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Binding of proteins to nucleic acids is an essential
feature of central processes in molecular biology.
Transcription, replication, recombination and DNA
repair all involve many different protein–nucleic acid
complexes. Sometimes, the components of these
complexes have to interact with each other despite
being located at distant binding sites. The formation
of this type of contact requires the looping of the
intervening nucleic acid chain. For example, the
looping of dsDNA plays an important role in the
regulation of prokaryotic and eukaryotic gene
expression [1], facilitating the formation of contacts
between transcription activator proteins bound to
so-called enhancer sequences and other factors within
the transcription machinery at the promoter.

Bringing protein factors together by looping
depends on the flexibility and conformation of the
nucleic acid linker involved. This process can be
described quantitatively by applying polymer models
and concepts developed several decades ago [2–4].
The probability of interaction between two proteins
that are bound on the same polymer molecule is
expressed by the local concentration jM in moles per
liter of one binding site in the proximity of the other.
The value of jM is equivalent to the concentration of
one protein that would be required free in solution
(in trans) to obtain the same contact frequency. A
productive interaction between two proteins usually
requires that their concentration is higher than the
value of the dissociation constant Kd of the
interaction. Thus, if the nucleic acid tether between
the two proteins leads to jM > Kd, associations are
promoted that would not take place if the proteins
were free in solution at a concentration below Kd.
Typical protein concentrations in a eukaryotic
nucleus are in the order of 10−7 to 10−9 M, with Kd
values for specific interactions both in the same range
and smaller. For two proteins, A and B, present at
1 nM, <1% of the proteins would associate into the AB

complex according to the mass equation law (Eqn 1),
if Kd = 10−7 M is assumed.

[1]

However, if the two protein factors bind to the
same interphase chromatin fiber at binding sites
separated by 10 kb, this could lead to a local
concentration of jM as high as 6 × 10−7 M of protein A in
the proximity of B as estimated below. This would
lead to a shift of the equilibrium so that about
two-thirds of each protein is in the AB complex.

Nucleic acid looping has been studied in detail with
dsDNA chains. Much of the theoretical description of
DNA looping has been derived for analyzing the DNA
cyclization reaction, in which the single-stranded ends
of a linear DNA fragment are linked into a circle [5–9].
However, interactions at a distance are not restricted to
the looping of linear DNA molecules. For example,
protein–protein contacts have been characterized that
are promoted by a ssRNA linker [10–12]. Furthermore,
the DNA in the eukaryotic cell is compacted by histone
proteins into a chromatin fiber with a flexibility and
length per base pair that is very different from that of
histone-free dsDNA [13]. Here, it is reviewed how the
local concentration, jM, for the interaction of bound
proteins, can be calculated from their binding-site
separation distance, and from the specific polymer
contour length and stiffness. The approximations used
are applicable to flexible (relaxed) circles or linear
nucleic acid chains, consisting of either double- or single-
stranded DNA or RNA, or interphase or metaphase
chromatin. The effect of the size of interacting proteins,
as well as the presence of intrinsically curved regions
within the chain, is also taken into account.

The following text does not distinguish between the
contact of linear polymer ends such as, for example, in
DNA cyclization, or the interaction of two separated
sites on a longer linear or circular polymer [14], and the
equations do not cover topologically constrained circles
in which the polymer adopts a (super)helical structure.
In addition, excluded volume effects that might be
relevant for very long polymers are neglected. Finally,
the requirement of a certain torsional orientation of the
interacting sites to each other is not considered. 

For the case of dsDNA, the corresponding twisting
energy is given by a harmonic potential and can be
calculated as described previously [6,7,9,15]. All of the
above mentioned effects can be included if the local
concentration is determined from Monte-Carlo or
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Brownian dynamics computer simulations that model
the behavior of a specific polymer molecule
[8,9,14,16–18]. However, these simulations require
sophisticated custom-made computer programs and
expert knowledge in polymer physics and/or chemistry.
By contrast, many experimental data can be
rationalized with sufficient accuracy by approximation
formulas. The equations described below have been
developed as simple tools to avoid complicated computer
simulations. It is hoped that they will facilitate the
quantitative analysis of molecular biological processes,
in which looping of nucleic acids is involved.

Calculating the local concentration for circular and

linear polymers

In many aspects, sufficiently long polymers behave
similar to an idealized chain of n segments of length l,
where the chain segments are not restricted in their
torsional movement with respect to one another. Such
a chain is termed a Gaussian or freely jointed chain
(FJC) [2,19]. The parameter l is called the statistical
segment length or Kuhn length after the Swiss
scientist Werner Kuhn who developed the concept and
much of the theoretical description of the FJC model in
the 1930s [2]. The numerical value of l increases with
the stiffness of the polymer. An equivalent parameter
that is frequently used to describe the polymer
stiffness is the persistence length a. The Kuhn length,
and the persistence length, can be converted into each
other according to the relation l =2a. For the linear
FJC the local molar concentration jM of one end in the
proximity of the other end can be calculated as
reviewed in Ref. [1]. The resulting values for jM are
only accurate if the polymer length is >5–6 Kuhn
segments. For shorter polymer linkers, an expression
has been derived by Shimada and Yamakawa (SY) [7]
using the Kratky–Porod (KP) model [3] that treats the
polymer as an elastic rod or worm-like chain.

For looping of linear dsDNA, the FJC model and
the SY approximation have been combined into a
single equation that showed an excellent agreement
with the measured frequency of site-specific
recombination by FLP recombinase [20]. In a more
general form, a relaxed circular polymer can also be
described with the same approach when applying
relations presented in Chapter five of Ref. [21]. This
leads to Eqn 2  for calculating jM between two sites
that have a distance n on a circle of total size N.

[2]

The first part of the equation that includes the
term to the power of −3/2 describes the FJC behavior.
The second exponential term reduces the value of jM
at short distances so that the polymer behaves as
predicted by the KP model. The local molar

concentration jM of one site in the proximity of the
other site is given per l3 in mol × liter–1 × nm3.
Inserting the value of l in nm for a specific polymer
will yield a molar concentration.

In Eqn 2, the separation distance n between the two
sites and the total size or length of the circle N are
given in terms of the dimensionless-reduced separation
distance or reduced contour length. This is simply the
number of Kuhn segments with length l that
corresponds to the site-separation distance or to the
length of a given circle. Neither n nor N needs to be an
integer. It should also be noted that it does not matter
in which direction along the circle the separation
distance n is determined; that is, whether the short or
the long separation distance on the circle is measured
(Fig. 1a). Equation 2, as well as Eqn 3, can be applied
approximately in the range of 0.5 ≤ n < ≈100, with
n <N. The upper limit results from neglecting the
volume occupied by the polymer, which can effect the
value of jM for very long chains. The magnitude of this
effect will be dependent on the solution conditions.
Below a separation distance of 0.5 Kuhn segments or
one persistence length, the value of jM becomes very
small and deviations from the behavior predicted by
the SY approximation increase. It is also important to
realize that treating a nucleic acid chain as a
homogenous polymer for n <0.5 is questionable
because the local structure can have large effects on the
relation between jM and n in this regime.

An additional parameter d is incorporated into
Eqn 2, which reduces the contribution of the
exponential term if d > 0. This leads to an increase of
jM at short separation distances (n < 4). The
parameter d can be used to describe two effects that
facilitate contacts at small values of n as illustrated in
Fig. 1b and 1c. First, the interaction between two
nucleic acid bound proteins or protein complexes
occurs once the binding sites on the nucleic acid have
approached each to the average diameter of the
proteins. This is referred to as the reaction distance r
(Fig. 1b). An average value of r = 10 nm is frequently
assumed for the contact distance of two proteins
[1,14,20]. By contrast, for chemical cross-linking of
two sites, or for ligating the ends of a linear polymer, a
much closer approach is required, and r ≈ 0 nm
(Fig. 1d). Second, intrinsically curved regions within
the polymer can also significantly increase the
interaction probability at short site-separation
distances [1,9,14] (Fig. 1c). Both a reaction distance of
r > 0 and polymer curvature can be accounted for by
inserting appropriate values for d into Eqn 2. This is
demonstrated later in the text for the looping of
dsDNA [22]. If the interaction occurs at a reaction
distance of r ≈ 0 nm, and the nucleic acid polymer is
homogenous; that is, without non-random curvature,
a value of d = 0 is to be used.

Although Eqn 2 looks somewhat complicated, it
has the advantage that it is not restricted to a specific
polymer, and simpler expressions can be directly
derived from it. For example, a linear chain can be
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treated as a relaxed circle that is very large compared
with the separation distance (i.e. N >>n), so that the
n2/N term approaches zero. The direction of the chain
is not correlated between regions that are separated
by a large distance. Thus, if the site separation is
small when compared with the total circle size, the
interacting sites will not ‘feel’whether or not the
adjacent regions of the chain are joined in a circle.
In this case, one obtains Eqn 3 for a linear polymer, in
which jM is the local concentration for two sites
separated by a distance of n Kuhn segments:

[3]

The cyclization efficiency of a linear polymer as, for
example, the ligation of dsDNA into a circle, can be
described with Eqn 3 or similar expressions [5–9]. In

this case, the reaction distance is r ≈ 0 nm so that a
value of d = 0 is inserted unless intrinsically curved
regions are present.

Using an example of a circle with a total size of
N = 33 Kuhn segments, Fig. 2 shows how the local
concentration is dependent on the site-separation
distance n according to Eqn 2 with d = 0. The function
for the circular FJC chain according to Ref. [21]
yields almost the same value of jM within
6 ≤ n ≤ (N–6), whereas at shorter or larger separation
distances, the values given by the FJC model are too
high. For small n values, the circular chain behaves
similar to a linear polymer that is given by Eqn 3 as
discussed above. The maximum value for the local
concentration is reached at a separation distance of
n ≈ 1.7 segments. This is the optimal separation
distance for loop formation. Equation 2 cannot be
applied if the molecule is in a topological constrained
conformation so that the polymer adopts an
interwound (super)helical structure as observed for
DNA plasmids. In this case, the value of jM also
becomes dependent on the degree of under- or
over-twisting, and can increase by more than an
order of magnitude [16–18].

Applying the approximations to a specific polymer

The expressions in Eqns 2 and 3 are independent of
the characteristics of a specific polymer. To calculate
jM for a certain circular or linear nucleic acid chain,
the flexibility of the polymer as given by the Kuhn
length l needs to be known. Values for l that have been
determined experimentally are summarized in
Table 1. In addition, the site-separation distance n, as
well as the circle length N, have to be expressed by a
corresponding number of nucleic acid monomer units,
such as, for example, base pairs in dsDNA. Literature
values for the length Lm per monomer unit of the
chain are also given in Table 1. With Lm and l, the
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Fig. 1. Interactions mediated by nucleic acid looping. The polymer
chain is represented by a black line and the site-separation distance n
along the chain is drawn as a thinner white line. Interacting proteins are
represented as red or blue spheres. (a) Circular polymer. For the use of
Eqn 2, it makes no difference whether n is determined by measuring the
short (continuous white line) or the long site-separation (dashed white
line) distance. The total circle size or contour length is the sum of the
continuous and the dashed white lines, and is referred to as N. Both n
and N are expressed in Eqns 2 and 3 by the corresponding number of
Kuhn segments with length l, which does not have to be an integer
value. (b) Facilitated contacts that are relevant only at short separation
distances (n < 4) can be described in Eqns 2 and 3 with the parameter d.
Contact between the proteins occurs once the binding sites have
approached each other to the average diameter of the proteins. Thus,
the reaction distance r > 0. A value of r = 10 nm has been frequently
used in the calculations of the local concentration jM for protein–protein
interactions [1,14,20]. (c) The presence of an intrinsically curved region
within the polymer (highlighted in green) can increase the local
concentration at short separation distances as well. This can also be
accounted for by introducing an appropriate value for d as discussed in
the text. (d) For the cyclization of a linear polymer, the two ends that are
to be linked have to approach each other very closely. In this case r ≈ 0,
and as a consequence d = 0 if no curvature is present.
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Fig. 2. Dependence of the local concentration jM on the site separation
distance given by the number of Kuhn segments n. Shown is the
approximation given by Eqn 2 for a relaxed circle with a total contour
length of N = 33 Kuhn segments (red) in comparison with the
expression for the freely jointed chain model calculated according to
Ref. [21] (green) and the behavior of a linear polymer (blue) as
described by Eqn 3. The curves have been calculated with d = 0.



separation distance n can be expressed in terms of the
number of monomer units m according to Eqn 4:

[4]

The same relation is applied to convert the circle
size N. In this case, m gives the total number of
monomers constituting the circle. These relations are
then substituted into Eqn 2 or 3 to obtain the
equations described in the following text.

Double-stranded DNA

Protein–protein contacts between distant binding sites
are often mediated by looping of dsDNA (for reviews see
Refs [1,15,23–28]). The theoretical framework outlined
above has been used successfully for a quantitative
analysis in various systems, including the interaction
between lac repressor complexes [28,29], the in vitro
and in vivo frequency of site-specific recombination by
FLPrecombinase [20], and transcription activation of
E. coli RNA polymerase·σ54 holoenzyme by the
enhancer-binding protein NtrC [22,30].

The general description given in Eqn 3 is adapted
for the specific case of linear double-stranded 
B-DNA looping as follows: the monomer unit of
B-DNA is one base pair with a length of Lm = 0.34 nm
and the Kuhn length is l = 100 nm at physiological
salt concentrations (Table 1). Thus, the contour
length of the DNA linker between the two interacting
sites is given by the number of base pairs b multiplied
by 0.34 nm. According to Eqn 4, for a site-separation
distance of nDNA Kuhn segments, Eqn 5 is obtained:

[5]

Substituting n with this expression and l =100 nm
in Eqn 3, yields Eqn 6 for linear dsDNA:

[6]

From this equation, the local concentration jM in
mol × liter–1 as a function of the DNA linker length in
base pairs can be calculated. For d = 0 (r ≈ 0 nm) and
d = 0.13 (r = 10 nm) expressions equivalent to those
developed in Ref. [20] are derived. It is illustrated in
Fig. 3 that the data from Brownian dynamics
simulations [14] can be described with Eqn 6 using
different values of d. For d = 0 the cyclization
efficiency of a linear DNA fragment is obtained. With
a value of d = 0.13 the interaction probability
calculated with Eqn 6 is also in good agreement with
the simulation data for a reaction radius of r = 10 nm
as shown previously [20]. Furthermore, it is
demonstrated that the computed jM values for DNAs
with a central kink of 30–120° can also be fitted with
the appropriate values of d. Thus, the use of the
parameter d > 0 in Eqns 2 and 3 modifies the
equations so that a polymer conformation is
described, in which contacts at short separation
distances are facilitated as discussed above in the
context of Fig. 1.

Single-stranded RNA

Various protein–protein contacts have been reported
that are mediated by looping of a ssRNA chain (for
examples see Refs [10–12]). One example refers to the
mechanism by which RNA splicing enhancers
operate. These RNA elements are usually located
within 100 nucleotides of the 3′ splice position. They
are thought to constitute binding sites for protein
factors that interact with the general splicing
machinery at the nearby intron [10,31]. An
experimental analysis of the effect of varying the
enhancer–intron distance revealed that the
interaction was in good agreement with the predicted
interaction probability between the two sites as
expressed by the calculated jM values [10].

Another well-studied case for RNA-looping is the
process of ‘antitermination’by the protein N from
phage λ that binds to a specific hairpin structure
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Table 1. Length and flexibility of nucleic acid polymersa,b

Nucleic acid chain Length L
m

of Kuhn length l (nm) Monomers per Refs

monomer unit Kuhn length

dsDNA 0.34 nm b−1 100 290 b [38]

dsRNA 0.27 nm b−1 70–80 260–300 b [39]

ssDNA 0.50–0.60 nm nt−1 2–6 4–12 nt [40–43]

Single-stranded poly(rU) 0.65 nm nt−1 4 6 nt [44]

Single chromatin fiber 8.60 nm kb−1c 60d 7 kb [36]

Chromatin fiber 9.60 nm kb−1c 137–440e 14–46 kb [33,34]

Metaphase chromosome 34.00 nm Mb−1 300–5400f 9–160 Mb [45,46]
aAbbreviations: b, base pair; nt, nucleotide; kb, kilobase pairs; Mb, megabase pairs.
bThe contour length of the nucleic acid chain is described by the length Lm of one monomer unit. The flexibility or stiffness is given by the value
of the Kuhn length, which is equal to two times the persistence length. 
cThe mass density of isolated 30 nm fibers from chicken erythrocytes was determined to be approximately six nucleosomes per 11 nm fiber in
solution at physiological salt concentrations [35]. The values given for Lm were derived with this mass density and an average nucleosome
repeat length of 212 base pairs for chicken erythrocytes and of ~190 base pairs as found in mammalian cell lines [13].
dDetermined from the analysis of single chicken erythrocyte chromatin fibers in vitro.
eDetermined by fluorescence in situ hybridization experiments with human fibroblast cells [32]. 
fFrom experiments in Xenopus, newt, grasshopper and Drosophila cells. The values are likely to reflect differences between the organisms and
the method of analysis, as well as varying stages of mitosis.
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(boxB) within the nut site on the nascent RNA
transcript. It interacts with the elongating E. coli
RNA polymerase via looping of the intervening RNA,
and induces a termination-resistant conformation of
the polymerase (reviewed in Ref. [12]). N-dependent
antitermination is observed in the absence of
additional proteins when the boxB hairpin is located
100–200 nucleotides from the elongating RNA
polymerase (estimated value of jM = 10−4 M). However,
if the RNA linker is an order of magnitude longer
(estimated value of jM = 10−6–10−7 M), N can no longer
promote elongation through terminator sequences.
This suggests a dissociation constant Kd for the
interaction between N and the transcription complex
in the order of 10−5 M just in between the two jM values
[12]. As discussed above in relation to Eqn 1, the value
of jM has to be larger than Kd if the equilibrium is to
favor complex formation between the two bound
proteins. For Kd = 10−5 M, this will be the case if
jM = 10–4 M, whereas with the longer RNA linker jM
would be much smaller than Kd.

The appropriate expression for calculating jM
for a ssRNA linker can be derived with l = 4 nm 
and Lm = 0.65 nm as the average internucleotide
distance (Table 1). For d = 0, one obtains an
expression from Eqn 3 for the looping of a linear RNA
chain where c is the separation distance in
nucleotides (Eqn 7):

[7]

It should be noted that the values given in Table 1
for RNA have been determined with poly(rU), which
has little tendency to form secondary structures. By
contrast, mixed mRNA sequences found in vivo
usually form partial duplex regions and additional
tertiary interactions under physiological conditions.
These will affect both the apparent contour length per
nucleotide Lm of the RNA chain as well as the average
stiffness reflected by the value of l. So far, these
parameters have not been determined for random
RNA sequences so that the values derived from
poly(rU) are used as an approximation.

An interesting feature of the N protein
antitermination system is the observation that
activation also occurs in the absence of the
boxB-binding site under conditions where N protein
can bind unspecifically to the RNA transcript [11,12].
What is the local concentration of N in this case? For
an RNA transcript of length t there are approximately
t binding sites, because every nucleotide can serve as
the start of a new site. Assuming that only one
N protein is bound per transcript, the average local
concentration jM

—
(t) for the interaction between

unspecifically bound N and the RNA polymerase can
be estimated from Eqn 7 to be as shown in Eqn 8:

[8]

This function is plotted in Fig. 4 together with the
curve for specific binding. It is evident that the
unspecific binding of N protein leads to a rather high
local concentration of N in the proximity of the RNA
polymerase. The calculated values of  jM

—
are well

above the putative dissociation constant of 10−5 M for
the interaction with RNA polymerase (see above and
Ref. [12]), even with a transcript length in the order of
1000 nucleotides. Thus, the predicted interaction
probabilities are in good agreement with the
experimental observations showing that
antitermination by N also occurs if the protein binds
unspecifically to the RNA transcript.

It should be noted that the actual size of the
interacting protein complexes can limit the maximum
value of jM that can be reached for single-stranded
RNA or DNA linkers under optimal conditions; that
is, separation distances of 10–20 nucleotides. For the
permanent contact of two protein complexes with a
diameter of 10 nm, one binding site would always be
present in a 10 nm sphere around the other site
(Fig. 1c). This corresponds to a local concentration of
jM = 4 × 10−4 M, and constitutes the upper limit for the
value of jM in this scenario. The theoretical maximum
of jM increases if the volume of closest approach
becomes smaller and, for a 5 nm reaction radius, a
value of jM = 3 × 10−3 M is calculated.

Interphase chromatin fibers

In eukaryotes, the DNA is structured by histone
proteins into a chain of nucleosomes, in which
~146 base pairs of DNA are wrapped around a histone
octamer complex. This nucleosome chain associates
under physiological conditions into a condensed fiber
with a diameter of ~30 nm [13]. The 30 nm fiber
adopts a complex and dynamic structure that is
modified by a large number of protein complexes. To
estimate the local concentration of one site in the
proximity of another site for chromosomal DNA, the
assumption of a simple free DNA linkage as described
by Eqn 6 will, in general, not be correct. However, the
relation between genomic distance and three-
dimensional position of two sites on the same
interphase chromosome can be quantitated at least
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partly by modeling the 30 nm fiber as a polymer
[32–34]. This can be done by using Eqns 2 and 3 with
the appropriate values for the contour length Lm of
the 30 nm fiber and its stiffness given by the Kuhn
length l. Different measurements in solution agree
that the fiber has a mass density of approximately six
nucleosomes per 11 nm fiber at physiological salt
concentrations (Ref. [35] and references therein).
With this mass density, the corresponding contour
length Lm per kb DNA will inversely depend on the
nucleosome repeat length, which varies between
organisms from ~165 base pairs in yeast to 212 base
pairs in chicken erythrocytes [13]. If this is taken into
account, Lm values of 11.1 nm kb−1 (yeast), 9.6 nm kb−1

(human fibroblast cells) and 8.6 nm kb−1 (chicken
erythrocytes) are derived (Table 1).

By fluorescence in situ hybridization (FISH)
experiments, the distance of dye-labeled probes in
fixed human fibroblast cells was measured by confocal
laser scanning microscopy and compared with the
genomic distance [32]. Analysis of the data provided
values of l =137–440 nm [33] and l =196–272 nm [34],
with an average value of l ≈ 250 nm from this type of
work. The analysis of single chromatin fibers in vitro

yielded a higher fiber flexibility of l =60 nm [36]. These
rather large variations of l from 60 to 440 nm (Table 1)
might reflect, in part, the technical difficulties in
studying and analyzing the flexibility of chromatin
fibers as well as ‘real’differences in l. These could be a
result of the source of the fiber (isolated fibers from
chicken erythrocytes versus fixed human fibroblast
cells) and the conditions of the experiments (e.g. ionic
strength, fixation method). The value of l =60 nm from
single molecule experiments [36] was determined in a
low salt buffer containing 10 mM Tris, 5 mM NaCl and
2 mM EDTA. Under these conditions, the chromatin
fiber is likely to be in a somewhat extended and more
open conformation. A statistical segment length of
l =60 nm might appear surprisingly small for a fiber
that has a diameter of 30 nm. However, it should be
noted that one Kuhn segment of 60 nm would consist
of 7 kb DNA in a condensed chain of nucleosomes
(Table 1). The stiffness of this fiber is likely to be
determined by interactions between the nucleosomes
rather than by the stiffness of the DNA, which would
behave as a random coil or FJC polymer on this length
scale (7 kb of free dsDNA would be equivalent to
almost 24 Kuhn segments, Table 1). Thus, if the
attractive forces between nucleosomes are relatively
weak, the fiber will be soft and bend easily.

It is not clear at this point what value of l should be
used for an accurate estimate of the interaction
probability of two separated sites located on the same
fiber. As an example, Eqn 9 (l = 60 nm) and Eqn 10
(l = 250 nm) have been derived from Eqn 3 with d = 0
for a linear fiber with Lm = 9.6 nm/kb. The site
separation distance s is given in kilobases.

[9]

[10]

As discussed previously (for example in Ref. [34]),
the 30 nm chromatin fiber might be constrained to form
circular domains. In this case, jM should be calculated
from Eqn 2 within these regions, if no additional
torsional stress is present. The functions in Eqns 9 and
10 are plotted in Fig. 5. The different values of 60 and
250 nm for l have a large effect on the local
concentration with a maximum jM value of 6 ×10−7 M

(l =60 nm) as compared to 8 ×10−9 M (l =250 nm). The
same is true for the separation distance that is optimal
for an interaction (10 kb versus 40 kb). This
demonstrates that an accurate knowledge of the fiber
flexibility and contour length is essential for a reliable
estimate of the local concentration for contacts between
distant sites on the 30 nm fiber.

Conclusions

The optimal separation distances for looping-
mediated interactions with their respective jM values
are summarized for the various nucleic acid polymers
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in Table 2. It is evident that single-stranded DNA or
RNA are much more effective in promoting
protein–protein interactions (jM = 10−4 to 10−3 M,
10–20 nucleotides separation distance) than their
double-stranded forms (jM ≈ 10−7 M at ~500 base
pairs). This is because of the highly increased
flexibility of the single-stranded nucleic acids. In fact,
double-stranded DNA and RNA are rather stiff
polymers, which is reflected by the relatively high
values of the Kuhn length being equivalent to
~300 base pairs (Table 1). As a consequence, an
intrinsically curved region favors interactions on
double-stranded DNA and RNA at short separation
distances (<500 base pairs) [1,14,22]. Polymer
curvature, as well as the reaction distance between
the proteins, can be included in the equations for
estimating the local concentration as demonstrated
above for DNA (Fig. 3). Another possibility for
facilitating contacts is the organization of the nucleic
acid chain into a superhelical domain, which
increases jM by more than an order of magnitude for
DNA, and is effective also at large separation
distances (Table 2). At present, no simple analytical

method exists to determine the interaction
probability for circular superhelical polymers of a
given statistical segment length, circle length and
separation distance. In general, Monte-Carlo or
Brownian dynamics simulation are required to
determine jM for this case [16–18].

When the DNA is condensed into an interphase
chromatin fiber, the length scale for an optimal
separation distance becomes completely different
and interactions between sites are promoted that
are separated by 10–40 kb. The exact value of the
maximum of jM will depend on the actual flexibility
of the fiber and its contour length. So far, no
‘consensus’ literature data are available and the
values are likely to differ between organisms. If the
DNA is further compacted into a metaphase
chromosome that, for example, contains 50–263 Mb
of DNA in humans, interactions between distant
sites become rather unlikely except for sites that are
brought into proximity by the condensation process
itself. This effect might also occur within the 30 nm
chromatin fiber. For example, it has been shown 
that by wrapping the DNA around a nucleosome
particle, short-range interactions between a
160 base pair separated enhancer and promoter in
the gene encoding Xenopus vitellogenin B1 are
facilitated [37]. Also, for the in vivo recombination
frequency of FLP recombinase, a maximum ~200
base pairs separation distance was observed [20].
On such short separation distances, the interaction
probability no longer reflects the flexibility of the
chromatin fiber but rather its structural
organization. It is likely to resemble more that of
free dsDNA with an intrinsically curved region and
a different apparent contour length. By contrast, for
separation distances from 0.5–100 Kuhn segments,
a quantitative agreement between experimental
results and the calculated local concentration is
observed in various systems with the approach
described here. Thus, a simple polymer model can be
applied successfully for the analysis of interactions
that involve looping of very different nucleic acid
linkers such as dsDNA, ssRNA and interphase
chromatin fibers.
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Table 2. Optimal separation distances for interaction by loopinga

Nucleic acid Separation distance j
M

(mol liter−1)

dsDNA 500 base pairs 1 × 10−7

Relaxed 2.5 kb DNA circle 500 base pairs 1 × 10−7

Superhelical 2.5 kb DNA circleb 200–2300 base pairs 5 × 10−6

Superhelical 9.9 kb DNA circleb 200–500 base pairs 3 × 10−6

dsRNA 460 base pairs 3 × 10−7

ssDNAc 10–20 nucleotides 2 × 10−3

Single-stranded poly rUc 15–20 nucleotides 1 × 10−3

Chromatin fiber l = 60 nm 10 kb 6 × 10−7

Chromatin fiber l = 250 nm 40 kb 8 × 10−9

Drosophila metaphase chromosomed 15 Mb 5 × 10−9

aUnless noted otherwise, the values were determined from the calculated maximum of the local
concentration jM at a separation distance of n ≈ 1.7 Kuhn segments applying Eqns 2 and 3 with the
values for Lm and l summarized in Table 1.
bDetermined by Monte-Carlo simulations for a superhelical density of σ = –0.05 and a contact
distance r = 10 nm [18]. Similar values have been determined by Vologodskii and co-workers as
partly reviewed in Ref. [16].
cThe real maximum value of jM might be somewhat lower for protein–protein interactions because
of excluded volume effects. 
dValues calculated with Lm = 34 nm Mb−1 and l = 300 nm [46]. This is likely to constitute the upper
limit of jM, as the other reported values for l are much larger (Table 1).
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Evolution of functional diversity in 

the cupin superfamily

Jim M. Dunwell, Alastair Culham, Carol E. Carter, Carlos R. Sosa-Aguirre and 

Peter W. Goodenough

As has been previously reported [1], members of
protein superfamilies can often be detected through
pairwise or multiple sequence alignments and,
perhaps more convincingly, through similarities in
their three-dimensional structures. This review takes
the three-dimensional (3D) approach and

summarizes the latest information on a recently
identified superfamily of proteins, the cupins [2–4].
The cupins, along with the triosephosphate isomerase
(TIM) barrel superfamily [5], have possibly the widest
range of biochemical function of any superfamily
described to date. These cupin functions, varying
from isomerase and epimerase activities involved in
the modification of cell wall carbohydrates in
bacteria, to non-enzymatic storage proteins in plant
seeds, and transcription factors linked to congenital
baldness in mammals [6], are summarized in this
article. More importantly, these functions are
considered in relation to the three-dimensional
structures of the individual proteins (Fig. 1).

The cupin superfamily was originally identified
following the realization that the wheat protein

The cupin superfamily of proteins is among the most functionally diverse of

any described to date. It was named on the basis of the conserved ββ-barrel fold

(‘cupa’ is the Latin term for a small barrel), and comprises both enzymatic and

non-enzymatic members, which have either one or two cupin domains. Within

the conserved tertiary structure, the variety of biochemical function is provided

by minor variation of the residues in the active site and the identity of the

bound metal ion. This review discusses the advantages of this particular

scaffold and provides an evolutionary analysis of 18 different subclasses within

the cupin superfamily.


