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ABSTRACT We demonstrate the use of a DNA minicircle
competition binding assay, together with DNA cyclization
kinetics and gel-phasing methods, to show that the DNA-
binding domains (dbd) of the heterodimeric leucine zipper
protein Fos—Jun do not bend the AP-1 target site. Our DNA
constructs contain an AP-1 site phased by 1-4 helical turns
against an A-tract-directed bend. Competition binding exper-
iments reveal that (dbd)Fos—Jun has a slight preference for
binding to linear over circular AP-1 DNAs, independent of
whether the site faces in or out on the circle. This result
suggests that (dbd)Fos—Jun slightly stiffens rather than bends
its DNA target site. A single A-tract bend replacing the AP-1
site is readily detected by its effect on cyclization kinetics, in
contrast to the observations for Fos—Jun bound at the AP-1
locus. In contrast, comparative electrophoresis reveals that
Fos—Jun-DNA complexes, in which the A-tract bend is posi-
tioned close (1-2 helical turns) to the AP-1 site, show phase-
dependent variations in gel mobilities that are comparable
with those observed when a single A-tract bend replaces the
AP-1 site. Whereas gel mobility variations of Fos—Jun-DNA
complexes decrease linearly with increasing Mg?* contained
in the gel, the solution binding preference of (dbd)Fos—Jun for
linear over circular DNAs is independent of Mg?* concentra-
tion. Hence, gel mobility variations of Fos—-Jun-DNA com-
plexes are not indicative of (dbd)Fos—Jun-induced DNA bend-
ing (upper limit 5°) in the low salt conditions of gel electro-
phoresis. Instead, we propose that the gel anomalies depend
on the steric relationship of the leucine zipper region with
respect to a DNA bend.

DNA bending by proteins has been studied by x-ray crystal-
lography (1, 2), NMR spectroscopy (3), gel-based circular
permutation (4) and phasing assays (5), and more recently by
solution-based DNA cyclization kinetics (6, 7). Circular per-
mutation of a protein-binding site within a DNA fragment and
phasing of a binding site against a sequence-directed bend have
reliably indicated bend location and direction in many protein—
DNA systems. These gel methods to study DNA bending are
based on predictions from electrophoretic theory that bent
DNA helices will migrate slower than straight helices because
of their shorter average end-to-end distances (8). In the
application of these methods to study protein-induced DNA
bending, DNA conformation is assumed to dominate the gel
mobilities of protein-DNA complexes. However, recent stud-
ies have indicated that in specific cases, the conformations of
proteins may also affect the migration of protein-DNA com-
plexes through a gel matrix, giving rise to anomalous results (7,
9).

Recent work has suggested that the elongated and helical
structures of leucine zipper proteins dominate the gel mobil-
ities of their complexes with DNA. Gel-based assays have
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yielded contradictory results in the case of leucine zipper
proteins including eukaryotic oncoproteins Fos and Jun (9-11)
and the yeast transcriptional factor GCN4 (12). Results ob-
tained from a sensitive gel-phasing assay (10, 13) have been
interpreted to show that full-length Fos—Jun and several
peptide fragments of Fos-Jun bend DNA away from the
protein surface and toward the minor groove by ~10-25°
(13-18). However, our previously reported observations (9)
based on gel phasing and solution-based DNA cyclization
experiments indicate that both full-length Fos—Jun and DNA-
binding domains of Fos and Jun [(dbd)Fos-Jun] do not bend
DNA (upper limit 5°), in agreement with the x-ray crystal
structure of the Fos-Jun—-DNA complex (19). Similarly,
whereas gel-based circular permutation experiments (12) sug-
gest that GCN4 bends DNA significantly, gel phasing (12, 20)
and DNA cyclization experiments (21) reveal that GCN4 does
not induce curvature at the AP-1 recognition site, again in
agreement with x-ray crystallography (22-24). Furthermore,
more recently it was shown that gel mobility anomalies induced
by the Myc/Max basic helix-loop-helix/leucine zipper pro-
teins are a function of the presence and length of the leucine
zipper protein motif and probably not an indication of struc-
tural distortions of the DNA target site (7). These studies have
highlighted the importance of the development and use of
solution-based methods, which do not depend on gel migra-
tions, to study DNA bending by proteins with elongated
conformations.

In this report we use a combination of solution and gel
methods to reinvestigate DNA bending by (dbd)Fos—Jun, a
heterodimer of Fos(118-211) and Jun(199-334). This het-
erodimer contains not only the minimal bZIP domains of Fos
and Jun but also additional regions at the amino-terminal ends
that are believed to promote DNA bending by an electrostatic
mechanism (16, 18, 25). We use an independent minicircle
competition binding assay to study DNA bending by proteins
in solution. This assay is based on the thermodynamic premise
that a protein that bends DNA will bind preferentially to a
properly phased bent rather than linear DNA substrate. Based
on the previously established quasi thermodynamic cycle
between cyclization and protein binding (6), this assay provides
an independent means of checking DNA cyclization kinetics
results. The minicircle binding assay reveals that (dbd)Fos—Jun
has similar binding affinities for both circular and linear AP-1
DNA, confirming our previously reported DNA cyclization
results, which show that Fos-Jun does not bend DNA in
solution (9).

We have also carried out studies aimed at understanding the
origin of gel mobility anomalies detected in studies of Fos—Jun
with DNA (10, 13, 15-18). We observe that gel mobility
differences of (dbd)Fos—Jun bound to differently phased DNA
constructs is a function of the ionic-strength of the gel-running
buffer. Our results suggest that gel-buffer conditions may

Abbreviations: hcg, human collagenase gene; dbd, DNA-binding

domains.

*To whom reprint requests should be addressed at: Department of
Chemistry, Yale University, 225 Prospect St., New Haven, CT 06511.
e-mail: Donald.Crothers@quickmail.yale.edu.



Biochemistry: Sitlani and Crothers

affect the conformational flexibility of the leucine-zipper
region and therefore the extent of anomalous gel mobility
patterns induced by these zipper proteins. We propose that gel
mobility anomalies of Fos—-Jun-DNA complexes are a function
of the conformation and orientation of the helical leucine-
zipper region with respect to a DNA helix, and not a reflection
of DNA bending by Fos-Jun.

MATERIALS AND METHODS

Preparation of DNA Constructs. Previously reported 158-bp
DNA constructs 17A9, 13A13, and 9A17 containing AP-1
DNA from the his3-189 supersite or the human collagenase
gene (hcg) were used in these studies (9). These constructs
contain phasing linkers (defined as the distance in bp from the
center of the closest A-tract to the center of the AP-1 site) of
35, 39, and 43 bp and are therefore also referred to as
hcg/yeastDNA3S, hcg/yeastDNA39, and hcg/yeastDNA43,
respectively. In addition, a set of DNA constructs hcgDNA11,
hcgDNA1S, and hcgDNA19 (Fig. 1) that contain phasing
linkers of 11, 15, and 19 bp, respectively, were prepared as
follows. Mutagenic PCR methods were used to construct a
122-bp fragment from template molecule 17A9 with primers
(JA13)5'-CGCCATGGAATCGATGAATTC and mutagenic
primer 5'-CCTAGGTCTAGAATTCGGAACCGGTTT
(containing a unique Agel site). The 122-bp PCR product was
then restricted with Agel to yield a 96-bp fragment containing
6 A-tracts from 17A9 with a 4-bp overhang. Synthetic DNA
oligonucleotides 5'-CCGGTGACTCATTGTCGATTGCTC-
GAATCCGAATTCTAGACCTAGGATGCGCTACAACG-
TGCTGCC-3" (66 bp) and 5'-GGCAGCACGTTGTAGCG-
CATCCTAGGTCTAGAATTCGGATTCGAGCAATCGA-
CAATGAGTCA-3’ (62 bp) containing the 7-bp AP-1 site from
heg (underlined) were hybridized to form a duplex with a 4-bp
overhang. The hybridized duplex was ligated to the above
96-bp fragment to create a 160-bp final template molecule for
PCR. As previously described (9) primers JA13 and 5'-
GCAGATATCGATTCCATGGCAGCACGTTGTAGC
were used in PCR to synthesize internally radiolabeled AP-1
DNA followed by restriction with Clal to yield the product

hcgDNA11

5’ -CGATGAATTCCTGTACGGATCCGGAAAAAACGGGCAAAAAACGGCAAAAAA
CGGGCAAAAAACGGCAAAAAACGGGCAAAAAACCGGTGACTCATTGTCGATTGC
TCGAATCCGAATTCTAGACCTAGGATGCGCTACAACGTGCTTTGCCATGGAAT-3

hegDNA15S
5" -CGATGAATTCCTGTACGGATCCGGAAAAAACGGGCAAAAANCGGCAAAARA
CGGGCAAAAAACGGCAAAAAACGGGCAAAAAACCGGATGCTGACTCATTGTCGA
TTGCTCGAGAATTCTAGACCTAGGATGCGCTACAACGTGCTTTGCCATGGAAT-3

hegDNAI9

5 ~CGATGAATTCCTGTACGGATCCGGAAAAAACGGGCARARAACGGCARAARA
CGGGCAAAAAACGGCAAAMAACGGGCAAAAAACCGGATCCATGCTGACTCATTG
TCGATTGCTCGATCTAGACCTAGGATGCGCTACAACGTGCTTTGCCATGGAAT -3

AtractDNAI11

57 _CGATGAATTCCTGTACGGATCCGGAAAAAACGGGCAAAAAACGGCARARAA
CGGGCAAAAAACGGCAAAAAACGGGCAAAAAACCGGCAAAARACGGTCGATTGC
TCGAATCCGAATTCTAGACCTAGGATGCGCTACAACGTGCTTTGECATGGAAT-3

AtractDNA1S

5 —CGATGAATTCCTGTACGGATCCGGAAAAAACGGGCAAAAAACGGCAAAARA
CGGGCAAAAAACGGCAAAAAACGCCCAAAAAACCGGATGCCARAAAACGGTCGA
TTGCTCGAGAATTCTAGACCTAGGATGCGCTACAACGTGCTT TGCCATGGAAT-3

AtractDNA19

57 _CGATGAATTCCTGTACGGATCCGGAAAAAACGGGCAAAAAACGGCAAAAAA
CGGGCAAAAAACGGCAAAAAACGGGCAAAAAACCGGATCCATGCCARRAAACGG
TCGATTGCTCGATCTAGACCTAGGATGCGCTACAACGTGCTTTGCCATGGAAT-3 1

F1G. 1. DNA constructs (158 bp) with short phasing linkers. The
top three DNA constructs contain the AP-1 site (in bold) from the hcg.
The center of the AP-1 site is positioned 11, 15, and 19 bp, respectively,
from the center of the closest A-tract sequence. The bottom three
DNAs are control molecules that contain a single A-tract site in place
of the AP-1 site.
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158-bp molecule hcgDNA11 (Fig. 1). Molecules hcgDNA15
and hcgDNA19 were prepared by using a similar strategy, with
the use of appropriate pairs of synthetic duplexes containing
the AP-1 site moved internally by 4 and 8 bp, respectively, with
respect to hcgDNAL11. Similarly, a set of control molecules
AtractDNA11, AtractDNA1S5, and AtractDNA19 (Fig. 1) con-
taining a single 6-bp A-tract in place of the AP-1 site was
prepared by using the above procedure.

Minicircle Binding Assay. DNA minicircles were prepared
by overnight ligation of a 300-ul reaction mixture containing
4 nM Clal-restricted radiolabeled PCR product and 5000
units/ml T4 DNA ligase at 21°C. The reaction mixtures were
phenol/chloroform-extracted, and the minicircles subse-
quently were purified on a 5% polyacrylamide gel.

The relative affinities of (dbd)Fos—Jun for circular vs. linear
AP-1 DNAs were determined by a competitive binding exper-
iment. N-terminal hexahistidine fusion forms of (dbd)Fos—Jun,
corresponding to amino acids 118-211 of Fos and 199-334 of
Jun, were a generous gift from T. K. Kerppola and D. A.
Leonard (University of Michigan School of Medicine). The
specific conditions used to prepare (dbd)Fos—Jun heterodimer
and to assay its DNA binding were identical to those previously
reported (9, 26, 27). A reaction mixture containing 1-4 nM
linear DNA was incubated with ~5 nM (dbd)Fos—Jun for 2
min, followed by the addition of 1-3 nM circular DNA. In a
parallel experiment, circular DNA was incubated with (dbd-
)Fos—Jun followed by the addition of linear DNA. Limiting
concentrations of protein were used in these experiments to
ensure a competitive binding condition in which approximately
50% of the DNA substrates bound to protein. The two order
of addition experiments were essential to establish whether the
system had reached equilibrium. The reaction mixtures were
then incubated for 30—60 min and analyzed on 8% native gels
(75:1, acrylamide/N,N'-methylenebisacrylamide, 50 mM
TBE, 1.5 mm thick, 250 V) at 21°C. The gels were phospho-
roimaged and quantitated with a FUJIX Bio-imaging Analyzer
System (BAS 1000) with MacBas.

The relative binding affinity (K;) of (dbd)Fos-Jun for
linear vs. circular DNA was calculated based on the following
analyses.

[linear DNA — protein]

Kiinear = [linear][protein]
[circle DNA — protein]
l(drdc = . .
[circle][protein]
% Kiinear [linear DNA — protein][circle]
rel = =

Kiiree  [linear][circular DNA — protein]

DNA Cyclization and Gel Phasing. DNA cyclization of
molecules AtractDNA11, AtractDNA15, and AtractDNA19
was exactly carried out according to previously reported
procedures (9). (dbd)Fos—Jun bound to differently phased
constructs hcgDNA11, hcgDNA1S5, and hcgDNA19 were an-
alyzed on 8% native gels (75:1, acrylamide/N,N’-methylenebi-
sacrylamide, 50 mM TBE, 0.75 mm thick, 200 V) at 21°C by
constant temperature gel electrophoresis in the presence of
increasing amounts of Mg?* (0-3 mM). The Mg?* ion con-
centration in the gel and buffer was maintained by constant
recirculation of the buffer between the top and bottom cham-
bers.

RESULTS

Competition Binding Assay. If a protein bends DNA, it will
bind preferentially to properly phased circular DNAs as op-
posed to linear DNAs (6). Based on this thermodynamic
premise, we investigated whether (dbd)Fos—Jun would pref-
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erentially bind to appropriately phased minicircle DNAs con-
taining the AP-1 target site. Competition binding was carried
out with sets of DNAS that successively differ in their phasings
by 4 bp (Fig. 2 and Table 1). For all three DNA isomers,
(dbd)Fos—Jun binds preferentially to linear over circular DNA,
an effect opposite to that predicted for a protein that bends
DNA. This binding preference is independent of the nature of
the sequences flanking the AP-1 site, as observed in the
comparison of AP-1 DNAs from yeast and humans. Further-
more, the K¢ values are independent of the lengths of the
phasing linkers; (dbd)Fos—Jun shows a similar preference in
binding AP-1 molecules with short (11-19 bp) and long (35-43
bp) phasing linkers (Table 1). Importantly, in binding buffers
containing 5 mM Mg?*, the measured apparent relative bind-
ing affinity (Ke) of (dbd)Fos—Jun for DNA is independent of
the order in which circular and linear DNA is added to the
individual reaction mixtures (Fig. 2). Thus in buffers contain-
ing 5 mM Mg?", the relative amounts of (dbd)Fos—Jun-DNA
adducts measured are true representations of equilibrium
binding and not reflective of reaction kinetics.

To further ensure the accuracy of the binding preferences
observed, competition binding was carried out with DNAs of
different lengths. Competition binding experiments used to
detect protein-induced DNA bending will yield consistent
results only for proteins that do not affect the extent of DNA
twisting at their target site. Therefore, irrespective of protein-
induced DNA bending, a protein that unwinds or overwinds
DNA will have different K, values for minicircles of different
lengths. Specifically a protein that unwinds DNA will prefer to
bind to an underwound circle as opposed to an overwound
circle. For a protein that overwinds DNA, the effects will be
reversed. Therefore, competition binding was carried out with
DNAs that are 2 bp longer (158 bp) and shorter in length (154
bp) than the previously determined (9) optimum 156-bp length
for these DNA circles. We observe that the relative binding
affinities of (dbd)Fos-Jun for linear vs. circular DNAs are
independent of DNA circle length (Table 1), consistent with
our earlier observation that Fos-Jun does not unwind or
overwind the AP-1 target site (9). This result further validates
our conclusion that Fos—Jun does not bend the AP-1 recog-
nition site.

Circle first

'1a 2a 3a'lb 26 3

Linear first

Circle +
(dbd)Fos-Jun . T TN
Circle L e we— o w— —
Linear + v e

P

(dbd)Fos-Jun

Linear Fowy BN RN e RS

Ko 114 139 155 111 1.10 137

F1G6.2. Competition binding of (dbd)Fos—Jun to differently phased
linear and circular DNA isomers. Lanes la and 1b contain isomer
hcgDNAT11, 2a and 2b contain isomer hcgDNAI1S5, and 3a and 3b
contain isomer hcgDNA19. The measured Krer (Kiinear/Kcircle) values
are relatively constant across the differently phased DNAs and the
different orders of addition.
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Table 1. Relative binding affinities (Ke1) of (dbd)Fos—Jun for
linear and circular DNAs: Effect of DNA length and DNA phasing

DNA Kl [‘I( _f])/
DNA length, bp  Phasing®  (Kiincar/Keircle) ~ J(+£))]7
hcgDNA11 158 11 13
hcgDNA15 158 15 1.4
hcgDNA19 158 19 1.2
hcgDNA35 158 35 1.7
hcgDNA39 158 39 1.6
hcgDNA43 158 43 15
hcgDNA35 154 35 1.4
hcgDNA39 154 39 13
hcgDNA43 154 43 1.4
yeastDNA35 158 35 1.4 0.80
yeastDNA39 158 39 13 1.10
yeastDNA43 158 43 1.2 0.71

The K. values are obtained in buffers containing 5 mM Mg?" and
represent averages of at least three experiments.
*The phasing represents the distance between the centers of the AP-1
site and the closest A-tract sequence.
TThe term [J(—fj)/J(+£j)] is the ratio of the J factors (cyclization
probabilities) in the absence and presence of Fos-Jun, calculated
from the data in ref. 9.

Competition Binding and DNA Cyclization. A thermody-
namic relationship between binding and DNA cyclization was
previously demonstrated in the studies of DNA bending by the
catabolite activator protein (6). In this way, competition
binding provides a check and confirmation of the results
obtained from DNA cyclization. The relative binding affinities
of (dbd)Fos—Jun for linear and circular DNA substrates are
equivalent, within a factor of 2, to the previously reported
relative J factors for DNA cyclization in the absence and
presence of Fos—Jun (Table 1) (9).

To determine the sensitivity of the DNA cyclization assay to
small DNA bends, we carried out cyclization of control
molecules AtractDNA11, AtractDNA1S5, and AtractDNA19
(Fig. 1) containing a variably phased single A-tract reference
bend (=~18°) in place of the AP-1 site. The results indicate (Fig.
3) that a bend of this magnitude induces a significant 15-17-
fold effect on the J factors of in-phase as compared with
out-of-phase DNAs. This indicates that previously proposed
Fos—Jun-induced DNA bends of 10-25° (10, 13, 15-18) should

AtractDNA15 AtractDNA19
g ) Circular s e
dimers

womsme  Circle : s e Sty

= Linear
dimers

———— 2T

J=18mM J=27mM
0.25 T : 1.0 _
. —» bimolecular | "
= 02 ¢ --s-- Circle | E-; 0.8 e
£ 015 =06
= . o 2] b ,
2 01 e =04 7 e bimolecular
= & by
2005 L7 £02 }7 ol
B g gt o I
0 20 40 60 0 20 40 60
Time (min) Time (min)

FiG. 3. Cyclization kinetic measurements on out-of-phase
AtractDNA1S (Left) and in-phase AtractDNA19 (Right). (Lower)
Determination of cyclization and bimolecular ligation rate constants
and J factors for each isomer.
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be easily detectable by DNA cyclization kinetics. Because of its
equivalence to the cyclization assay, the competition binding
assay should also easily detect bends of this magnitude.
However, the lack of any detectable effect of Fos—Jun on
cyclization and binding clearly indicates the absence of Fos—
Jun-induced DNA curvature. We estimate from theoretical
simulations (21) that a protein-induced DNA bend of 5° should
produce roughly a 5-fold variation in the J factors and Kie
values for differently phased DNA constructs.

Effect of Mg?* on Gel Electrophoretic Phasing Analyses.
Distinct gel mobility differences were observed for (dbd)Fos—
Jun bound to oppositely phased DNAs (hcgDNALI,
hcgDNA1S5, and hcgDNA19) with short phasing linkers (Figs.
2 and 4). The magnitude and direction of the observed gel
mobility amplitudes are in agreement with previously reported
gel-phasing experiments carried out with DNAs containing
short phasing linkers (10, 13, 15, 16, 18). By using the standard
interpretation, the data suggest that (dbd)Fos—Jun bends DNA
toward the minor groove by a magnitude that is comparable
with an A-tract-directed bend (Fig. 4) of ~18°. In contrast to
these observations, our earlier report indicates that (dbd)Fos—
Jun and full-length protein Fos—Jun bound to DNAs with long
phasing linkers (35-43 bp) show no significant gel mobility
differences.

Interestingly, gel mobility differences decrease linearly with
increasing Mg?™ concentrations contained in the gel and
running buffer (Fig. 4). Furthermore, the stability of (dbd)-
Fos-Jun-DNA complexes decreases dramatically in gels con-
taining Mg?", possibly from an increase in the dissociation of
(dbd)Fos—Jun from DNA in high ionic strength conditions.
Specifically, (dbd)Fos-Jun—-DNA complexes electrophoresed
in gels containing =3 mM Mg?" are not clearly detectable
(data not shown). Whereas the relative amplitude of phase-
dependent variations in the gel mobility of (dbd)Fos-Jun-
DNA complexes decreases with increasing Mg?™, relative gel
mobility amplitudes of A-tract site-containing DNAs increases
with increasing Mg?* (Fig. 4B). Previous work has shown a
similar effect of increasing concentrations of Mg?*, up to
about 10 mM, on gel migrations of A-tract containing curved
DNAs (28). These data suggest that low ionic strength buffer
conditions, in a gel containing no Mg?", may promote (dbd-
)Fos—Jun-induced DNA bending. Alternatively, gel mobility
variations may arise from altered flexibilities and conforma-
tions of (dbd)Fos—Jun in low salt-containing gels.

Effect of Mg?* on Competition Binding. To address whether
low salt promotes (dbd)Fos—-Jun-induced DNA bending, com-
petition binding with circular and linear substrates was carried
out in buffers containing varying concentrations of Mg?*. The
measured relative binding affinities of (dbd)Fos—Jun for dif-
ferently phased DNAs remain constant in buffers containing
0-5 mM Mg?*, with (dbd)Fos—Jun reproducibly showing a
slight preference for linear over circular substrates (Table 1
and Figs. 2 and 5). However, the dissociation kinetics of
(dbd)Fos—Jun bound to DNA is significantly slower in buffers
containing =2 mM Mg?* as evidenced from the significant
order of addition effect observed (compare Figs. 2 and 5).
Specifically, the amount of protein-DNA complex formed
with the substrate added first decreases very slowly in the
presence of the competitor DNA added second (Fig. 5). The
measured K. values for each order of addition experiment
converge over a period of hours to the equilibrium value of
~1.2-1.4, and the geometric mean of the measured K. values
for each time point remains approximately constant, as sim-
ulation of kinetic models for the process suggests should be the
case (unpublished results). We therefore conclude that low salt
conditions do not give rise to a (dbd)Fos—Jun-induced DNA
bend.
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F1G. 4. (A) Effect of Mg?* on the gel mobility shifts of (dbd)Fos—
Jun bound to differently phased linear DNA isomers. The Mg?*
concentration refers to that contained in the gel and running buffer.
The phasing numbers 11, 15, and 19 refer to AP-1 molecules
hcgDNA11, hcgDNAL1S, and hcgDNA19, except in the A-tract site
DNAs, where the phasing refers to molecules AtractDNAII,
AtractDNA1S, and AtractDNA19. The mobilities of the protein-DNA
complexes relative to free DNA are normalized relative to each other.
The amplitude is the difference between the maximum and minimum
relative mobility values. (B) Linear relationship between relative gel
mobility amplitude and Mg?*: comparison of Fos-Jun-DNA com-
plexes and A-tract site DNA. The error bars represent the standard
deviations for an average of at least 3 data points.

DISCUSSION

The competition binding assay used in this work is an inde-
pendent method to study protein-induced DNA bending in
solution. Our studies show that the heterodimer (dbd)Fos—-Jun
does not bind preferentially to circular over linear DNAs,
confirming our previously reported conclusions based on
cyclization kinetics (9) that these proteins do not bend AP-1
DNA in solution. In contrast, (dbd)Fos—Jun prefers to bind to
unbent DNAs by a small but reproducible extent, suggesting
that it stiffens rather than bends DNA. The relative binding
affinities of (dbd)Fos—Jun for linear vs. circular AP-1 DNA
substrates are consistently >1, which reflects the energetic cost
for (dbd)Fos—Jun to straighten the prebent AP-1 site in
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Fic. 5. Competition binding (dbd)Fos-Jun to oppositely phased
hcgDNA15 and hcgDNA19 isomers in buffers containing 2 mM Mg?+:
kinetic order of addition effect. The DNA substrate added first was
incubated with limiting amounts of (dbd)Fos—Jun for 2 min, followed
by incubation with the DNA substrate added second, for the times
indicated in the figure. Note that the geometric means of the measured
K1 values, which are constant at the different time points, represent
the equilibrium values. The K. values for both isomers are similar in
magnitude indicating that low salt does not promote DNA bending by
(dbd)Fos—Jun.

minicircular DNAs. Similarly, the yeast transcriptional leucine
zipper protein GCN4 (21) and the Myc/Max basic helix-loop—
helix/leucine zipper family of proteins (7) also prefer to bind
to linear DNAs over circular DNA templates, implying that
this may be a general phenomenon associated with leucine
zipper proteins. DNA stiffening induced by leucine zipper
proteins, which will decrease the inherent flexibility of the
protein-binding site, may prevent sliding of the zipper’s two
a-helices bound in the major groove of DNA.

The minicircle binding assay is a complementary assay to the
previously described method of DNA cyclization (6, 9, 29) and
can be carried out under a variety of ionic conditions. The
relative binding affinities measured are equivalent within a
factor of 2 to the previously reported effects of Fos—Jun on
DNA cyclization rates (J factors). Thus both methods can be
used interchangeably to study protein-induced DNA bending
in solution, and each assay provides an independent verifica-
tion of the other. The competition binding assay has some
advantages in that it is generally easier and more accurate, it
can be applied under a variety of ionic conditions, and it can
be carried out at low protein concentrations where nonspecific
binding does not interfere with the measurements. We verified
specific binding by control experiments in which no electro-
phoretic mobility shifts were observed when Fos—Jun was
added to the molecules in which the AP-1 site is replaced by
a single A-tract (data not shown).

The observation that Fos—Jun has no binding preference for
minicircles or no measurable effect on DNA cyclization (9)
does not reflect the limitations of the competition binding and
cyclization kinetics methods to detect small DNA bends. It has
been suggested (30) that our previously reported cyclization
kinetics experiments (9) were not sensitive to small DNA
bends of ~5-20° because of interference from additional
A-T-rich regions of flexibility included in our DNA constructs.
However, DNA cyclization kinetics of comparable DNA con-
structs have been shown to detect both a large 90° DNA bend
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(6) induced by the catabolite activator protein, as well as a
small 8° bend intrinsic to the ATF/CREB site recognized by
GCN4 (21). Similarly, in this work we have demonstrated that
a single A-tract bend of ~18° has a 15-17-fold effect on DNA
cyclization. Thus, our experimental results clearly demonstrate
that in solution (dbd)Fos-Jun does not induce appreciable
curvature at the AP-1 recognition site. This result does not
depend on the nature of the sequences flanking the AP-1 site
or on the distance separating the AP-1 site and A-tract-
directed bend in these molecules (Table 1). Moreover, our
158-bp DNA constructs, which include a large standard 108°
A-tract bend, are optimally designed to measure the phasing
effects of small bends on DNA cyclization. These effects
should be comparable with the energetic contributions of small
DNA bends on DNA looping in multiprotein transcription
complexes. We therefore conclude that any small (dbd)Fos—
Jun-induced DNA bends that are undetected in our current
and previously reported work (9) will have no thermodynamic
significance for gene regulatory phenomena.

In comparison, results obtained from gel phasing are clearly
dependent on the distance between the AP-1 site and the
A-tract-directed bend center. Our previously reported gel-
phasing experiments carried out with DNAs containing long
(35-43 bp) phasing linkers show no gel mobility differences for
the complexes of Fos—Jun bound to differently phased DNA
constructs. However in this work, (dbd)Fos—Jun bound to
DNAs with short (11-19 bp) phasing linkers (Fig. 44) dem-
onstrates clear phase-dependent mobility shifts that are com-
parable in magnitude with previously reported gel mobility
variations, also obtained with DNAs containing short phasing
linkers (10, 13-18). We propose that differences in the results
obtained with short and long phasing linkers reflect the gel
mobilities of differently shaped three-armed species formed
between an elongated zipper arm and a DNA helix (Fig. 6).

Gel mobility anomalies induced by leucine zipper motifs of
Fos—Jun are enhanced in molecules with short phasing linkers
(11-19 bp) between the A-tract and AP-1 site. Molecules
hcgDNA11 and hcgDNA19 with a major groove-bound zipper
arm positioned out of phase with respect to the A-tract-
directed minor groove bend will resemble “Y”’-shaped species.
In comparison, the molecule hcgDNAT15 with a leucine zipper
arm that is positioned in phase with the A-tract bend will
resemble an “F”-shaped species (Fig. 6). We predict and
experimentally observe that an F-shaped molecule, with two of
its three arms pointed in the same direction, migrates faster
than Y-shaped molecules, with all its three arms pointed in
different directions (Figs. 2 and 4A4). Similarly, bulged three-
way DNA junctions show variations in gel mobilities that are
dependent on the angle between the three DNA arms (31). In
comparison, the local shapes of complexes formed between
Fos—Jun and DNAs containing long phasing linkers for both
the in-phase (35- and 43-bp phasing linkers) and out-of-phase
(39-bp phasing linker) molecules resemble “T”-shaped species
and thus have similar gel mobilities. Furthermore, DNAs with
long phasing linkers have the AP-1 site located closer to the
end of the molecules than those with the short phasing linkers.
It is likely that complexes with a zipper arm located toward the
center of the DNA molecule will impose greater frictional drag
than complexes with an elongated zipper arm located at the
DNA ends.

Gel mobility shift variations of (dbd)Fos—Jun bound to
DNAs containing short phasing linkers decrease linearly with
increasing concentrations of Mg?*. However, the relative
binding affinity of (dbd)Fos—Jun for linear vs. circular DNA is
independent of the Mg?* concentration in the binding buffer.
Clearly, low salt conditions do not promote Fos—Jun-induced
DNA curvature. We propose that in low ionic strength gels
lacking Mg?", additional electrostatic interactions between the
basic N-terminal region of Fos—Jun and DNA help to orient
the leucine zipper motif more rigidly with respect to the DNA
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F1G. 6. Model to explain gel mobility anomalies of Fos-Jun—-DNA
complexes. The two rectangular shaped boxes represent the het-
erodimer Fos—Jun, bound to the AP-1 site in DNA containing a curved
A-tract region. (A) Fos—Jun bound to oppositely phased DNA isomers
with short (11-19 bp) phasing linkers. Y-shaped, slower moving
complexes are formed between Fos-Jun and hcgDNAI1l and
hcgDNA19; however F-shaped, faster moving complexes are formed
between Fos-Jun and hcgDNAL1S5. The gel-phasing amplitude ob-
served is significant. (B) The effect of Mg?™, incorporated into the gel
and running buffer, on the gel mobilities of Fos—Jun—-DNA complexes.
We propose that Mg?* competes with stabilizing electrostatic inter-
actions between Fos—Jun and DNA, which results in an increase in the
flexibility of the orientation of the leucine zipper arm with respect to
the DNA helix and a decrease in the gel-phasing amplitude. (C)
Fos—Jun bound to oppositely phased DNA isomers with long (35-43
bp) phasing linkers. The local structure at the Fos-Jun-DNA junction
is T-shaped for oppositely phased isomers, which is reflected in their
similar gel mobilities and lack of gel-phasing amplitude.

helix (Fig. 6). Therefore, in gels lacking Mg?*, complexes of
(dbd)Fos—Jun bound to differently phased DNA isomers show
distinct gel mobility variations. In comparison, high concen-
trations of Mg?* compete out weak electrostatic interactions
between the zipper and the DNA helix, which results in
increased flexibility of the zipper arm and a decrease in the gel
anomalies of Fos—Jun-DNA complexes.

A decrease in gel mobility anomalies in the presence of
multivalent cations has been recently reported for DNA
complexes formed with full-length Fos-Jun and various chi-
meric and mutant forms of Fos-Jun (16). Similarly, protein-
DNA complexes formed with Fos—Jun mutants, containing an
aspartate and alanine in place of arginines at the N-terminal
basic region, induce lesser gel mobility anomalies than the
wild-type heterodimer (18). Whereas these observations have
been interpreted to show that the N-terminal basic residues
and the transcription activation domains of Fos—Jun promote
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DNA bending (16, 18, 25) by an electrostatic mechanism, we
caution that electrostatic interactions can affect the confor-
mational flexibility of the leucine zipper with respect to a DNA
helix.
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