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The relative stiffness of naked DNA is evident from measured values of longitudinal persistence length (~150
bp) and torsional persistence length (~180 bp). These parameters predict that certain arrangements of
eukaryotic transcription activator proteins in gene promoters should be much more effective than others in
fostering protein-protein interactions with the basal RNA polymerase II transcription apparatus. Thus, if such
interactions require some kind of DNA looping, DNA loop energies should depend sensitively on helical
phasing of protein binding sites, loop size, and intrinsic DNA curvature within the loop. Using families of
artificial transcription templates where these parameters were varied, we were surprised to find that the degree
of transcription activation by arrays of Gal4-VP1 transcription activators in HeLa cell nuclear extract was
sensitive only to the linear distance separating a basal promoter from an array of bound activators on DNA
templates. We now examine the hypothesis that this unexpected result is due to factors in the extract that act
to enhance apparent DNA flexibility. We demonstrate that HeLa cell nuclear extract is rich in a heat-resistant
activity that dramatically enhances apparent DNA longitudinal and torsional flexibility. Recombinant mam-
malian high-mobility group 2 (HMG-2) protein can substitute for this activity. We propose that the abundance
of HMG proteins in eukaryotic nuclei provides an environment in which DNA is made sufficiently flexible to
remove many constraints on protein binding site arrangements that would otherwise limit efficient transcrip-

tion activation to certain promoter geometries.

DNA looping allows juxtaposition of distant DNA se-
quences and is thought to play a role in numerous cellular
processes, including transcription, DNA replication, and re-
combination (17, 26). In eukaryotic transcription, activators
bound upstream of a basal promoter facilitate transcription
initiation by binding to limiting components of the transcrip-
tion apparatus and delivering these components to the pro-
moter, perhaps via DNA looping (6, 22, 33). The resulting
protein-DNA complex recruits RNA polymerase. The thermo-
dynamic stabilities of complexes involving a DNA loop should
be dependent on loop size, the intrinsic shape and flexibility of
the DNA, and the relative helical orientation of the sites being
juxtaposed (2, 23, 26).

Using in vitro DNA ligation assays, the physical properties
of naked DNA have been carefully examined, and the ener-
getic costs of DNA bending and twisting have been estimated
(reviewed in reference 8). Cyclization rates have been shown to
be highest for DNA sequences of approximately 500 bp, with
cyclization rates dropping for both shorter and longer DNA
fragments (23, 28). Based on these experiments, it has been
predicted that for DNA sequences less than ~500 bp in length,
both intrinsic DNA curvature (14) and the relative helical
orientation (27, 28) of the sites being juxtaposed should sig-
nificantly affect the rate of loop formation. Such curvature and
phasing effects should increase as DNA length decreases.

In prokaryotic transcription, evidence of such helical phas-
ing (2, 16) and DNA curvature (5, 12; but see reference 1)
effects has been detected in vivo. However, in eukaryotes, the
effects of DNA phasing and curvature are less clear. The pre-
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cise helical relationship between individual transcription factor
binding sites within the human beta interferon and T cell
receptor o gene enhancers has been shown to affect the
strength of enhancement (13, 32). Similarly, the helical align-
ment of simian virus 40 early promoter elements has been
shown to be important for transcription initiation in HeLa cells
over a very short distance (31). However, examination of a
variety of other promoters has revealed that activators often
function independently of helical alignment relative to the
basal promoter (7, 25, 35). Furthermore, while some evidence
suggests that DNA curvature increases synergy between bound
activator proteins (15), it is unclear if insertion of intrinsically
curved DNA sequences between activators and a basal pro-
moter affects the strength of activation.

Previously members of our group designed a set of 32 eu-
karyotic transcription templates with different intrinsic shapes
in order to examine the effects of DNA curvature and helical
orientation on transcription activation (24). The templates
were based on the adenovirus E4 basal promoter. We inserted
five phased Gal4 binding sites upstream of the promoter and
varied the DNA length and shape (number of phased As
tracts) between the promoter and activator binding sites. We
then measured the efficiency of transcription activation in cell-
free transcription experiments using HeLa cell nuclear extract
(NE) supplemented with Gal4-VP1 activator. Surprisingly, for
both linearized and supercoiled templates, spacing between
the activator binding sites and the promoter was the primary
determinant of the activated level of transcription, with little or
no effect of binding site phasing or intrinsic template curvature
(24). These results differ substantially from predictions based
on looping models of activation by direct protein-protein con-
tacts (23).

Our data suggested the possibility that factors present in NE
enhance DNA flexibility, thereby masking the expected differ-
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ences between the templates predicted based on the behavior
of naked DNA in dilute solution. We have therefore per-
formed cyclization assays with transcription templates to ex-
amine the flexibility of DNA in the presence and absence of
NE. In the absence of NE, we found that DNA length, curva-
ture, and helical phasing all affected cyclization rates as ex-
pected. However, apparent DNA flexibility is enhanced in the
presence of NE. Consistent with the results of previous tran-
scription experiments by members of our group (24), DNA
cyclization rates became independent of DNA curvature and
helical phasing and were dependent only on DNA length. We
show that recombinant rat high-mobility group 2 (rHMG-2)
protein substitutes for NE in promoting cyclization and over-
coming DNA curvature and helical phasing effects on cycliza-
tion rates.

MATERIALS AND METHODS

DNA multimerization-cyclization assay. NE was prepared by standard meth-
ods (9). tHMG-2 was kindly provided by Dean Edwards. All enzymes were
obtained from New England Biolabs. Where indicated, NE or rHMG-2 was heat
treated by incubation at 95°C for 5 min, followed by incubation on ice for 5 min
and clarification by brief centrifugation. Radiolabeled DNA duplexes (1 wM)
were mixed with the indicated amount of NE in 10-pl reactions containing 50
mM Tris-HCI (pH 7.5), 10 mM MgCl,, 10 mM dithiothreitol, 1 mM ATP, 25 pg
of bovine serum albumin (BSA)/ml, and 400 U of T4 DNA ligase. Ligation
reactions were incubated at 22°C for 30 min. Ten microliters of each ligation
reaction was then mixed with 1 pl of water, 1 U of BAL 31 exonuclease, and 3
pl of 5X Nuclease BAL-31 buffer and incubated at 30°C for 30 min. Sodium
dodecyl sulfate was then added to 1.5%, followed by incubation at 37°C for 20
min, phenol-chloroform extraction, and ethanol precipitation. DNA circles were
resolved on 5% native polyacrylamide gels (acrylamide/bisacrylamide ratio, 75:
1), 12 V/em, at 22°C. Gels were exposed to storage phosphor screens and
analyzed using a Molecular Dynamics Storm 840 phosphorimager, and bands
were quantitated with ImageQuant software.

Cyclization assay data were quantitated by measuring the storage phosphor
signal for each DNA circle. Data were expressed as the signal for a given DNA
circle, relative to the total signal for all DNA circles in the lane, and further
normalized to account for intrinsic differences in signal among DNA circles of
different size, according to the formula

Do = (SIN)IT 1)

where D, gives the normalized DNA circle yield, S is the storage phosphor
signal for a given gel band in arbitrary units, » is the number of ligated duplexes
present in that species, and T is the total storage phosphor signal in all DNA
circles for a given DNA duplex. In plots of D, ., versus circle size, areas under
the curves are not equal because the numerator in equation 1 is corrected for the
number of 21-bp units, while the denominator is not.

Probes for DNA ring closure assay. Phasing, curved, and uncurved DNA
cyclization probes were generated from the promoters of previously studied
transcription templates (24). Templates were restricted to remove the five
phased Gal4 sites, and a DNA duplex containing two phased Gal4 sites was
inserted. PCR products of the indicated series were generated using the pro-
moters from each template, incorporating Acc651 restriction sites at each termi-
nus. These fragments were then subcloned and sequenced. Probe designations
indicate base-pair spacing between sequence elements.

To construct longer DNA probes, irrelevant sequences of 154, 254, and 355 bp
from plasmid pFW11-null (34) were inserted into the initial series of phasing
constructs.

To generate radiolabeled cyclization probes, plasmids were digested with
Acc65T and treated with calf intestinal alkaline phosphatase. Restriction frag-
ments were purified by native 5% polyacrylamide gel electrophoresis and radio-
labeled using T4 polynucleotide kinase and [y-*>P]ATP. The radiolabeled probes
were purified by spermine precipitation.

DNA ring closure assay. Fifty-microliter reaction mixtures were prepared with
0.1 nM DNA, 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 10 mM dithiothreitol,
1 mM ATP, 25 pg of BSA/ml, and 0.08 U of T4 DNA ligase. Where indicated,
0.1 mg of heat-treated NE/ml or 3 pg of heat treated rHMG-2/ml was added.
Reactions were incubated at room temperature. At various times, 10-pl aliquots
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were removed, added to 10 pl of 50 mM EDTA, and treated with sodium dodecyl
sulfate. After phenol-chloroform extraction, samples were electrophoresed on
native polyacrylamide gels. The fraction cyclized at each time point (F,) was
quantitated by measuring the storage phosphor signal of the circular products
and of the unligated linear monomer and applying the formula

F, = C/C, + M) (2

where C, is the storage phosphor signal for the circular products (arbitrary units)
at time #, and M, is the storage phosphor signal for the unligated linear monomer
gel band (arbitrary units). Estimation of J factors (effective concentration of
intramolecular DNA termini) was not possible because, in many cases, a signif-
icant fraction of starting material was depleted over these experimental time
scales in the presence of NE or rHMG-2, violating a required assumption in the
derivation of J factors from such assays.

RESULTS

NE contains heat-resistant activities that overcome effects of
intrinsic DNA curvature. To examine whether NE could over-
come shape-dependent differences in DNA looping, we stud-
ied the multimerization and cyclization of 21-bp DNA du-
plexes by T4 DNA ligase. As multimer ligation products
accumulate, cyclization begins to compete with linear growth.
The probability of cyclization is dependent on the local con-
centration of the termini of a growing multimer, and therefore
the distribution of circle sizes reflects both the apparent shape
and the flexibility of the individual duplexes.

The DNA duplexes used in this experiment are shown in Fig.
1A. Duplex 1 is predicted to be relatively linear. Duplex 2
contains an A, tract that contributes ~18° of curvature. Figure
1B displays the circular ligation products obtained from mul-
timerization-cyclization of DNA duplexes 1 and 2 under vari-
ous conditions. For the naked DNA duplexes, the expected
shape-dependent differences are observed (Fig. 1B, compare
lanes 1 and 2). Duplex 1 is linear and cyclizes poorly, forming
only large circles (Fig. 1B, lane 1). Duplex 2 (Fig. 1B, lane 2)
is curved, cyclizes more readily, and forms circles as small as
147 bp.

We found NE to be a rich source of an activity that enhanced
DNA flexibility. Fifteen nanograms of NE induced DNA cy-
clization at much smaller sizes than in the absence of NE (Fig.
1B, compare lanes 1 and 2 and lanes 3 and 4). Remarkably, in
the presence of NE, duplexes 1 and 2 displayed similar appar-
ent shapes and flexibilities, forming circles as small as 105 bp
(Fig. 1B, lanes 3 and 4). Even after heat treatment, NE en-
hanced DNA flexibility (Fig. 1B, lanes 5 and 6). This observa-
tion suggested the involvement of HMG proteins (19, 20). We
therefore tested rHMG-2 protein and found it to substitute for
NE in enhancing the formation of small circles, diminishing the
difference between curved and uncurved templates (Fig. 1B,
lanes 7 and 8). In contrast, 15 ng of Escherichia coli extract or
bovine serum albumin did not detectably enhance DNA flex-
ibility (Fig. 1B, lanes 9 to 12).

Characterization of DNA looping by transcription tem-
plates. We then tested how NE would affect the flexibility of
transcription templates. DNA cyclization, like transcription ac-
tivation, requires DNA looping. We generated DNA frag-
ments from the promoters of some of our group’s previous
transcription templates (24) (Fig. 2A) and employed these
probes in cyclization assays. We hypothesized that when liga-
tions were performed in the absence of NE, cyclization rates
would depend on length, intrinsic DNA curvature, and the
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FIG. 1. DNA cyclization is enhanced in the presence of NE and
rHMG-2. (A) DNA duplexes (21 bp) used in this study. Duplex 1 is
predicted to have a linear geometry. Duplex 2 contains an A, tract
(boldface) that induces ~18° of axial curvature. (B) DNA multimer-
ization-cyclization assay. Gel electrophoretic analysis of circular liga-
tion products obtained after incubation of either duplex 1 or duplex 2
under the indicated conditions. The 147-bp (seven 21-mer units) DNA
circle is indicated (*). (C) Quantitation of DNA cyclization. Data are
plotted as the normalized circle yield, D,,,.,, versus the size of the
DNA circle (21-mer units) in the absence (open) or presence (filled) of
NE for duplex 1 (circles) and duplex 2 (triangles).
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FIG. 2. Schematic design of cyclization probes. Probes were based
on transcription templates and contain two tandem 20-bp sequences
carrying Gal4 binding sites (G) and the TATA box derived from the
adenovirus E4 promoter (T). Probes have Acc651 restriction sites at
each terminus. (A) Phasing probes contain a variable-length spacer
(n). Curved probes contain four phased A5 tracts (A). This curvature
was replaced with a scrambled sequence of identical length in the
uncurved templates. (B) Long phasing probes.

145-163

Phasing

precise helical alignment (phasing) of the restriction fragment
termini. In contrast, based on our previous transcription re-
sults, we predicted that cyclization rates in the presence of NE
would be dependent only on DNA probe length. We tested
three sets of probes (Fig. 2A). Each set contained four probes
that varied in length by a total of 8 bp. All three sets contained
two Gal4 DNA binding sites upstream of an adenovirus E4
basal promoter. Phasing probes (Fig. 2A) were designed pri-
marily to test the effects of helical phasing due to DNA tor-
sional stiffness, as measured by DNA cyclization. Curved
probes (Fig. 2A) contained 72° of intrinsic curvature due to the
presence of four phased 4 tracts. In the uncurved set, intrinsic
DNA curvature was replaced with an uncurved sequence of the
same length. The curved and uncurved sets of templates were
designed to test directly the effect of intrinsic DNA curvature
on looping.

In the absence of NE, the predicted differences in cyclization
rates were strikingly observed (Fig. 3A). The set of short phas-
ing probes did not cyclize regardless of the phasing of the
termini (Fig. 3A and B), whereas some cyclization was de-
tected for longer uncurved probes with properly phased ter-
mini (Fig. 3A and B, probes G,20B30T and G,20B33T). The
curved probes cyclized much more efficiently than uncurved
probes of the same lengths (Fig. 3A and B, compare
G,20A30T to G,20A33T and G,20B30T to G,20B33T). These
results confirm expectations for naked DNA. Over short dis-
tances, DNA torsional and longitudinal stiffnesses dictate ac-
cessible loop geometries such that only properly preconfigured
geometries loop appreciably. This result is exactly what had
been predicted, but not observed, in our previous studies of in
vitro transcription activation (24).

In the presence of NE, cyclization is independent of DNA
curvature and helical phasing. In dramatic contrast to the
results for naked DNA probes (Fig. 3A and B), all of the
probes cyclized with nearly identical efficiency in the presence
of NE (Fig. 3C and D). This result indicates a profound change
in the physical properties of the DNA: neither helical phasing
nor DNA curvature significantly affected cyclization efficiency.
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FIG. 3. Cyclization of curved, uncurved, and phasing probes. (A) Electrophoretic analysis of the DNA probes shown in Fig. 2A after ligation
for 0, 2, 10, and 60 min in the absence of NE. (B) Quantitation of panel A. Error bars represent standard deviations after two to five repeats. (C)
Electrophoretic analysis of DNA probes in Fig. 2A after ligation for 0, 2, 10, and 60 min in the presence of 0.1 mg of heat-treated NE/ml. (D)
Quantitation of panel C. (E) Electrophoretic analysis of the DNA probes shown in Fig. 2A after ligation for 0, 2, 10, and 60 min in the presence

of 3 pg of heat-treated rHMG-2/ml. (F) Quantitation of panel E.

rHMG-2 can substitute for NE. Based on the ability of
rHMG-2 to substitute for NE in promoting cyclization in the
multimerization-cyclization assay (Fig. 1), we tested whether
rHMG-2 protein could substitute for NE in promoting cycliza-
tion and overcoming effects of DNA curvature and helical
phasing among the transcription template derivatives shown in
Fig. 2A. tHMG-2 protein alone could substitute for NE in
enhancing apparent DNA flexibility and mitigating the effects
of DNA curvature and helical phasing (Fig. 3E and F).

Longer DNA probes show length-dependent cyclization with
and without added NE. Over the length range so far tested
(150 to 203 bp), DNA length did not significantly affect looping
efficiency in the presence of NE or rHMG-2. We hypothesized
that in the presence of NE or rHMG-2, the length range tested
may be near the optimum length for DNA cyclization, and we
therefore predicted that longer probes should cyclize less effi-
ciently. To test this notion, we constructed three additional sets
of long phasing probes (Fig. 2B). These three longer probe sets
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FIG. 4. Cyclization with longer DNA probes. (A) Electrophoretic analysis of the DNA probes shown in Fig. 2B after ligation for 0, 2, 10, and
60 min in the absence of NE. (B) Quantitation of panel A. Error bars represent standard deviations after 2 to 5 repeats. (C) Electrophoretic
analysis of the DNA probes shown in Fig. 2B after ligation for 0, 2, 10, and 60 min in the presence of 0.1 mg of heat-treated NE/ml. (D)
Quantitation of panel C. (E) Electrophoretic analysis of the DNA probes in shown Fig. 2B after ligation for 0, 2, 10, and 60 min in the presence

of 3 pg of heat-treated rHMG-2/ml. (F) Quantitation of panel E.

were ~300, ~400, and ~500 bp in length, respectively. Each
set comprised four probes that spanned a length range of
approximately one helical turn.

In the absence of NE, a helical phasing effect was still ob-
served for the long phasing probes (Fig. 4A and B). This effect
gradually decreased as the probe length increased (Fig. 4B,
compare 298- to 306-bp probes with 499- to 507-bp probes). By
contrast, no significant phasing effect was observed in the pres-
ence of NE (Fig. 4C and D) or rtHMG-2 (Fig. 4E and F).
Furthermore, increased torsional flexibility is revealed in mul-
tiple topoisomeric forms of circular monomers (e.g., G,395T in
Fig. 4A versus C).

The effects of NE and rHMG-2 are particularly apparent

when the fraction of each probe cyclized after 2 min is plotted
against the probe length (Fig. 5). Three major effects of NE
and rHMG-2 are observed. First, the optimal length for cy-
clization is shifted. For naked DNA, cyclization rates increased
with increasing DNA length up to a length of ~400 bp (Fig.
5A). These results are consistent with previously reported
DNA J factor values, which peak at ~500 bp (23). However, in
the presence of NE, the optimal length for cyclization was
shifted to ~300 bp (Fig. 5B). tHMG-2 further shifted the
optimal cyclization length to ~200 bp (Fig. 5C). Second, NE
and rHMG-2 both significantly enhanced cyclization rates (Fig.
5). Finally, the vertical data scatter for cyclization of naked
DNA (Fig. 5A) was reduced by NE (Fig. 5B) and tHMG-2
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FIG. 5. NE and rHMG-2 change the optimal DNA length for cy-
clization. Fractions of DNA probes cyclized in 2-min ligation reactions
(from Fig. 3 and 4) are plotted as a function of probe length. Curved
templates are indicated with triangles, while all other probes are indi-
cated with circles. (A) Naked DNA. (B) DNA in the presence of NE.
(C) DNA in the presence of rHMG-2.

(Fig. 5C), emphasizing the capacity of these factors to over-
come the torsional rigidity of DNA.

NE enhances DNA cyclization but not intermolecular
dimerization. We considered the possibility that NE or
rHMG-2 protein affected the overall ligation rate rather than
specifically the cyclization rate. We therefore tested the effect
of NE on intermolecular dimerization of DNA probes. When
ligation reactions were performed at higher DNA concentra-
tions such that DNA cyclization and dimerization occurred at
comparable rates, the cyclization rate, but not the dimerization
rate, was increased by NE (Fig. 6). In the absence of NE,
time-dependent ligation under these conditions yields both
monomer circles and linear dimers in comparable yields (Fig.
6, lanes 1 to 4). In contrast, upon addition of NE, cyclic prod-
ucts are dramatically enhanced at the expense of linear dimers
(Fig. 6, lanes 5 to 8). If NE enhanced cyclization by a general
stimulation of DNA end-joining activity, the yield of both cir-
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FIG. 6. NE specifically enhances DNA cyclization rather than in-
termolecular ligation. Electrophoretic analysis of the uncurved DNA
probe G,20B33T (200 bp) after ligation for 0, 2, 10, and 60 min in the
absence or presence of NE. The DNA concentration was increased to
enhance intermolecular dimer ligation products (D) to a yield compa-
rable to intramolecular circular ligation products (C). M indicates
unligated linear probe precursor. Upon addition of NE, product C is
enhanced at the expense of product D, consistent with increased DNA
flexibility rather than increased total end-joining activity.

cular and linear products should have increased. Instead, the
results indicate that NE specifically facilitates cyclization and
does not contribute to the intermolecular ligation rate, consis-
tent with enhancement of DNA flexibility. In control experi-
ments where DNA ligase was omitted, heat-treated NE did not
contribute detectable ligase activity (data not shown).
Enhancement of DNA flexibility by NE and rHMG-2. It is of
interest to know whether the level of free nuclear HMG activ-
ity in vivo is sufficient to eliminate DNA phasing and curvature
effects over the distances tested here. Although it is not pos-
sible to estimate what fraction of HMG activity is free in vivo
or what fraction of bulk DNA is accessible to HMG binding,
we used a DNA multimerization-cyclization assay comparable
to that shown in Fig. 1 to titrate the activities of heat-treated
NE and rHMG-2 in the presence of 1 puM DNA (Fig. 7).
Enhancement of DNA flexibility was monitored as the yield of
105-bp DNA circles upon addition of DNA ligase to a 1 pM
solution of DNA duplex 1 (Fig. 1). No 105-bp circular product
is detected in the absence of HMG activity. Yields were nor-
malized to the amount of 105-bp circle obtained at saturation.
Dilution of both NE and rHMG-2 preparations resulted in
decreased DNA flexibility, as anticipated. Remarkably, the
activity of crude NE per unit mass of protein was roughly
comparable to that of purified rHMG-2 (Fig. 7). rtHMG-2
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FIG. 7. Quantitation of HMG activities. A DNA multimerization-
cyclization assay (see Materials and Methods and Fig. 1) was employed
to monitor the ability of HMG activity to promote formation of a
105-bp circular product upon addition of DNA ligase to a 1 pM
solution of 21-bp DNA duplex 1 (see Fig. 1 for the sequence) over a
range of NE ([J) or rtHMG-2 (@) dilutions. No 105-bp circle could be
detected under these conditions upon ligation in the absence of HMG
activity. Yield of 105-bp circle was normalized to the yield at the
highest protein concentration tested, which appeared to be saturating
for both NE and rHMG-2. In the case of rHMG-2, a 0.5 fractional
yield of 105-bp circle was observed at a ~2 pM concentration of
protein, corresponding to a 1:2 DNA/protein stoichiometry.

retained 50% of its maximal DNA flexibility enhancement
activity at a concentration of ~2 pM, corresponding to a 2:1
rHMG-2/DNA ratio. This result suggests that NE must contain
a variety of HMG activities, some of them more potent than
rHMG-2.

DISCUSSION

High mobility group proteins 1 and 2 (HMG1/2) are abun-
dant, highly conserved, chromatin-associated proteins (11).
Previous reports have suggested that HMG1/2 may play roles
in numerous processes including transcription (29, 30) and
nucleosome assembly (4, 18). HMG1/2 are capable of low-
affinity binding to a wide variety of DNA sequences with little
sequence specificity (19) and display a high level of affinity for
bent structures, such as cruciforms (3) and cisplatin modified
DNA (21). These proteins bind in the DNA minor groove and
cause significant DNA bending. How might the random bind-
ing of HMG proteins enhance apparent DNA flexibility? Re-
peated transient nonspecific binding by HMG1/2 will be ac-
companied by strong transient bending and a slight unwinding
of the DNA with each binding event. Because these bending
and unwinding events will be distributed randomly, the average
properties of the DNA chain will be drastically altered. Rapid
fluctuations due to random bending and unwinding events will
reduce longitudinal and torsional persistence lengths, increas-
ing DNA longitudinal and torsional flexibility, as we observed.
Such a process will permit the DNA to sample randomly more
extreme conformations with each HMG binding event than
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would otherwise be probable. In effect, the energy of the pro-
tein-DNA complex is thus used to overcome DNA stiffness.

The present studies involve DNA transcription templates
incubated in the presence of nuclear extract but not deliber-
ately assembled into chromatin. The remarkable ability of
HMG proteins to facilitate DNA looping and overcome helical
phasing effects would have obvious physiological significance in
cases where nucleosomes are disrupted by chromatin remod-
eling prior to looping of the unencumbered DNA to allow
protein-protein interactions at a distance. It remains unclear
whether such DNA unpacking typically precedes direct recruit-
ment of the basal transcription machinery (presumably by
DNA looping) during the process of transcription activation.
In cases where nucleosomal packing might participate directly
in facilitating protein-protein interactions at a distance, the
relevance of the activities we demonstrate for HMG proteins is
less clear. Thus, it is not known to what extent DNA con-
strained on histone octamers is a substrate for transient HMG
binding, bending, and unwinding. Local effects of HMG bind-
ing in the context of chromatin are unlikely to propagate over
distances as they would for naked DNA. The ability of HMG
proteins to alter the properties of exposed linker DNA could
remain of profound significance in fostering protein-protein
interactions in the context of chromatin.

While the ability of HMG proteins to promote DNA looping
has been previously reported (19), what is particularly striking
about our results is the ability of these factors to virtually
eliminate the effects of intrinsic DNA curvature and helical
phasing over the DNA lengths tested (Fig. 3 to 5). The cycliza-
tion results in the presence of NE or rHMG-2 parallel our
previous observations in cell-free transcription experiments. In
both cases, DNA curvature, length, and helical phasing were
predicted to have significant effects on the reaction rates. How-
ever, in both cases, only DNA length had a measured effect.
We propose that these results should be interpreted as consis-
tent with (i) a role of DNA looping in transcription activation
in vitro and (ii) a prominent role for HMG proteins in pro-
moting such looping.

While the effect of NE on cyclization persisted even in the
presence of 2,000-fold-excess nonspecific competitor plasmid
DNA (data not shown), it is difficult to accurately estimate
either the concentration of free HMG-2 in the nucleus or the
fraction of chromosomal DNA available at any given time for
binding by HMG proteins. Therefore, it remains unclear to
what extent the profound activities of HMG proteins in our in
vitro experiments reflect activities expected in the nuclei of
living eukaryotic cells.

Nevertheless, the relative abundance of HMG1/2 (10° to 10°
molecules/nucleus [10]) suggests that the helical phasing and
DNA curvature effects observed in traditional in vitro cycliza-
tion assays with naked DNA may not be relevant to DNA in
eukaryotic nuclei. HMG proteins have the potential to relieve
constraints on promoter geometry that would otherwise limit
interactions of proteins acting at a distance. These results are
consistent with previous reports that HMG1/2 can act as gen-
eral transcription factors (30). Our experiments show that even
acting alone, HMG proteins profoundly alter the apparent
physical properties of DNA, endowing this otherwise locally
stiff polymer with enhanced longitudinal and torsional flexibil-
ity. We argue that deployment of HMG proteins fundamen-
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tally alters the behavior of DNA and promotes interactions
between proteins tethered to DNA far beyond what would
otherwise be predicted (23, 26).
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