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ABSTRACT We have studied DNA minicircles containing
the ATFyCREB binding site for GCN4 by using a combination
of cyclization kinetics experiments and Monte Carlo simula-
tions. Cyclization rates were determined with and without
GCN4 for DNA constructs containing the ATFyCREB site
separated from a phased A-tract multimer bend by a variable
length phasing adaptor. The cyclization results show that
GCN4 binding does not significantly change the conformation
of the ATFyCREB site, which is intrinsically slightly bent
toward the major groove. Monte Carlo simulations quantitate
the ATFyCREB site structure as an 8° bend toward the major
groove in a coordinate frame near the center of the site. The
ATFyCREB site is underwound by 53° relative to the related
AP-1 site DNA. The effect of GCN4 binding can be modeled
either as a decrease in the local f lexibility, corresponding to
an estimated 60% increase in the persistence length for the
10-bp binding site, or possibly as a small decrease (1°) in
intrinsic bend angle. Our results agree with recent electro-
phoretic and crystallographic studies and demonstrate that
cyclization and simulation can characterize subtle changes in
DNA structure and flexibility.

Dimers of bZIP proteins bind dyad symmetric DNA binding
sites including the AP-1 site, 59-ATGACTCAT-39, and the
ATFyCREB site, 59-ATGACGTCAT-39. These two sites
share the same 59-ATGA-39 half-site, but most bZIP proteins
can discriminate between them based on the difference in
half-site spacing, usually binding weakly or not at all to one of
the sites. GCN4, a yeast transcriptional activator, is an excep-
tion because it binds the AP-1 and ATFyCREB sites with
comparable affinity (1). GCN4, a 281-residue protein from
Saccharomyces cerevisiae, activates amino acid biosynthetic
pathways under amino acid starvation conditions (2, 3). The
9-bp AP-1 site is the functional binding site in vivo, but
mutagenesis studies have shown that the central 7-bp site,
59-TGACTCA-39, is the preferentially recognized consensus
(4, 5).

Both the circular permutation and phasing gel mobility
experiments were done with GCN4 and the AP-1 site (6).
These two experiments gave contradictory results with the
full-length protein, but the assays with bZIP peptide showed
that it does not bend DNA. Recently, the same experiments
were done on a bZIP peptide of GCN4 (the 55-aa peptide
contains an N-terminal serine followed by residues 228–281)
with both the AP-1 and ATFyCREB sites (7). For the AP-1
site, the DNA is straight, whereas for the ATFyCREB site, the
DNA was found to be bent toward the major groove.

Two different bZIP peptides derived from GCN4 have been
cocrystallized with DNA, one with the AP-1 site and the other
with the ATFyCREB site (8–10). The AP-1 site is not appre-
ciably bent in a cocrystal with a 58-aa peptide. In contrast, the

ATFyCREB site has an overall bend of about 20° when
complexed to a similar 62-aa peptide. Both structures show the
same protein–DNA contacts, which are possible because the
bending of the ATFyCREB site in the complex creates a
contact surface that resembles the AP-1 site.

DNA bending can be studied in solution by DNA ring
closure, which can measure the degree of an intrinsic or
protein-induced DNA bend (refs. 11 and 12, and references
therein). The experiments are sensitive to deformations in
DNA that include bending, helical repeat length, and torsional
and bending flexibility (12–14). We are able to further inter-
pret the experimental results by using Monte Carlo simulations
to refine the DNA structural model (11). The AP-1 site has
been shown to be straight in solution by using cyclization
kinetics (15). Furthermore, it remains straight when bound to
the bZIP proteins FosyJun (15, 16) or GCN4 (ref. 17 and
unpublished data).

We have studied the ATFyCREB binding site phased
against A-tract bends by using cyclization kinetics. In our
experiments, the full-length GCN4 protein and the 58-aa bZIP
peptide used in cocrystallization (10) behave indistinguishably.
The ATFyCREB site molecules show a slight bend toward the
major groove, both alone and bound to protein. The optimum
cyclization length indicates a significantly decreased DNA
torsion relative to the AP-1 site, in both the presence and
absence of protein. There is a small but significant decrease in
cyclization probability on protein binding, which is more
pronounced for the out-of-phase molecules, due apparently to
a small protein-induced stiffening of the DNA. Monte Carlo
simulations of the ATFyCREB site allow quantitative char-
acterization of a small intrinsic DNA bend and underwinding
across the site, relative to the AP-1 site. We conclude that
GCN4 is able to bind the existing conformation of the site with
no significant distortion, in agreement with Paolella et al. (7).

MATERIALS AND METHODS

GCN4. GCN4 was purified as described (6) from cells
generously provided by Christophe Ampe and Tom Steitz
(Yale Univ.) and was stored at 270°C at 25 mM in 20 mM Tris,
pH 8.0y1 mM EDTAy50 mM KCly10 mM DTTy50% glycerol.
A 58-residue bZIP peptide containing the C-terminal 56
residues of GCN4 preceded by Met and Lys was generously
provided by Tom Ellenberger (Harvard Medical School, Bos-
ton) and stored at 4°C at 2 mM in 20 mM Tris, pH 8.0y1 mM
EDTAy50 mM KCly50% glycerol (18).

ATFyCREB Site Minicircles. The ATFyCREB site mole-
cules were made in the same manner as the yeast AP-1
plasmids (15). The ATFyCREB molecules differ from the
AP-1 molecules by one inserted GC bp in the binding site.
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SalI-EcoRV double-digested plasmids were used as PCR
templates for the minicircles. Primer 2 was described (19) and
was paired with primer 1a, 1b, or 1c: 1a, 59-GCAGATATC-
GATTCCATGGCCACGTTGTAGC-39; 1b, 59-GCAGA-
TATCGATTCCATGGCAGCACGTTGTAGC-39; 1c, 59-
GCAGATATCGATTCCATGGCAAAGCACGTTGTAGC-
39. PCR reactions were as described except the MgCl2
concentration was 4.5 mM (19). PCR products were restricted
and purified as described (19) with the exceptions that 3.75
units of ClaI were used per 150 ml of PCR and the DNAs were
purified on 10% native gels [40:1, acrylamide:N,N9-
methylenebisacrylamideyTBE (50 mM Trisy50 mM boric ac-
idy1 mM EDTA, pH 8.3)].

Cyclization Kinetics Measurements. Time course experi-
ments were performed essentially as described (19). DNA
concentrations were 5–10 nM, and DNAs were incubated with
0 or 30 nM GCN4, either full-length protein or peptide,
expressed as the dimer concentration. The reaction buffer was
20 mM Tris, pH 7.5y1 mM EDTAy50 mM KCly5 mM MgCl2y1
mM ATPy0.05% Nonidet P-40 (Shell)y20 mg/ml gelatiny0.5
mM DTT. All reactions were at 21°C. Poly(dA-dT) was used
as competitor DNA at 4 mgyml. The extent of binding was
monitored in each experiment by a gel shift run on an aliquot
removed before the addition of ligase [8% native gels (75:1
acrylamide:N,N9-methylenebisacrylamidey50 mM TBE, 1.5
mm thick, 15 3 15 cm) at 25°C, 400 V, 1 hr].

Reactions were initiated by the addition of 7.5 ml of 50,000
unitsyml T4 DNA ligase for a final volume of 75 ml (5,000
unitsyml ligase, final concentration). Time points were taken
over 1–15 min as described (19), and the DNA was analyzed on
6% native gels (40:1 acrylamide:N,N9-methylenebisacrylam-
idey50 mM TBE).

Because all the molecules undergo both cyclization and
bimolecular association, we were able to calculate both rate
constants directly (12, 19). In fitting the data, some of the data
fit better with a lower effective ligatable DNA concentration
than that calculated from the total DNA concentration be-
cause of (we assume) the presence of unreactive ends. We
performed KINSIM simulations (20) to determine the rela-
tionship between the observed J factors and the real J factors
based on concentration differences. We corrected the data for
this difference. For molecule populations where the effective
concentration was between 30 and 50% of the total concen-
tration, J factors were corrected by multiplication by factors
$1, ranging up to 4. When the effective concentration is .50%
of the total, corrections were less than a factor of 2, which
corresponds to the estimated experimental error. All of the
data were corrected, but 63 of 81 experiments were multiplied
by less than a factor of 2, and 18 or 22% were multiplied by
factors of 2–4. The corrected results are consistent with the
rest of the data with which they were averaged. The J factors
reported are average values from multiple experiments, and
the error ranges are standard deviations for the averaged
experiments.

Gel Shift Competition. Circular DNAs were prepared from
linear DNAs of known specific activity in 200-ml reactions
containing the reaction buffer used for cyclization and 500
unitsyml T4 DNA ligase. The ligations were incubated over-
night at 21°C, phenol-extracted, and gel-purified.

The binding buffer was the same as for cyclization, without
the ATP and with the additions of 4 mgyml poly(dA-dT) and
100 mgyml BSA. Experiments were performed with the same
molecule in both linear and circular forms and either protein
or peptide. Linear or circular DNA was incubated with either
protein, peptide, or the other DNA for 4 hr, at which time the
third component was added, and incubation was continued
overnight. The two DNA concentrations were equal in each
experiment (5–10 nM), peptide concentrations were 0–128
nM, and protein concentrations were 0–30 nM. The final

mixtures, 6 ml, were analyzed on 8% native constant temper-
ature gels as above except at 350 V for 2.5 hr.

Monte Carlo Simulations. The Monte Carlo simulations are
essentially as described (11), with the modifications to be
described by J.D.K. and D.M.C. (unpublished data). The
simulations were carried out on Silicon Graphics workstations
(Mountain View, CA). The DNA sequences were the same as
those used in the experiments. The programs recognize A-
tracts and give them the junction model characteristics previ-
ously defined (11).

The ATFyCREB site is modeled as 9-bp ‘‘steps,’’ which
define the 10-bp sequence. The bend is denoted by a flag at the
central base pair, and the placement of the bend was changed
by altering the twisting into and out of the site, effectively
moving the bend center. The unwinding is distributed across
the flanking steps on each side and added to the altered twist
at the terminal steps. The change in bending flexibility of the
site is applied to each of the 9 steps. The helical repeat of the
B-form DNA was defined as 10.45 bpyturn, in agreement with
the observed optimal cyclization length for molecules with the
AP-1 site or catabolite activator protein (15, 19). B-DNA is
further characterized by variables for the torsional modulus
(C) and the persistence length (P). The chain generation and
analysis were performed as described (11, 21–23) with modi-
fications (J.D.K. and D.M.C., unpublished data).

To determine the parameters that best fit the data set,
initially we fit Gaussian curves to the simulated length depen-
dence of J for in-phase constructs and compared them with
experiment (see Figs. 3 and 4) to identify parameter sets that
were consistent with experiment. The out-of-phase molecules
were first tested for the experimental relationships of
9A17.11T15 and 11A17.13T15. When these criteria were
met, the simulation J factors were compared with the exper-
imental values to make sure they were the same magnitude. To
determine the best parameter set and error ranges, an absolute
error (ABS) and a relative error (REL) were calculated for
each simulated J factor.

ABS 5 O
i51

N

~log Jsim2log Jexpt!
2

REL 5 log21S 1
N O

i51

N

ulog(JsimyJmaxsim)

2 log(JexptyJmaxexpt)uD
where Jexpt is the linear average of the experimental J factors
for a particular molecule i, max denotes the best cyclizer (the
15A9 molecule), and N is the number of molecules in the set.
The best set of parameters should yield a minimum for both of
these criteria, with ABS 5 0 and REL 5 1 being perfect
agreement. Both of these values were calculated for each set
of simulation parameters, but REL was favored because it had
sharper minima. Values of REL for the complete molecule set
are shown in Fig. 1 for two representative parameters.

RESULTS

DNA Molecules. Cyclization kinetics experiments are used
to determine J factors, set equal to the ratio of the unimo-
lecular cyclization rate constant to the bimolecular ligation
rate constant (24, 25). Cyclization kinetics experiments on
protein–DNA complexes are preferably performed on small
DNAs (Fig. 2), because differences in cyclization efficiency
caused by bending or other DNA structural changes are
masked by the increased flexibility of longer molecules. For
small molecules J also depends strongly on overall length,
because the DNA ends must be torsionally aligned for ligation.
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The J factors thus have a periodicity corresponding to the DNA
helical repeat (13, 14). Our molecules have two phasing
adaptor DNA segments, which allow independent variation of
the bend phasing between the protein binding site and six
phased A-tracts and alteration of the total length. By phasing
two bends against each other, the effects of small DNA bends
are amplified, and bend direction can be determined. A pair of
in-phase bends forms a C-shaped molecule that cyclizes more
readily than the S-shaped molecule containing two out-of-
phase bends. The two-base ClaI overhang minimizes Ka, the
equilibrium constant for bimolecular association; this extends
the range of accessible J factors (11, 12).

The DNAs were based on those constructed for catabolite
activator protein (19) (Fig. 2). Five molecules, 9T9, 15A9,
17A11, 11T15, and 11A17, were cloned. [The nomenclature
was previously reported (19); the first number denotes the
length of the terminal linker and the second one characterizes
the linker between the ATFyCREB site and the A-tracts. The
letter represents the orientation of the A-tracts]. Radiolabeled
DNA was synthesized by PCR. Three different PCR primers
complementary to the binding site end of the DNAs were used:
a primer with no mismatches in the region complementary to
the plasmid sequence and two primers with either a 2-bp
insertion or deletion. The three resulting DNAs, e.g., 7T9, 9T9,
and 11T9, maintain the spacing between the A-tracts and the
ATFyCREB site while altering the length and torsional align-
ment of the ends. The DNAs span a length range of 15 bp to
cover more than a helical repeat of DNA.

Cyclization Kinetics. For all of the DNAs, the J factor for the
DNA bound to protein was the same as for DNA bound to the
58-aa bZIP peptide of GCN4. This confirms that the bZIP
domain contains the important DNA contacts and binds the
same DNA structure as the full-length protein.

The optimal length for cyclization, determined from the
molecules 17A11, 15A9, and 9T9, is 157.7 bp (from the center

of the Gaussians in Figs. 3 and 4a), both with and without
bound protein. In order for 157.7 bp to be an integral number
of helical repeats, the average helical repeat for the non-A-
tract part of the molecule must be about 10.62. The analogous
molecules containing the AP-1 site (shorter by 1 GC pair) have
an optimum cyclization length of 156 bp (15). We assume that
the structural change responsible for unwinding at the ATFy
CREB site is localized to the site; the estimated angle corre-
sponds to about 1.7 bp or 60° relative to molecules containing
the AP-1 site. Simulation of the cyclization data reduces the
unwinding angle estimate to 53° (see below). However, the
experiments do not distinguish whether unwinding results
from a change in twist or from the presence of intrinsic
negative writhe in the site because of two (or more) bends in
the 2-fold symmetric sequence.

Molecules that have a half-integral number of helical repeats
between the ATFyCREB site and the A-tracts (17A11, 15A9,
and 9T9) show similar J factors alone and bound to protein or
peptide (Figs. 3 and 4a). Protein-free ATFyCREB site mol-
ecules with an integral number of helical repeats between the
ATFyCREB site and the A-tracts, 11A17 and 11T15, show
approximately a 7-fold decrease in cyclization efficiency com-
pared with the half-integral spaced ATFyCREB site molecules
(Tables 1 and 2 and Fig. 3). This difference in J factors between
molecules with different phasings is characteristic of an in-
trinsic DNA bend. The molecules that favor cyclization have

FIG. 2. ATFyCREB site molecules. The nomenclature specifies the length of adaptor I (center of EcoRI site to center of MspI site), the
orientation of the A-tract sequence, and the length of adaptor II, in that order. The A-tract adenines are on the strand that reads 59–39 left to right.
The bend phasing is described by adaptor II. PCR primers are 1 and 2. The total length of the molecules is 149–163 bp. The sequence of the 47-bp
StyI fragment is: 59-CATGGCAGCACGTTGTAGCTCGAGCAAAAAAAAATGACGTCATCCAC-39 left to right.

FIG. 3. Comparison of ATFyCREB site cyclization kinetics data
and Monte Carlo simulation results for free DNA. Experimental J
factors for in-phase constructs are filled circles with error bars: 7T9
(149 bp), 9T9 (151 bp), 11T9 (153 bp), 13A9 (155 bp), 15A9 (157 bp),
15A11 (158 bp), 17A9 (159 bp), 17A11 (160 bp), and 19A11 (162 bp).
The in-phase data (solid line) and simulations are fit to sums of
Gaussians as previously described (31). The simulation results are
represented by open circles, and their curve fit is the dotted line. J
factors for the out-of-phase molecules 9T15 (157 bp), 11T15 (159 bp),
13T15 (161 bp), 9A17 (159 bp), 11A17 (161 bp), and 13A17 (163 bp)
fall below the in-phase values. Filled diamonds with error bars are the
experimental values, and open squares represent the simulation re-
sults.

FIG. 1. REL values as a function of representative ATFyCREB
site parameters. REL values are determined by the REL equation
described under Materials and Methods. The other parameters are held
constant at their best fit values whereas the one parameter is varied.
The variation of REL with a parameter is used to determine simulation
errors. (a) Graph of REL vs. twist angle for the whole molecule set.
The twist angle alters the phasing of the ATFyCREB site and the
A-tracts. (b) Graph of REL vs. the bend angle for the whole molecule
set.
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the ATFyCREB site centered a half-integral number of helical
repeats from the center of the last A-tract bend, implying a
bend toward the major groove of the ATFyCREB site, which
would then be in-phase relative to the minor groove A-tract
bend (26). The simplified analysis previously described (27)
yields a bend angle of 13° for our cyclization data (17). The
computer simulations (see below) reduce the bend angle
estimate to 8°.

The out-of-phase molecules show an approximately 2-fold
difference in the J factors for the DNA alone and bound to
protein or peptide, in contrast to the in-phase molecules, for
which the difference is significantly smaller (Tables 1 and 2).
The results from cyclization kinetics experiments can be
compared with competition gel shift experiments on linear and
circular DNAs (19) because the effect of protein binding on
cyclization should be reflected in the ability of the protein to
bind preformed circles compared with linear molecules.

Krel 5
KC

KL
1

J~1 !

J~2 !

For an intrinsic bend, the binding site will most likely be
distorted in the outward facing conformation of a preformed
circle such that protein binding will be disfavored. Competition

gel shifts between linear and circular DNAs corroborate the
cyclization results (data not shown). For the in-phase mole-
cule, 15A9, Krel determined from the average of several
experiments is 0.87 6 0.26. This agrees with the absence of an
appreciable effect of protein binding on J values. In contrast,
for the out-of-phase molecule, 11T15, KCyKL is 0.41 6 0.18; the
average J(1)yJ(2) is 0.37. This preference for linear DNA in
the competition experiments and decreased J factors for
protein-bound DNA can be explained by a stiffening of the site
on GCN4 binding. Stiffening the site would make it harder for
the out-of-phase molecules to bend the additional amount
required for cyclization but would have little effect on the
in-phase molecules, for which less distortion is required to
cyclize.

Finally, we observe a difference of about a factor of 2
between the J factors for out-of-phase molecules that are the
same length (Tables 1 and 2). 9A17 and 11A17 cyclize faster
than their equal length isomers 11T15 and 13T15, both with
and without bound protein. The simulations show that the
relative cyclization probabilities for these isomers are very
sensitive to the orientation of the intrinsic bend relative to the
A-tract bends. Because of uncertainties in the local helical
repeat, sequence information cannot specify precisely the
orientation of the center of the binding site relative to the
A-tract bend direction. In the simulations, we had to rotate the
site by about half a base pair to correctly predict the relative
cyclization rates of the A17 and T15 sets.

Monte Carlo Simulations. Monte Carlo simulations were
carried out to further characterize the DNA structure of the
ATFyCREB site. Our goal is to define a set of DNA param-
eters that produce J factors similar to the experimental values.
Two sets of simulations were performed to determine the
structure of the DNA alone and when bound to GCN4.
Simulations of protein-bound DNA reflect the DNA structure
when the protein is bound but do not contain a representation
of the protein in the calculations.

The DNA molecules are treated as consisting of three types
of DNA structures: A-tracts, B-DNA, and the ATFyCREB
site. The structure of the A-tract-containing sequences has
been defined (11, 28). The B-DNA segments are characterized
by parameters for the helical repeat, the C, and the bending
flexibility or P. The ATFyCREB site is modeled as a series of
base pairs that differ from B-DNA. The site is defined by a
bend angle, an unwinding angle across the site, an independent
P to allow for a change in local f lexibility, and a twist angle that

FIG. 4. Comparison of ATFyCREB site cyclization kinetics data
and Monte Carlo simulation results for protein-bound DNA. (a) J
factors for in-phase constructs bound to protein, either full-length
GCN4 or the bZIP peptide. Experimental values are the filled squares
and are fit with the solid line. The curve fit is identical to the one for
the DNA alone shown in Fig. 3. In both cases, the optimal cyclization
length is 157.7 bp. Open circles and the dash-dot curve fit are the
Monte Carlo results from modeling the ATFyCREB site with a
decreased bend angle of 7°. Open diamonds and the dashed line are
the Monte Carlo results for decreased flexibility of the site, charac-
terized by a P of 144 bp. (b) Results for out-of-phase constructs,
showing the fit of the two theoretical models (open symbols as in (a))
to the experimental results (filled squares).

Table 1. Comparison of in-phase and out-of-phase cyclization of
ATFyCREB site constructs

Molecule
Length,

bp

J, nM

J(1)yJ(2)DNA alone 1GCN4

15A9 157 165 168 1.02
9T15 157 35 11.5 0.33
17A9 159 122 90 0.74
11T15 159 11.9 4.46 0.37
9A17 159 18.7 9.29 0.50
13T15 161 3.23 1.35 0.42
11A17 161 5.49 2.66 0.48

Table 2. Ratios of J factors of molecules of the same length

Comparison Molecules

J ratio

DNA alone 1GCN4

In-phaseyout-of-phase 15A9y9T15 4.7 14.6
17A9y11T15 10.3 20.2
17A9y9A17 6.5 9.7

Out-of-phaseyout-of-phase 9A17y11T15 1.6 2.1
11A17y13T15 1.7 2.0

This table compares molecules with the same or different phasings.
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effectively moves the bend center by twisting the site around
the DNA. Between the B-DNA and the ATFyCREB site there
are seven different parameters, which we determined to be the
number necessary to fit most if not all aspects of the experi-
mental data adequately.

Our model includes some parameters that affect the whole
site, including the flexibility and twistybp, and some that are
localized to 1 or 2 bp, which include the bend at the center and
the twist angle at the two terminal steps. We assume that
unwinding is confined to the 10-bp ATFyCREB site, which we
model as untwisting, although it could also be because of
negative writhe. With unwinding localized to the site, the
helical repeat for the non-A-tract DNA is 10.45 bpyturn. We
initially modeled the bend center of the ATFyCREB site to the
center of the 10-bp sequence as in the cocrystal (8), but during
simulations, as discussed above, we also found it necessary to
rotate the apparent bend center, moving it slightly toward the
A-tracts, to get better agreement with the slight phase differ-
ences between the out-of-phase molecules.

The parameters are arbitrarily varied to promote agreement
between the simulated and experimentally determined J fac-
tors. To determine the best parameter set, we placed more
emphasis on the relative J values for the molecules than on
their absolute values. In so doing we implicitly acknowledge
that there may be a small systematic error in the absolute
values of the simulated J values. This choice of optimization
criterion is a source of the systematic displacement, about
1.5-fold, of the theoretical curve from the experimental data
in Fig. 3.

Once good agreement was found between the experimental
and simulated sets of J factors, the parameter set was used as
a comparison point for simulations that vary only one param-
eter, holding the rest at the optimal values. The best parameter
set has REL values that are a minimum with respect to all the
DNA parameters. The REL, defined under Materials and
Methods, is a measure of how well the simulations predict the
observed ratio of experimental J values for different molecules.
The inability to minimize both REL and ABS simultaneously
may mean that yet another parameter is needed, such as an
altered C in the binding site. The reported error ranges reflect
the change required to produce significant differences in REL
on variation of a single parameter. Intermediate values were
not tested for all variables.

Our simulation results for the intrinsic structure of the
ATFyCREB site include an 8° 6 1° bend toward the major
groove rotated 17° 6 3° ('1y2 bp) toward the A-tracts in the
DNA. The bend represents the overall bend angle required to
account for the '7-fold difference between the J factors for in-
and out-of-phase molecules. On this basis and allowing for
approximately 2-fold scatter in the J values, we estimate that
the sensitivity limit for detecting bends is ,5°. The ATFy
CREB site has 53° 6 3° of unwinding (relative to the AP-1 site)
distributed across it through some unresolved combination of
twist and writhe.

One possible effect of protein binding might be to change
the local stiffness of the binding site. For the DNA alone it is
very difficult to distinguish models having increased local
f lexibility at the site from those with slightly increased flexi-
bility for the whole molecule. Including an independent local
f lexibility parameter for the DNA alone slightly improved
REL for the whole set of molecules. The best fit result reflects
an increased local bending flexibility, expressed as an rms bend
angle fluctuation of su 5 6.125° 6 0.1°ybp, which corresponds
to P of 88 bp (12, 22) for the 10-bp binding site, compared with
156 bp for the rest of the molecule. (The simulations use all 4
digits in the bending flexibility angle.) The absolute value of
the local f lexibility is less important than how it changes when
protein is bound (see below), assuming the B-DNA P is
constant.

The agreement between the experimental and simulated
results is shown in Fig. 3. The shapes of the two curves are
virtually identical despite the vertical offset, which is a con-
sequence of the use of REL as the error measure and the
requirement to fit the data for the out-of-phase molecules.
Possible explanations for the residual difference between the
simulation and experimental data sets include the assumed
constant P and C for the B-DNA. The simulated unwinding
angle is slightly smaller than we predicted from the optimum
experimental cyclization length, but it is within the error for
the center of the Gaussian.

The structural changes on binding the ATFyCREB site to
GCN4 are subtle and represent a slight loss in bending or
flexibility of the site. In one solution, the DNA parameters are
altered to include a 7° bend angle (reduced from 8° in the DNA
alone), thus decreasing the cyclization probability by decreas-
ing the amount of bending across the site. Alternatively, the
bending flexibility of the site is decreased to su 5 4.775°ybp
(compared with 6.125°ybp without the protein), which corre-
sponds to a P of 144 bp. The results of these two alternatives
are shown compared with the experimental data in Fig. 4. The
decreased bend angle fits the out-of-phase data points better,
at the expense of the fit to the in-phase molecules. In contrast,
the decreased flexibility fits the data set as a whole even better
than could be done for DNA alone (Fig. 4). By this interpre-
tation, GCN4 slightly restricts the available DNA conforma-
tions of the site. When the site is phased opposite to the
A-tracts, on the outside of the cyclized molecule, this decrease
in flexibility significantly hinders cyclization, but when the site
is on the inside of the circle these effects are not detected
experimentally as the site does not have to bend as far away
from the lowest energy conformation. The reduction in flex-
ibility that accompanies GCN4 binding corresponds to a 60%
increase in the local P.

The B-DNA parameters, which are quite standard, are the
same for the DNA alone and when bound to GCN4. We chose
the free DNA data set to determine the range of acceptable
values for the B-DNA parameters; results for the protein-
bound DNA should be very similar. The helical repeat of the
non-A-tract portions of the molecules is 10.45 6 ,0.05 bpy
turn. The bending flexibility of the B-DNA is su 5 4.584°ybp,
which corresponds to a 156-bp P, in accordance with most
other values of P. The 5% uncertainty we observe in P is in
agreement with earlier studies (11). C is 1.85 6 0.05 3 10219

ergzcm. This value is on the low end of the reported values for
C, corresponding to torsionally f lexible DNA.

DISCUSSION

We have shown that, for in-phase molecules, the binding of
GCN4 to the ATFyCREB site does not significantly alter the
ring closure of DNA. The molecules in which the intrinsically
curved ATFyCREB site faces away from the A-tracts show
decreased DNA ring closure in the presence of protein. A
slight stiffening of the site on protein binding could cause the
decrease in J factors while being small enough not to affect
cyclization values of the in-phase molecules. (In general, the
smaller the value of J, the more logJ is affected by small
changes in the DNA parameters.) These observations are
further evidence that the native conformation of the ATFy
CREB site has an intrinsic bend toward the major groove (7).

We have determined structural parameters for the ATFy
CREB molecules by using Monte Carlo simulations. The
simple calculation for the bend angle from the cyclization data
yielded a 13° bend, slightly larger than the simulated 8° value,
a not surprising disagreement given the approximate nature of
the simple calculation. The preliminary calculation also slightly
overestimated the unwinding across the site, at 60° vs. the
simulated result of 53°. On the whole, the simulation results are
in good agreement with our experimental values (Fig. 3). The
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small bend angle of 8° is also in rough agreement with the
values from the crystal structure and gel mobility studies. The
crystal structure reveals a 20° overall bend, which results
primarily from a 9.5° roll angle at the central base pair step and
roll angles of 26.1° at two symmetrically placed ApT steps (8,
9). Further, comparison of the AP-1 and ATFyCREB crystal
structures (9) shows a 10° difference in bend angle between the
DNAs in the two cases. The differences between solution and
the crystal packing environment could account for the differ-
ence in overall bend angle of 12° between crystal and cycliza-
tion results for the ATFyCREB site. (We note that there is full
agreement about the bend direction.) The gel studies (7) were
performed on DNA constructs in which the protein binding
site directly abuts the A-tract bend, enhancing the sensitivity
to small bends. Our results are in reasonable agreement with
their bend angle of 10–15°, given the difficulty of quantitating
absolute bend angles accurately from comparative electro-
phoresis measurements (15, 29).

There is greater disagreement between our results and the
crystal structure with respect to underwinding at the ATFy
CREB site. The average twist in the crystal structure is 34.1°,
corresponding to a helical repeat of 10.55, not appreciably
underwound relative to B DNA. If the estimated underwinding
of 53° is confined to untwisting the 10-bp site, the average twist
must be reduced to about 30°. A 30° twist per bp has been
observed in A9 DNA and RNA structures (30). The A9 form
has 12 bpyhelical repeat, but most of the other parameters such
as tilt and rise are intermediate between A and B forms. The
ATFyCREB site in solution may take on some A9 features, a
structural distortion that may facilitate protein–DNA interac-
tions similar to those for the shorter B form AP-1 site.

It is possible that the ATFyCREB site adopts significant
negative writhe in solution, possibly arising from two symmet-
rically disposed bends within the site that are not coplanar. For
example, the resultant of the two bends 8 bp apart observed in
the crystal structure at the ApT steps would yield negative
writhe, and their resultant would be of approximately the
correct magnitude to correspond to the 8° bend observed in
our experiments. We emphasize that our results reflect the
global properties of DNA bending and torsion changes and do
not yield unequivocal interpretation in terms of local changes
in twist or writhe.

Although the agreement between simulation and experi-
mental results is good, there are some discrepancies. DNA
sequence effects may contribute to these differences because
the DNA molecules differ in their overall lengths and linker
sequences. To perform the simulations reliably, we assume
that B-DNA has uniform helical repeat, P, and C values. This
may not be the case experimentally where conformations may
be subject to sequence context.

The ATFyCREB site molecules proved rather challenging
to simulate primarily because of the small values of the J
factors. Larger J factors produce better statistics in the simu-
lations and lead more quickly to reliable results. The simula-
tions were complicated by the observed J factor differences
between the two sets of out-of-phase molecules. These mole-
cules proved to be the most responsive to variation and ended
up driving much of the parameter selections. Despite these
challenges we believe that the results are reliable and that the
derived parameters are consistent with the experimental data.
We have demonstrated that the Monte Carlo programs are
sensitive enough to distinguish parameters such as flexibility

and bend angle that we are unable to measure directly and can
be successfully applied to the study of small DNA structural
deformations.
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