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Spontaneous Sharp Bending of Double-Stranded DNA

al., 1995) and decreasing the statistical noise in occu-Timothy E. Cloutier and Jonathan Widom*
pancy (Vilar and Leibler, 2003), beyond those that wouldDepartment of Biochemistry, Molecular Biology
otherwise obtain. Most of the genomic DNA of eukary-and Cell Biology
otes is sharply bent by structural proteins in nucleo-Northwestern University
somes (80 bp superhelical loops) (Richmond and Davey,Evanston, Illinois 60208
2003), which regulate the accessibility and proximity of
other DNA functional sites. Double-stranded DNA is also
sharply bent inside viruses, where its stiffness contrib-Summary
utes importantly to the energetics and dynamics of viral
packaging and DNA ejection (Kindt et al., 2001; PurohitSharply bent DNA is essential for gene regulation in
et al., 2003).prokaryotes and is a major feature of eukaryotic

The explanation normally given for these phenomenanucleosomes and viruses. The explanation normally
is that such sharp DNA bending is achieved in vivogiven for these phenomena is that specific proteins
by specific proteins that overwhelm the DNA’s inherentsharply bend DNA by application of large forces, while
inflexibility with large force. In this view, proteins dictatethe DNA follows despite its intrinsic inflexibility. Here
how and when the loops will form, while the DNA fol-we show that DNAs that are 94 bp in length—compar-
lows passively.able to sharply looped DNAs in vivo—spontaneously

We show here that this view is incorrect; rather, webend into circles. Proteins can enhance the stability
find that DNA is inherently very flexible, and sharp DNAof such loops, but the loops occur spontaneously even
bends occur spontaneously. Our results do not conflictin naked DNA. Random DNA sequences cyclize 102–104

with earlier experiments because this regime of sharptimes more easily than predicted from current theories
DNA bending was not previously investigated by experi-of DNA bending, while DNA sequences that position
ment. Our results do, however, conflict with current the-nucleosomes cyclize up to 105 times more easily.
ories of DNA bending, which are based on linear elastic-These unexpected results establish DNA as an active
ity of a continuous material or on harmonic bending ofparticipant in the formation of looped regulatory com-
base steps.plexes in vivo, and they point to a need for new theories

Our attention was focused on the problem of sharpof DNA bending.
DNA bending by the discovery of unexpected �10 bp
periodic sequence motifs in nucleosome positioning se-Introduction
quences—DNAs that preferentially form and stabilize
nucleosomes (Lowary and Widom, 1998). This discoveryExperimental (Crothers et al., 1992; Hagerman, 1988;
highlighted deficiencies in our understanding of the se-Shore et al., 1981; Taylor and Hagerman, 1990; Vologod-
quence-dependent bendability of DNA itself (Widom,skaia and Vologodskii, 2002) and theoretical (Crothers
2001). We therefore sought to analyze the bendabilityet al., 1992; Hagerman and Ramadevi, 1990; Merlitz et
of random DNA sequences and nucleosome positioningal., 1998; Podtelezhnikov and Vologodskii, 2000; Shi-
sequences in a regime of sharp DNA bending compara-mada and Yamakawa, 1984; Zhang and Crothers, 2003)
ble to that of nucleosomes and of DNA loops in genestudies led to a unified picture of the behavior of DNA.
regulatory complexes.DNA lengths that are greater than a bending persistence

DNA cyclization assays are particularly well suited tolength (P, �150 bp or 50 nm) are, on average, spontane-
this purpose because they are specifically sensitive to

ously gently bent and require relatively little force to
strongly bent conformations, in contrast to most other

bend significantly. In contrast, DNA lengths that are
methods used to analyze DNA mechanics, which are

shorter than P are nearly straight and require great force sensitive to the most probable (i.e., weakly bent) confor-
to bend significantly. Thus, a circle of length 500 bp mations (Crothers et al., 1992; Hagerman, 1988; Shore
easily forms spontaneously, while a circle of length 100 et al., 1981). In the cyclization assay, DNA restriction
bp does not. fragments having self-complementary ends are in rapid

Other experiments, however, show that sharply bent equilibrium with base-paired, but noncovalently linked,
DNA plays important roles in biology (Schleif, 1992). circular and linear oligomeric forms. This equilibrium is
DNA is sharply bent in prokaryotic regulatory com- sampled and trapped by addition of T4 DNA ligase and
plexes, such as in a 92 bp loop between O3 and O1 of ATP. The ratio of the rate of formation of covalently
the lac operon (Oehler et al., 1994), a 93 bp loop between closed monomer circles to the rate of formation of cova-
BoxE and BoxB in the nagE-B operon (Plumbridge and lently joined dimeric species yields the ratio of cycliza-
Kolb, 1998), or a 113 bp loop between OE and OI in the tion to dimerization equilibrium constants. This ratio
gal operon (Geanacopoulos et al., 2001) of Escherichia equals the molar concentration of one end of a linear
coli. In these examples, the sharp DNA looping contrib- DNA molecule in the vicinity of its own other end, also
utes importantly to gene regulation. Looping allows pro- known as the j factor (j). For a given DNA length, j is a
teins bound at distant DNA sites to act synergistically, direct measure of flexibility, mathematically related to
thereby increasing steady-state occupancies (Rippe et P (Crothers et al., 1992; Hagerman and Ramadevi, 1990;

Merlitz et al., 1998; Podtelezhnikov and Vologodskii,
2000; Shimada and Yamakawa, 1984).*Correspondence: j-widom@northwestern.edu
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Figure 1. Ninety-Four Base Pair DNAs Cyclize Spontaneously

(A) Cyclization reactions on 116 bp random sequence DNA E6-116 and a 94 bp subfragment, E6-94, ligated at 30�C and analyzed by native
PAGE. Linear monomer (L), dimer (LD), and trimer (LT), and circular monomer (C), and dimer (CD) DNA species are indicated. [DNA], in nM,
are indicated; [ligase] � 0 or 200 units ml�1. Fifty base pair ladders are included as markers. The yield of band C increases at low [DNA], and
its mobility lies off the ladder for the linear oligomeric species, as expected for a monomeric DNA circle.
(B) � exonuclease digestion of 116 bp DNA E8-116, before or after ligation. [DNA] � 20 pM. Unligated (linear) species are rapidly degraded
by the exonuclease, while circular species resist degradation.
(C) Two-dimensional agarose gel assay for circular products. Purified band C from a ligation reaction of DNA E6-116 is mixed with 50 bp
ladder and analyzed by two-dimensional agarose gel electrophoresis. Inset: Equivalent experiment with DNA E6-94. The 50 bp ladder indicates
the behavior of linear DNAs. Circular species run off this diagonal.
(D) Restriction digestion assays for monomer versus oligomeric circular products. Purified band C from a ligation of DNA E6-116 is shown
before and after partial digestion with EagI or complete digestion with BstUI, which cleaves nearby the EagI site. Partial digestion of oligomeric
circles by EagI yields oligomeric linear species, yet none are detected from purified band C. Oligomeric circles will include head-head dimers.
Complete digestion of oligomeric 116 bp circles by BstUI therefore yields a short fragment lost from the gel and an �200 bp fragment;
however, no such product is detected from purified band C.

Importantly, ligase does not contribute to the DNA (E6-116) at 2 nM DNA reveals a ladder of fragments
having mobilities expected for linear monomer, dimer,cyclization process itself; rather, DNA conformational

changes that bring the two cohesive ends into transient and trimer (L, LD, and LT, respectively), together with a
faint band (C) whose mobility is off the linear-oligomerbase-paired contact occur spontaneously in a ligase-

independent process (Shore et al., 1981). ligation ladder. The same DNA ligated at concentrations
of 0.2 nM and 20 pM reveals analogous products but in
very different relative amounts, such that C becomesResults and Discussion
the predominant product. Analogous results are ob-
tained with a 94 bp subfragment of this DNA (E6-94).We began by investigating the cyclizability of 116 bp

DNAs (11 helical repeats) having cohesive ends gener- These and other results establish that C is a monomer
circle. C runs off the ladder of linear ligation productsated by restriction endonuclease digestion but soon

learned that DNAs as short as 94 bp (nine helical repeats) because of its topology, and its production is favored
at very low concentrations by mass action because itcyclized efficiently enough to allow quantitative analysis

(Figure 1A). Ligation of a random sequence 116 bp DNA is unimolecular. Consistent with its identification as a
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monomer circle, C is resistant to digestion by bacterio- concentrations used (0.04 and 0.4 nM for the random
sequence and nucleosome positioning sequence, re-phage � exonuclease (Figure 1B), and it runs off the

diagonal in a topology-sensitive two-dimensional aga- spectively). Quantitative values of j are obtained from
these data by linear extrapolation of the ratio of mono-rose gel assay (Figure 1C). Two different assays based

on partial or complete restriction digestion of purified meric to dimeric products back to zero time (Figure 2D).
The resulting j factors for these and several other DNAscircular products (Figure 1D) provide further proof that

C is a monomeric circle, not an oligomer. Parallel experi- are plotted as a function of DNA length in Figures 3 and 4.
The five different 94 bp DNAs exhibit an �25-foldments establish band CD to be a circular dimer (data

not shown). range of j factors. These differences in j factor for the
differing 94 bp DNAs are not simply attributable to aSince the DNAs used in the cyclization reactions are

produced by E. coli, not by chemical synthesis, and known dependence of j on DNA helical twist, which can
depend on DNA sequence, because 93 bp and 95 bpessentially all of the molecules in the sample are con-

verted to monomer circle at low [DNA] (Figure 1A), we variants of these sequences had lower j factors than do
the 94 bp fragments (Figure 3). Instead, these data implyconclude that the ability to spontaneously form sharp

loops is an inherent property of natural DNA—not an that DNA sequence is an important determinant of the
ability of DNA molecules to bend sharply.artifact from a small fraction of degraded species.

Our results establish that random sequence DNAs as All five 94 bp DNAs have j factors that are orders of
magnitude greater than predicted based on the currentshort as 94 bp spontaneously bend sharply into full

circles. This conclusion is striking because such short theories of DNA cyclization (Figure 4A). The three 94 bp
random sequence DNAs have j factors that are 102- toDNAs were previously expected to be incapable of pro-

ducing circles in detectable amounts. When [DNA] is 103-fold greater than predicted by the classical Shi-
mada-Yamakawa theory (Shimada and Yamakawa,�� j, monomer circles will predominate—as observed

for bands C—while, when [DNA] is � j, dimeric and 1984), and 103- to 104-fold greater than predicted by
the newer Zhang-Crothers theory (Zhang and Crothers,higher order oligomers will predominate, as observed

for bands LD and LT (Shore et al., 1981). However, be- 2003); the 94 bp nucleosome positioning sequences
have j factors that are up to 105-fold greater than pre-cause of the presumed inflexibility of DNAs shorter than

P, the j factor expected for a 94 bp DNA is extremely dicted.
The observed disparity between observed and pre-low, only 200 or 10 fM for the Simada-Yamakawa (Shi-

mada and Yamakawa, 1984) or Zhang-Crothers (Zhang dicted j factors is not attributable to a problem with the
measurements themselves. The cyclization technique isand Crothers, 2003) theories, respectively, whereas the

ligations in Figure 1A were carried out in the pM–nM a standard experiment, widely used in studies of DNA
bending in a less sharply bending regime. Moreover,range. The detection of such short circular DNA prod-

ucts in these ligation reactions means that sharp looping our results obtained for generic sequence 200, 322, and
326 bp fragments agree closely with earlier experimentalof these DNAs occurs orders of magnitude more easily

than predicted from our current understanding. studies of cyclization on diverse generic DNA sequences
in that regime of gentler bending (Crothers et al., 1992;We used quantitative kinetic assays to measure the j

factors for several short DNAs. Nucleosome positioning Hagerman, 1988; Shore et al., 1981; Taylor and Hager-
man, 1990; Vologodskaia and Vologodskii, 2002), andsequences can demonstrate enhanced flexibility (Roy-

choudhury et al., 2000). We therefore included two such they agree relatively well with the theoretical curves
(Figure 4A), using the canonical value of P � 50 nm. Thatsequences in our analysis, along with three random se-

quence DNAs, to test whether cyclizability in this regime is, the longer generic fragments studied here behave in
full accord with expectation, assuming they have theof sharp DNA bending is significantly dependent on spe-

cific DNA sequences. We analyzed 94 bp DNAs derived canonical P.
In order to fit the 94 bp generic sequence data to thefrom the natural sea urchin 5S rDNA nucleosome posi-

tioning sequence (Simpson and Stafford, 1983) and from Shimada-Yamakawa theory (Figure 4A), a persistence
length of 40 nm is required (results not shown). Such aa selected high-affinity nonnatural nucleosome position-

ing sequence (Lowary and Widom, 1998). small value of P is lower than is justified by any experi-
ment. Moreover, whereas a single chemically randomWe first tested whether these reactions occur in the

rapid preequilibrium regime, as required for the kinetic sequence might (unexpectedly) have such an unprece-
dented property, it is not plausible that all three of themanalysis (Shore et al., 1981). Ligation reactions were set

up using a low [DNA] such that monomer circle products do. We conclude that specific sequence effects do not
account for the discrepancy between these theories andpredominate, and the rate constant for monomer circle

formation was measured as a function of [ligase] over experiment for these generic sequence 94 bp DNAs.
Instead, we conclude that the observed easy bendabilitythe range 5–600 units ml�1. The observed rate constant

is first order in [ligase] over this full range (Figure 2A), of generic sequence 94 bp DNAs points to deficiencies
in both theories for this sharp bending regime.confirming that our subsequent assays are safely in the

rapid preequilibrium regime. The theoretical predictions of Figure 4A assume that
ligation of DNA ends can only proceed if the two endsTo measure j factors, the ratio of monomer circle to

dimeric species is determined as a function of time in approach with zero tangent angles. This condition may
be overly restrictive. The Shimada-Yamakawa theorya ligation reaction (Taylor and Hagerman, 1990). Typical

data for a random sequence 94 bp DNA and a nucleo- allows prediction also for the opposite limit, in which
ligation could hypothetically proceed with no con-some positioning sequence are illustrated in Figures 2B

and 2C). Significant fractions of the DNA are converted straints at all on angles of approach of the two DNA
ends. The predictions of this alternate theory are shownover time to monomeric circle, despite the large DNA
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Figure 2. Cyclization Kinetics of 94 bp DNAs

(A) Test for rapid preequilibrium. The observed rate constant for accumulation of monomer circles from a ligation reaction with E6-94 DNA
at 50 pM, 30�C, is plotted as a function of [ligase]. The rate of cyclization is strictly first order in [ligase] over this wide range of [ligase].
(B and C) Phosphorimages of ligation reactions on (B) DNA E6-94 ([DNA] � 40 pM; [ligase] � 250 units ml�1) and (C) DNA 601TA-94 ([DNA] �

400 pM; [ligase] � 150 units ml�1).
(D) Quantitative analysis of phosphorimages. The ratio of counts in monomer circle (C) to dimeric species (LD � CD) is shown. �, E6-94; �,
601TA-94. Lines through the data show extrapolations to time � 0.

in Figure 4B. Using P � 50 nm, the predicted j factor which are phased A tracts (Beutel and Gold, 1992); these
require �230 bp or �400 bp (for A6 or A4 tracts, respec-comes closer to, but still falls short of, the data for 94

bp DNAs, by factors of 10- to 100-fold, while at the tively) for a complete 360� bend (Barbic et al., 2003).
Thus, permanent bendedness, on its own, cannot ac-same time overestimating the j factors for the longer

fragments. Using a larger value of P � 55 nm (larger than count for the ability of any of these 94 bp DNAs to
cyclize easily. Second, a recent study reveals that thesuggested by any experiment for any generic sequence

DNA in these solution conditions), this theory roughly cyclizabilities of random sequence �200 bp DNAs and
inherently straight DNAs are essentially identical, im-fits the j factors of longer DNAs but now falls even further

short of the experimental results for the 94 bp fragments. plying that the random sequence DNAs have negligible
permanent bendedness (Vologodskaia and Vologodskii,That is, this theory too has the wrong functional form:

it does not describe the data. Moreover, it falls short 2002). Our sequences E6-94, E8-94, and E13-94 are (dis-
tinct) chemically random sequences; moreover, the vari-of the 94 bp data despite being overgenerous in its

assumption that ligation could proceed with no angular ance of bendedness in random sequence 94 bp DNAs
will be lower even than in the random sequence 200 bpconstraints at all. We conclude that the facile cyclizabili-

ties of the diverse random sequence 94 bp DNAs studied DNAs. Thus, it is unlikely that any of our 94 bp random
DNAs have significant permanent bendedness, and it ishere cannot be explained by existing theories of DNA cy-

clization. even more unlikely that all three of them do at once. We
conclude for these reasons that permanent bendednessTwo lines of evidence imply that the facile cyclizabili-

ties of 94 bp DNAs measured in this study represent does not plausibly account for the disparity between
theory and experiment.inherent bending flexibility, but not permanent bended-

ness. First, the regime studied here involves far sharper The enhanced cyclizability of the nucleosome posi-
tioning sequences relative to random DNA sequencesbending than that of the most-bent of all sequences,
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investigated reveal an �25-fold range of affinities. (The
corresponding free energies are shown in Figure 5B).
The free energies of cyclization of the same 94 bp DNAs
are calculated from the measured j factors (Figure 3). The
difference free energies for histone-DNA interactions in
tetrasomes for the five 94 bp DNAs are plotted against
their free energies of cyclization in Figure 5B.

The free energy of histone-DNA interactions in tet-
rasomes is strongly correlated with the free energy of
cyclization (linear slope � 0.97, correlation coefficient
r � 0.98, probability of achieving this correlation coeffi-
cient by random chance � 0.005). The linear slope is
�1 because the �25-fold range in relative cyclizability
of the DNAs is matched by an �25-fold range in their
affinities for wrapping by histones in tetrasomes. Thus,
the results in Figure 5 imply that sequence-dependent
differences in the cost of DNA bending dominate the

Figure 3. Measured j Factors Depend Strongly on DNA Sequence interaction of differing DNA sequences with the histone
Datapoints, means, and standard deviations from measurements tetramer, while DNA twisting or specific protein-DNA
on five different 94 bp DNAs plus 93 and 95 bp variants of some of interactions contribute little. We conclude that DNA se-
these DNAs. Note the log scale of j factor. The j factors of 94 bp quences that are especially flexible for sharp looping
fragments exceed those of the 93 and 95 bp variants, implying that

will have high affinity for histones in nucleosome recon-differences in intrinsic helical twist between differing 94 bp DNA
stitution and thus will act as nucleosome positioning se-sequences do not account for the observed differences in j factor.
quences.

Our findings have several important ramifications.
First, they show that DNA is highly flexible for sharpsuggests that their cyclizability might contribute impor-
bending. Circles as short as 94 bp form spontaneously.tantly to their high affinity for histones and their nucleo-
This finding differs from the phenomenon of protein-some positioning power. Ninety-four base pairs suffices
induced sharp DNA kinking because the DNA loopingto cover the DNA binding surface of the histone H32H42

process studied here occurs spontaneously, with notetramer, which protects 70–80 bp DNA (Richmond and
contribution from other proteins.Davey, 2003). We used a competitive reconstitution ex-

This finding of spontaneous sharp DNA looping pro-periment (Lowary and Widom, 1997) to measure the
vides a simpler explanation for a paradox in gene regula-relative affinities of these same five DNAs for the histone

tetramer (Alilat et al., 1999) (Figure 5A). The five DNAs tion: DNA looping is believed to contribute to gene regu-

Figure 4. Measured j Factors Greatly Exceed Theoretical Predictions

(A) Datapoints, means, and standard deviations from measurements on five different 94 bp DNAs plus 105, 116, 200, 322, and 326 bp DNAs.
The dashed vertical line indicates 94 bp. Note that the log scale for j spans over seven orders of magnitude. The thin line represents the
prediction of the Shimada-Yamakawa theory (Shimada and Yamakawa, 1984) for dependence of j factor as a function of DNA length (in bp),
assuming a standard DNA persistence length of 51 nm; computer program courtesy of Dr. Y. Zhang. The bold line represents the prediction
of the Zhang-Crothers theory (Zhang and Crothers, 2003); calculations courtesy of Dr. Y. Zhang. P � 51 nm corresponds to the latest value
of persistence length for generic sequence DNAs (Zhang and Crothers, 2003) for the high cation-concentration regime (Hagerman, 1988), as
appropriate for the solution conditions used in these cyclization reactions.
(B) Theoretical prediction for cyclization with no constraints on angles of end-end joining (Shimada and Yamakawa, 1984). Predictions are
shown for the canonical persistence length (50 nm) and for a larger P (55 nm, not justified by any experiment) that better fits the experimental
results for the longer DNAs but falls further short of the data at 94 bp.
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Figure 5. The Free Energy of DNA Wrapping on the Histone H32H42 Tetramer Is Strongly Correlated with the Free Energy of Cyclization

(A) Native gel analysis of competitive tetrasome reconstitution assays. Free 94 bp E6-94 DNA and a 50 bp ladder are included as size markers.
Reconstitution experiments with histone H32H42 tetramer and radiolabeled tracer DNAs E6-94, E8-94, E13-94, 5S-94, 601TA-94, and 601TA-
91, respectively. 601TA-91 tracer is included as a reference affinity standard to relate these measurements to others in our laboratory. Mobilities
of free DNA (D) and tetrasomes (T) are indicated.
(B) Difference free energies for binding of 94 bp DNAs to H32H42 tetramer are plotted against the difference free energies of cyclization for
these same DNAs (see Experimental Procedures). The line illustrates the least-squares fit to the data.

lation by increasing the local concentrations of gene need for a new theory for sharp DNA bending. The
greatly enhanced j factors, compared to expectation,regulatory proteins, yet the presumed inflexibility of DNA

for sharp bending prohibited such a role (Rippe et al., suggest that, as DNA is asked to bend increasingly
sharply, it finds pathways for bending that greatly re-1995). The previous explanation of this paradox was

that sharp DNA looping is achieved in vivo by specific duce the energetic cost relative to that assumed by
current theory. Distinctive local structural distortions ofproteins that overwhelm the DNA’s inherent inflexibility

(Rippe et al., 1995). Our results show that the needed the DNA observed in the high resolution crystallographic
structure of the nucleosome (Richmond and Davey,sharp DNA loops occur spontaneously. Further, they

imply that spontaneous sharp DNA looping will greatly 2003) may already be providing glimpses of such behav-
ior. More broadly, the discrepancy between theory andincrease the effective concentration of a regulatory pro-

tein bound at a site �94 bp away along the DNA to �1 experiment could represent a breakdown of the linear
approximation to mechanical elasticity theory. Alterna-�M (see Experimental Procedures). Since this effective

concentration greatly exceeds typical bulk concentra- tively, it could arise from inhomogeneities in DNA se-
quence, or it could indicate that an entirely distinct modetions of regulatory proteins (Rippe et al., 1995; Menlitz

et al., 1998), spontaneous sharp DNA looping can greatly of DNA bending, such as localized buckling, dominates
sharp looping. Structural studies of the sharply loopedincrease both occupancies and rates of regulatory pro-

tein binding. DNA will be valuable.
Fourth, we predict that the greatly enhanced observedSecond, the spontaneous looping of 94 bp DNAs and

their unexpectedly large j factors mean that cyclized j factors will be accompanied by comparably greatly
enhanced rates of cyclization (P. Wiggins, personal com-or looped DNA conformations can be stabilized with

relatively little cost in energy. The equilibrium constant munication; see Experimental Procedures). Brownian dy-
namics simulations on DNA cyclization, which wereand corresponding free energy cost for looping a given

DNA to a 10 nm end-to-end capture radius can be esti- tuned to fit the linear elastic rod model for DNA bending,
suggest that the spontaneous looping rate of DNAsmated from the measured j factors (Merlitz et al., 1998).

The j factor of 1.1 nM measured for the 94 bp DNA shorter than P can approach the cell lifetime (Podtelezh-
nikov and Vologodskii, 2000). Our results imply that such601TA-94 equates to a cost of �8 kcal mol�1 or less.

Such a modest cost could be accommodated by a pro- loops will form much faster. A rapid rate of looping is
needed for looping to contribute significantly to a reduc-tein that made just a few good hydrogen bonds or ionic

interactions with the DNA. On this basis we predict that tion in stochastic noise in regulatory systems (Vilar and
Leibler, 2003).there exist protein-DNA complexes having sharply bent

DNA stabilized by just a few protein-DNA contacts. Fifth, the 25-fold or greater difference in cyclizability
between differing DNA sequences suggests that the se-Third, the large disparity between theoretical predic-

tion and our experimental observations implies either quences of looped DNAs are likely to be tuned in evolu-
tion, in concert with the tuning of protein-DNA and pro-that random sequence DNAs have significant permanent

bendedness, or else that DNA bending in this tight bend- tein-protein binding affinities, such that the stability of
a complex as an integrated whole falls within a desireding regime is not well described by existing theories.

The available evidence argues against the permanent range. On this basis we predict the existence of a new
class of gene regulatory mutations, in which changesbendedness interpretation; thus, our findings point to a
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pM DNA E6-94. The apparent first-order cyclization rate constantto the sequence of the looped DNA that fall outside any
was determined from the counts incorporated into monomer circleprotein binding site should influence activation/repres-
over 0–20 min.sion importantly through their effects on the intrinsic

bendability of the looped DNA.
Histone Binding Affinity MeasurementsSixth, differences in the bendability of differing DNA
Competitive reconstitution experiments were performed as de-sequences account quantitatively for the phenomenon
scribed (Lowary and Widom, 1997, 1998) except using purifiedof nucleosome positioning—that is, for the preference
H32H42 tetramer instead of histone octamer. Samples were recov-

of nucleosomes to form on one DNA sequence versus ered and analyzed on native 5% polyacrylamide gels containing
another. 0.3 	 TBE, and the gels were quantified by phosphorimager. Keq’s

were calculated as ratios of background subtracted counts in tet-Taken together, these findings demonstrate an active
rasome complexes to counts in free DNA. 
G�binding � �RT ln (Keq),and sequence-specific role for DNA in the establishment
where R is the gas constant and T the absolute temperature (277 K).and maintenance of regulatory and structural complexes


G�binding values are differences in 
G�s between a given sampleinvolving sharp DNA loops.
and the 601TA-91 reference molecule, measured in an identical
competitive reaction. 

G�cyclization values are calculated from the

Experimental Procedures measured j factors for cyclization, using the approximation (Kahn
and Crothers, 1992; Merlitz et al., 1998; Podtelezhnikov and Volo-

DNAs godskii, 2000) that jsample/jreference � Kc,sample/Kc,reference, where Kc repre-
Sequences E6-116, E8-116, and E13-116 are randomly chosen sents the cyclization equilibrium constants for a given sample and
clones from a chemical synthesis of 116 bp DNAs having random an arbitrary reference species. Thus, 
G�cyclization � �RT ln (Kc,sample/
sequences except for short defined sequence ends containing EagI Kc,reference). 

G�cyclization values are reported relative to an arbitrary zero.
sites. Sequences E6-94, E8-94, and E13-94, and their 93 or 95 bp
variants, are internal subfragments derived from their 116 bp parents
by PCR. 5S-94 and its 93 and 95 bp variants derive from the sea Numerical Evaluations of the Shimada-Yamakawa

and Zhang-Crothers Theoriesurchin 5S rRNA gene nucleosome positioning sequence (Simpson
and Stafford, 1983). 601TA-91 and 601TA-94 derive from the se- The numerical evaluations of the Zhang-Crothers theory were car-

ried out for us by Dr. Y. Zhang exactly as described (Zhang andlected nonnatural nucleosome positioning sequence 601 (Lowary
and Widom, 1998). These DNAs were isolated from purified plasmid Crothers, 2003). The algorithm fails to converge for some short

DNA lengths, hence the gaps in these numerical predictions. Theby restriction enzyme digestion with EagI. The 322 bp fragment was
obtained by EaeI digestion of plasmid pRS304 (this leaves EagI predictions for the Shimada-Yamakawa theory in Figure 4A (Shi-

mada and Yamakawa, 1984) were evaluated using a computer pro-cohesive ends); the 326 bp fragment was obtained by Apo I digestion
of plasmid pYES2 (which leaves EcoRI cohesive ends, useful for gram provided to us by Dr. Zhang, as described (Zhang and Croth-

ers, 2003). The predictions for the variant Shimada-Yamakawacomparison with earlier cyclization studies [Shore et al., 1981]).
These DNA fragments were purified by agarose gel electrophoresis. theory allowing for cyclization without constraints on end-end angle

(Figure 4B) were evaluated from the analytical expression (ShimadaThe 200 bp fragment was provided in a plasmid by Prof. A. Vologod-
skii and was prepared and analyzed as described (Vologodskaia and Yamakawa, 1984) as described (Rippe et al., 1995).
and Vologodskii, 2002). Concentrations of purified DNA stocks were
determined from their absorbance at 260 nm. DNAs were 5�-end

Effective Concentration from a 94 bp Looplabeled with �-32P-ATP and T4 polynucleotide kinase, followed by
We fit our measured j factors for the 94 bp random sequence DNAsa chase with 1 mM unlabeled ATP. DNA sequences are available
to the Shimada-Yamakawa theory for ligase-mediated DNA cycliza-upon request.
tion (Figure 4A), with the bending persistence length as an adjustable
parameter, resulting in an apparent persistence length of �40 nm

Ligation Reactions, Exonuclease Digestions,
for these DNAs. Protein-protein interactions mediated by looped

Two-Dimensional Gels
DNA take place with fewer constraints on the angles of approach

Ligation reactions were carried out using T4 DNA ligase in standard
between the two DNA ends because of flexibility in the proteins

buffer (New England Biolabs). Reactions with DNAs having EagI
themselves. (This stands in contrast to ligase-mediated DNA cycliza-

ends were performed at 30�C, while those with ApoI ends were
tion, in which the angle of approach between the two DNA ends is

performed at 20�C. Products were analyzed on polyacrylamide gels
likely to be strongly constrained.) A 40 nm persistence length

and quantified by phosphorimager. � exonuclease digestions were
equates to a j factor of �1 nM using the angle-independent theory

carried out as recommended (NEB) using 5 units ml�1 enzyme and
for loop formation (Rippe et al., 1995; Shimada and Yamakawa,

[DNA] � 100 pM. Two-dimensional agarose gel electrophoresis was
1984). Protein-protein interactions mediated by DNA looping occur

carried out using 2.5% agarose in standard 0.5 	 TAE buffer. Radio-
with the two DNA target sites separated by some distance, e.g., 10

labeled samples were mixed with radiolabeled 50 bp ladder. The
nm, in contrast to ligase-mediated DNA cyclization which requires

first dimension was prepared with no ethidium bromide. Gels of 20
direct end-to-end contact. Brownian dynamics simulations show

cm 	 20 cm were run at 250 volts for 2 hr; they were then soaked
that looping of a 120 bp DNA to a separation of 10 nm occurs with

in 10 �g ml�1 ethidium bromide for 1 hr, rotated 90� clockwise, and
�200-fold greater probability than looping to contact (0 separation)

subjected to a second dimension of electrophoresis at 275 volts for
(Merlitz et al., 1998); for 94 bp DNAs the effects will be much greater

1–2 hr. Gels were visualized by phosphorimager. For each sample
still. Thus, an estimated angle-independent j factor of �1 nM for

a control gel with only the 50 bp ladder was run to confirm which
a random sequence 94 bp DNA translates to a �1 �M effective

spot(s) derived from the test sample itself.
concentration from looping.

Quantitative Kinetic Assays
Quantitative cyclization assays were analyzed as described (Taylor Rate of Cyclization

The elastic strain energy that is released by a small increase in end-and Hagerman, 1990). Counts in monomer circle product (band C)
and in linear and circular dimeric species (bands LD � CD) were to-end separation, sufficient to break the base pairs at the cohesive

ends, is small in comparison to the energy of thermal fluctuations,obtained by phosphorimager analysis of native polyacrylamide gels.
(In this tight bending regime, the j factors for linear dimers are greater kBT (kB is Boltzmann’s constant and T the absolute temperature),

even using the existing theory for this elastic cost, which our resultsthan for linear monomer, hence much of the linear dimer cyclizes.)
The measured ratio of these quantities (Rc/d) was linearly extrapo- show is plainly an overestimate. Therefore, elastic strain should

contribute little to the rate of end-to-end dissociation, while it di-lated to time t � 0, yielding R0, and j factors were calculated as j �

4 M0 R0, where M0 is [DNA] at t � 0. For analysis of the [ligase]- rectly affects the probability and hence rate constant of end-to-
end approach.dependence of the observed rate, ligation reactions contained 50
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