of measure that must be exceeded
before active binding is regarded as possible.
Step 2. Functional forms
There are several alternative functional forms that
could express the relationship between the extent of
destabilization, as calculated using the above measures,
and the experimental in vitro binding activity a of S/
MARs. In the analyses reported below we considered four
different possibilities; linear, exponential, sigmoidal and
logarithmic.
Previous work has indicated that the presence of
nearby destabilized sites synergistically increases the S/
MAR-binding activity of a region.65,69 This effect depends
on the number and relative positions of sites involved,
and decreases with increasing separation distance. So, we
specifically investigate the functional form and distancedependence of this synergistic enhancement.
The relative strengths of destabilization of different S/
MAR elements can be compared by determining how
each competes with destabilization in the vector component of the plasmid, which thus serves as an internal
standard. For this purpose, the same definition of a
destabilized region and the same measure of destabilization must be used throughout. Possible measures of
competitiveness include the fraction of the total plasmid
destabilization that occurs in the insert, and the ratio of
insert destabilization to vector destabilization.
Step 3. Goodness of fit
As these considerations show that there are many
possible ways to assess the relationships between the
destabilization characteristics of S/MARs and their
binding properties. In this study, we systematically
investigate which properties correlate most closely with
scaffold binding strength in each of five series of S/MARs.
We apply the same SIDD measures and functional
relationships to each element within a series, and assess
the goodness of fit of the results to the experimental
binding activities by determining the correlation coefficient r and the coefficient of determination r2. The latter
parameter gives the fraction of the variability that can be
ascribed to a linear relationship between the SIDD
measure and the experimental activity, so the closer r2 is
to 1, the better the fit. (It is sufficient to fit only with linear
regression because different functional forms are considered in step 2 above.)
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