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ABSTRACT: The transcription factor,∆FosB, a splice isoform of fosB, accumulates in rodents in a brain-
region-specific manner in response to chronic administration of drugs of abuse, stress, certain antipsychotic
or antidepressant medications, electroconvulsive seizures, and certain lesions. Increasing evidence supports
a functional role of such∆FosB induction in animal models of several psychiatric and neurologic disorders.
Fos family proteins, including∆FosB, are known to heterodimerize with Jun family proteins to create
active AP-1 transcription-factor complexes, which bind to DNA specifically at AP-1 consensus sites. We
show here, using a range of biochemical and biophysical means, that recombinant, purified∆FosB forms
homodimers as well, at concentrations less than 500 nM, and that these homodimers specifically bind to
DNA oligonucleotides containing AP-1 consensus sequences in the absence of any Jun partner. Our results
suggest that, as∆FosB accumulates to abnormally elevated protein levels in highly specific regions of
the brain in response to chronic stimulation, functional homodimers of∆FosB are formed with the potential
to uniquely regulate patterns of gene expression and thereby contribute to the complex processes of neural
and behavioral adaptation.

Members of the Fos and Jun families of transcription
factors are induced in the rodent brain upon administration
of a large variety of stimuli (1, 2). Numerous studies have
shown that a single acute stimulus leads to the rapid but very
short-lived induction of mRNA and protein for c-Fos, FosB,
and JunB in specific, stimulus-associated brain regions, while
mRNA levels for JunD and c-Jun are usually not elevated.
In contrast, chronic administration of these various stimuli
leads to a very different pattern of Fos/Jun expression (3,
4). Induction of c-Fos and JunB and to a lesser extent FosB
desensitize, while∆FosB protein, a truncated product of the
fosB gene, remains uniquely elevated for weeks after the
last chronic stimulus because of the unusual stability of the
protein (5-7). Increasing evidence supports the functional
importance of∆FosB induction in animal models of several
psychiatric and neurologic disorders (4).

While Jun proteins homodimerize as well as heterodimer-
ize with Fos family proteins to form active AP-1 transcrip-

tion-factor complexes, Fos proteins are thought to form only
heterodimers with a Jun partner (1, 2). These AP-1 com-
plexes then bind to AP-1 sites present in the regulatory
regions of many genes to regulate their transcription. Through
alternative splicing of the fosB pre-mRNA,∆FosB lacks the
101 C-terminal residues found in FosB. However, the DNA-
binding and leucine zipper dimerization domains are fully
intact in ∆FosB. Accordingly,∆FosB binds radiolabeled
oligonucleotides containing an AP-1 site in gel-shift assays
(see the Discussion), and chromatin immunoprecipitation
(ChIP) of brain extracts has confirmed∆FosB binding to
specific, regulated genes in vivo (8). In addition, ∆FosB
induction has been shown to regulate the expression of
numerous functionally important target genes in the brain
in vivo [(9), see the Discussion].

However, despite its functional importance, little is known
about the biochemical properties of∆FosB. Also, it is
striking that the accumulation of∆FosB in the brain after
chronic stimulation occurs in the absence of induction of
any Jun family protein, which has raised questions about
the nature of∆FosB action in vivo. We, therefore, embarked
on studies to characterize∆FosB in an isolated, purified state.
His-tagged∆FosB, derived from insect cells, was analyzed
in terms of molecular weight, oligomerization state, and
DNA-binding properties. Our studies reveal that∆FosB has
the potential to act independently of Jun proteins, because it
forms dimers at concentrations lower than 500 nM and is
able to selectively bind DNA oligonucleotides containing
AP-1 consensus sequences. Our results raise the novel
possibility that the accumulation of just∆FosB in neurons
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in response to chronic stimuli is sufficient to trigger
downstream effects. Once∆FosB protein levels reach a
critical threshold, past which functional homodimers of
∆FosB are formed, these would regulate gene expression
and contribute to the complex process of neural adaptation.

MATERIALS AND METHODS

OVerexpression of N(His)6∆FosB.∆FosB from mouse (a
splice form of fosB, accession number P13346) was ex-
pressed as an N-terminally His-tagged protein in insect cells
exploiting the Invitrogen Bac-to-Bac system according to the
instructions of the manufacturer. The recombinant protein
contains the N-terminal tag MGHHHHHHAG followed by
residues (F2-E237) from ∆FosB. The secondary virus was
plaque-purified and amplified to generate large quantities of
high titer tertiary virus suitable for infection of large-scale
insect cultures (1.0-5.0× 108 pfu/mL). For overexpression,
6 L of Sf9 cells grown in SF900 medium (containing 1:200
antibiotics/antimycotics) was infected at a cell density of
1.5 × 106 cells/mL, with a multiplicity of infection (MOI)
of 1.5, and incubated for 72-76 h at 28°C and 145 rpm.
The 6 L cells were harvested by centrifugation for 10 min
at 2000g and 4°C, resuspended in 50 mL of 1× phosphate-
buffered saline (PBS), and flash-frozen in liquid nitrogen.

Purification of N(His)6∆FosB. Cells from 6 L cultures
were thawed and resuspended in 150 mL of lysis buffer
[20 mM Tris at pH 7.5, 0.2% Triton X-100, 1 mM TCEP,
0.5 mM PMSF, 10µg/mL leupeptin, 1µg/mL pepstatin A,
and 1 Complete ethylenediaminetetraacetic acid (EDTA)-
free protease inhibitor cocktail tablet containing serine and
cysteine protease inhibitors (Roche)] to an end volume of
200 mL. The cells were incubated on ice for 30 min and
then homogenized 25 times using a dounce homogenizer in
35 mL aliquots. NaCl was added to the lysate to an end
concentration of 300 mM, as well as MgCl2 and DNase, to
end concentrations of 5 mM and 30µg/mL, respectively.
The lysate was further incubated for 60 min on ice and then
cleared by centrifugation for 45 min at 47800g and 4 °C
using a Sorvall Evolution RC centrifuge and a SS-34 rotor.
The salt concentration of the lysate was increased to an end
concentration of 1 M NaCl and 0.5 M NaBr; the latter,
a mild chaotrope, was added to disrupt DNA binding to
∆FosB. In addition, 1 mM imidazole was added to the lysate
in preparation for metal-affinity chromatography to prevent
nonspecific binding. The lysate was further cleared by
centrifugation for 40 min at 145000g and 4°C using a Sorvall
Evolution RC centrifuge and a SS-34 rotor. The cleared
supernatant was batch-bound to a 5 mL bedvolume of Ni-
NTA resin (Invitrogen, equilibrated with 20 mM Tris at pH
7.5 and 1 M NaCl) for 2 h at 4°C. The beads were collected,
then washed with 20 mM Tris at pH 7.5, 1 M NaCl, and 10
mM imidazole, and finally eluted with 20 mM Tris at pH
7.5, 1 M NaCl, and 250 mM imidazole on an AKTA FPLC
(GE Healthcare). The Ni-eluate was concentrated using an
Amicon Ultra [molecular weight cut-off (MWCO) of 10 kDa]
and diluted 25× with 20 mM Tris at pH 7.5, 50 mM NaCl,
and 5 mM dithiothreitol (DTT) to reduce the salt concentra-
tion (end buffer conditions of roughly 20 mM Tris at pH
7.5, 88 mM NaCl, 10 mM imidazole, and 5 mM DTT).
Precipitated protein was removed by centrifugation for 30
min at 47800g and 4 °C using a Sorvall Evolution RC
centrifuge and a SS-34 rotor. The protein solution was loaded

on a Mono Q ion-exchange column (GE Healthcare)
equilibrated with 20 mM Tris at pH 7.5, 50 mM NaCl, and
5 mM DTT and eluted using a NaCl gradient of 50 mM to
1 M NaCl. As a final step, the protein was purified on a
120 mL Superdex 200 16/60 gel-filtration column equili-
brated with 20 mM Tris at pH 7.5, 1 M NaCl, and 5 mM
DTT. Protein purity was assessed on 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels. Protein concentrations were determined spectroscopi-
cally at 280 nm using a molar absorption coefficient of
14 440 cm-1 M-1, determined using the method of Pace et
al. (10). Preparations of purified N(His)6∆FosB were tested
to ensure that the ratioA280 nm/A260 nmexceeded 1.5, indicating
that the purified protein was devoid of DNA.

Proteolytic Mapping.Aliquots of purified N(His)6∆FosB
(20 µg) were digested withR-chymotrypsin, endoproteinase
Lys-C, or thrombin with a 100-fold excess of target protein
to protease for 10-30 min at room temperature in 20 mM
Tris at pH 7.5 and 100 mM NaCl (total volume of 50µL).
Reactions were stopped with 1 mM PMSF, 0.1 mM leupep-
tin, and 1 mM PMSF, respectively. Half of each digest was
subject to analysis by mass spectrometry, and the other half
was analyzed on 12% SDS-PAGE Biorad Ready gels
(Biorad). For N-terminal sequencing, identical digests were
carried out in parallel, subject to SDS-PAGE, and elec-
troblotted to Immobilon P membranes (Millipore) using
standard protocols and the relevant bands were excised.

Size-Exclusion Chromatographic Analysis.Varying amounts
of N(His)6∆FosB protein (2, 7, and 9 mg) in 20 mM Tris at
pH 7.5, 100 NaCl, and 5 mM DTT were concentrated,
centrifuged for 10 min at 13 000 rpm, and loaded in a 2 mL
sample volume on a 120 mL Superdex 200 16/60 gel-
filtration column equilibrated under low-salt conditions
(20 mM Tris at pH 7.5, 100 mM NaCl, and 5 mM DTT) or
high-salt conditions (20 mM Tris at pH 7.5, 1 M NaCl, and
5 mM DTT) with a flow rate of 0.5 mL/min. To estimate
the apparent molecular weight of the species eluting, the gel-
filtration column equilibrated in 20 mM Tris at pH 7.5, 1 M
NaCl, 5 and mM DTT was calibrated with a set of standard
proteins (Sigma; 200, 66, 29, and 12.4 kDa) loaded in a
1 mL sample volume and separated with a flow rate of
0.5 mL/min.

Electrophoretic Mobility (Gel) Shift Assays (EMSA).
Double-stranded oligonucleotides (discussed in the Results
and Table 3) were formed by mixing equivalent volumes of
complementary single-stranded oligonucleotides (Sigma Geno-
Sys) (1 mM stock solutions dissolved in 10 mM Tris at pH
8.0 and 50 mM NaCl) and heating the mixture to 95°C for
2.5 min in a water bath, followed by slow cooling to room
temperature (roughly 1 min/°C).

DNA-binding experiments were performed with digoxi-
genin (DIG)-labeled oligonucleotides. The DIG gel-shift kit,
second generation (Roche), was used to label oligonucle-
otides at the 3′ end with DIG-ddUTP and probe protein/
DNA binding. Labeled oligonucleotides were diluted to a
concentration of 0.5 pmol/µL in TEN buffer (10 mM Tris
at pH 8, 1 mM EDTA, and 100 mM NaCl) and stored at
-20 °C. DNA binding to N(His)6∆FosB was performed in
20 µL reaction mixtures containing 50 nM of labeled oligo
(1 pmol) in TEN buffer and protein diluted in TEN buffer
in the range of 0-315 nM dimers of N(His)6∆FosB (i.e.,
0-6.3 pmol). The protein/DNA mixtures were incubated for
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10 min at room temperature. The final binding mixtures using
the reagents from the gel-shift kit contained 2.8 mM Tris,
20 mM Hepes at pH 7.6, 25 mM NaCl, 30 mM KCl, 1.6
mM EDTA, 1 mM DTT, 10 mM (NH4)2SO4, 0.2% (w/v)
Tween 20, 4 mM cacodylate, 5µg/mL bovine serum albumin
(BSA), 0.1 mM CoCl2, 1 µM DIG-ddUTP, 60 µM KPi,
1 µM 2-mercaptoethanol, 0.0005% Triton X-100, and 0.05%
glycerol. After incubation, 5µL of 5× Hi-Density loading
buffer (1.25× TBE, 15% ficoll, 0.1% bromophenol blue)
was added to the 20µL binding reaction and the samples
were loaded on a native 6% acrylamide gel (prerun for 30
min at 50 V) in 0.5× TBE (44.5 mM Tris, 44.5 mM boric
acid, and 1 mM EDTA at pH 8.3) and run at 70 V for about
1.5 h at 4°C. The protein/DNA complex was electroblotted
from the gel onto a positively charged nylon membrane
(Roche) in 0.5× TBE at 400 mA (∼30 V) for 60 min at
4 °C, and the blot was baked subsequently at 120°C for
20-30 min to fix the protein/DNA complex to the mem-
brane. Chemiluminescence detection was performed accord-
ing to the protocol of the manufacturer, incubating the
membrane with an anti-digoxigenin-AP antibody conjugate
(1:10 000 dilution) and finally incubating the membrane with
a 0.1 mg/mL solution of disodium 3-(4-methoxyspiro{1,2-
dioxetane-3,2′-(5′-chloro)trichloro[3.3.1.13,7]decan}-4-yl)
phenyl phosphate (CSPD), in a hybridization bag. The
membranes were exposed to X-ray film (Kodak BioMax
Light) for 10 min. For quantification purposes, the mem-
branes were scanned with a Typhoon 9410 scanner (Amer-
sham) at high sensitivity and 900 V and then analyzed using
ImageQuant 5.2 software. The chemiluminescent signal
recorded from the EMSA experiments with the Typhoon
scanner was found to be nonlinear as a function of DIG-
labeled oligonucleotide. This is likely caused by several
factors, including the nonlinear transfer efficiency of both
free oligonucleotide and DNA/protein complexes, as well
as the nonequilibrium conditions for the binding reactions
during electrophoresis, resulting, for example, in the presence
of species migrating at positions other than the complex or
free oligonucleotide. Therefore, EMSA gels, while qualita-
tively informative, could not be accurately quantified.

For competition assays, N(His)6∆FosB:DIG-labeled DNA
complexes were generated as described above containing
50 nM of DIG-labeled oligo (1 pmol) and a 210 nM dimer
concentration of N(His)6∆FosB (4.2 pmol) in TEN buffer,
i.e., conditions saturating the protein with DNA. Three
different protein/DNA complexes were formed with the DIG-
labeled oligonucleotides: cyclin-dependent kinase 5 (CDK5),
the AMPA glutamate receptor subunit GluR2, and metal-
lothionein (MET). To assess the specificity of DNA binding
to N(His)6∆FosB, 1µL of unlabeled specific oligonucleotide
(CDK5, GluR2, or MET) or 1µL of unlabeled nonspecific
(scrambled) oligonucleotide (SCR) was added to the protein/
DNA complex reaction (containing 10, 50, 200, or 500 pmol,
i.e., a 10, 50, 200, or 500 molar excess) and incubated for
15 min at room temperature. The final competition reaction
contained identical buffer components as described above
for the binding reactions. The samples were subject to
electrophoresis, electroblotting, and chemiluminescent visu-
alization as described above. Competition upon the addition
of unlabeled oligonucleotide was monitored through the
decrease of the visible protein complex and the concomitant
increase in free DIG-labeled oligo in EMSA assays.

The specific activity of N(His)6∆FosB was determined by
incubating 2.1 pmol of N(His)6∆FosB (dimers) with an
excess of labeled GluR2 oligonucleotide (12 pmol) in a
10µL reaction volume. While the protein was not completely
saturated under these conditions, higher amounts of labeled
oligonucleotide could not be used because of oligonucleotide
concatemer formation. After EMSA, as described above, the
background corrected signal of the protein/DNA complex
was compared to the signal from a calibration series of 0-
3 pmol of free labeled oligonucleotide and quantified. The
results indicate that the N(His)6∆FosB purified from insect
cells is at least 80% active (assuming that the protein binds
as a dimer).

Fluorescence Anisotropy.Fluorescence anisotropy was
performed with TAMRA-labeled oligonucleotides CDK5,
GluR2, and SCR. 5′-TAMRA-labeled sense and anti-sense
oligomers (Invitrogen) were annealed in 10 mM Tris at pH
8.0 and 50 mM NaCl at a final concentration of 50µM by
heating the mixture to 95°C for 2.5 min in a waterbath,
followed by slow cooling to room temperature (roughly 1
min/°C). Stock solutions of 100 nM double-labeled double-
stranded TAMRA oligonucleotides were made in 20 mM
Hepes at pH 7.5, 50 mM NaCl, and 1 mM DTT. Stock
solutions of a 0-500 nM dimer concentration of
N(His)6∆FosB were made in the same buffer. A total of
100 µL of each DNA stock solution and 100µL of each
protein stock solution were mixed in a 96-well nonbinding-
surface microtiter plate (Corning) to generate a concentration
series of a 0-250 nM dimeric concentration of N(His)6∆FosB
and a fixed concentration of 50 nM labeled DNA. After
incubation at room temperature for 15 min, 30µL of each
sample (in 6-fold) was transferred to a 384-well round-
bottom low-volume black microtiter plate (Corning). Fluo-
rescence anisotropy was measured using a Pherastar plate
reader (BMG Labs), with excitation at 540 nm, emission at
590 nm, 100 flashes per well, and the target set to 30 mP
for each individual TMR-oligo by adjusting the gain on a
well with oligonucleotide in the absence of protein. Data
were processed using Prism 3.0 (GraphPad Software). Each
data point represents the mean of six replicates, and the error
bar represents the standard deviation of the mean. The
fluorescence anisotropy observed for the free oligonucleotide
concentration (i.e., no protein) was set as the baseline value
and subtracted from the values measured for the oligonucle-
otide in the presence of varying amounts of protein. The
binding curves were fit with a sigmoidal curve in Prism.

Analytical Ultracentrifugation (AUC).The oligomerization
state of N(His)6∆FosB was analyzed using AUC in sedi-
mentation velocity and sedimentation equilibrium experi-
ments. Additionally, as test cases with a known answer, the
proteins, bovine serum albumin (Sigma) and lysozyme
(Sigma), were analyzed in parallel. To prepare for the AUC
experiments, N(His)6∆FosB and BSA were subjected to gel
filtration (Superdex 200 16/60 in 20 mM Tris at pH 7.5 and
500 mM NaCl, with 5 mM DTT for N(His)6∆FosB and
without DTT for BSA).

N(His)6∆FosB, BSA, and lysozyme were dialyzed against
at least a 100-fold volume buffer for at least 12 h at 4°C in
a standard high-salt buffer (20 mM Tris at pH 7.5, 500 mM
NaCl, and 0.2 mM DTT), a low-salt buffer (20 mM Tris at
pH 7.5, 100 mM NaCl, and 0.2 mM DTT), or a denaturing
buffer (20 mM Tris at pH 7.5, 500 mM NaCl, 0.2 mM DTT,
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and 6 M guanidine hydrochloride). Aliquots of dialysis buffer
were used in the AUC reference cells to measure the protein
samples with respect to their identical buffers. Dialyzed
protein stock solutions withA280 nm close to 1.0 were
sequentially diluted with dialysis buffer to an absorbance of
A280 nm) 0.8, 0.5, and 0.25 and, for the low concentrations,
further diluted to the theoretical absorbances ofA280 nm )
0.03, 0.015, and 0.009. For sedimentation velocity, the
following N(His)6∆FosB concentrations (assuming mono-
mers) were analyzed: 18.7, 37.4, and 69.3µM. For
sedimentation equilibrium, the following concentrations were
analyzed assuming monomers of N(His)6∆FosB, 0.6, 1, 2,
17.3, 34.6, and 55.4µM; BSA, 0.21, 0.35, 0.70, 5.9, 11.6,
and 18.6µM; and lysozyme, 0.24, 0.40, 0.79, 6.6, 13.2, and
21.1 µM.

All experiments were carried out in a Beckman Optima
XL-I analytical ultracentrifuge equipped with an An50 Ti
rotor, using either 2-channel (for sedimentation velocity) or
6-channel (for sedimentation equilibrium) sample cells with
12 mm path-length, charcoal-filled Epon centerpieces and
either sapphire (for measurements at 280 nm) or quartz (for
measurements at 230 nm) windows. Sample cells and the
rotor were precooled overnight or at least for 60 min at
4 °C; the sample cells were loaded with protein and reference
buffers and then precooled again in the centrifuge at 3000
rpm at 4°C. After the temperature reached the set value of
4 °C (about 2 h), the samples were left at 3000 rpm and
4 °C for an additional 60 min before starting the experiment.
Sedimentation velocity experiments were run at 40 000 or
50 000 rpm at 4°C for 800 min (13.3 h). Data were collected
every 5 min using a scan step size of 0.003 cm. Sedimenta-
tion equilibrium experiments were run at speeds of 8000 rpm
(60 h), 15 000 rpm (56 h), and 25 000 rpm (30 h) at 4°C.
Equilibrium was considered established when successive
scans with at least 6 h intervals resulted in overlapping plots.
The data collected represent an average of 50 scans at a scan
step size of 0.001 cm.

Partial specific volumes for the proteins and buffer
densities were calculated with SEDNTERP 1.04 (11). The
partial specific volume for N(His)6∆FosB is 0.7080 mL/g
at 4°C and 0.7148 mL/g at 20°C; for BSA, 0.7258 mL/g at
4 °C and 0.7326 mL/g at 20°C; and for lysozyme, 0.7097
mL/g at 4°C and 0.7165 mL/g at 20°C. The high-salt buffer
(20 mM Tris at pH 7.5, 500 mM NaCl, and 0.2 mM DTT)
has an estimated density of 1.019 24 g/mL at 20°C and
1.021 04 g/mL at 4°C; the low-salt buffer (20 mM Tris at
pH 7.5, 100 mM NaCl, and 0.2 mM DTT) has an estimated
density of 1.002 93 g/mL at 20°C and 1.004 71 g/mL at
4 °C; and the denaturing buffer (20 mM Tris at pH 7.5,
500 mM NaCl, 0.2 mM DTT, and 6 M guanidine hydro-
chloride) has a density of 1.163 27 g/mL at 20°C and
1.165 33 g/mL at 4°C. Molar extinction coefficients at 280
nm (ε280) were calculated for N(His)6∆FosB (ε280 ) 14 440
au cm-1 M-1), BSA (ε280 ) 42 930 au cm-1 M-1), and
lysozyme (ε280 ) 37 970 au cm-1 M-1) using Pace et al.
(10), as incorporated in SEDNTERP. Molar extinction
coefficients at 230 nm (ε230) were estimated for N(His)6∆FosB
(ε230 ) 48 134 au cm-1 M-1), BSA (ε230 ) 133 140 au cm-1

M-1), and lysozyme (ε230 ) 59 707 au cm-1 M-1) using
Stafford et al. (12), summing 6400 cm-1 M-1 for each Trp,
3689 cm-1 M-1 for each Tyr, and 80 cm-1 M-1 for each
peptide bond present in the sequence.

Sedimentation velocity experiments were analyzed using
SEDFIT version 9.3b (13), using the continuousc(s) analysis
for noninteracting discrete species to calculate a distribution
for the sedimenting species and their sedimentation coef-
ficients. Baseline noise was refined using nonlinear least-
squares (NLS) but not time-independent (TI) or radius-
independent (RI) noise.

Separate experiments were carried out for measuring the
sedimentation equilibration gradients for high protein con-
centrations by monitoringA280 nm and for low protein
concentrations by monitoringA230 nm. A global analysis was
performed for data collected at each wavelength separately,
to prevent high protein concentrations (potentially favoring
oligomerization) from biasing the refinement results of the
more dilute protein solutions. Sedimentation equilibrium
experiments were analyzed using SEDFIT 9.3b and SED-
PHAT 4.1b (14, 15) in two different ways. To answer which
species were present, “species analysis” was carried out by
refining the molecular weight of two species with starting
values 10 and 100 kDa, followed by nonlinear least-squares
refinement (NLSR) of the baseline noise level of 0.005 and
subsequent additional refinement of RI and TI noise, with
TI noise rotor stretch. An additional analysis was carried
out using the “self-association” analysis, supplying the
protein concentrations in each sample cell to exploit mass
conservation constraints (15). Monomer and dimer models
were tested by setting log(Ka) ) 0 and fixing the molecular
weight to the appropriate value. The data were refined against
each model (monomer or dimer) with a cycle of NLS
refinement adjusting the baseline noise and the bottom
position of the cell to apply soft mass conservation restraints
with a rotor stretch (15). Subsequent cycles of NLS refine-
ment adjusted TI and RI noise levels, and then finally, the
protein-loading concentrations were allowed to refine. Refin-
ing the protein concentration typically improved the fit
between the model and experimental data significantly;
however, it also masked to some extent the poorness of the
fits to incorrect models by refining the protein concentrations
to unrealistic values. While the concentrations of proteins
used for the equilibrium runs atA280 nm did not refine
significantly from the input values in the case of the correct
models, atA230 nm, small though significant differences were
observed likely because of the inaccuracy of the molar
extinction coefficients estimated atA230 nm; unrealistically
large differences were seen in the case of incorrect models.
Nevertheless, measurements taken atA230 nmprocessed using
the self-association procedure described above were very
sensitive to the enforcement of an incorrect molecular weight.
The fit of the data to the different models was evaluated
graphically (Figure 4) and by monitoring the global error
ør

2 for all data points (Tables 1 and 2).

RESULTS

OVerexpression and Purification of∆FosB.N(His)6∆FosB
was overexpressed in Sf9 cells (Figure 1a). The purified
protein migrates with an apparent molecular weight (Mw) of
roughly 37 kDa using SDS-PAGE, more than 10 kDa larger
than the predicted 26 443 Da based on the protein sequence
(Figure 1b). To investigate if the larger than expectedMw

was the result of aberrant migration during electrophoresis
or the result of post-translational modification, N(His)6∆FosB
was analyzed using mass spectrometry. Because N(His)6∆FosB
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was not detected using electrospray ionization mass spec-
trometry likely because of poor ionization efficiency, matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometry was used to determine the molecular
weight of the full-length protein even though this method is
typically less accurate ((1% of theMw). N(His)6∆FosB was
found to have aMw of 26 505 Da, with an almost equally
intense signal for a species at 55 268 Da. Analyses in the
presence of 5 mM TCEP, 5 mM DTT, or 20 mM DTT, to
prevent potential intermolecular disulfide bond formation,
yielded similar results (respectively, 26 241 Da, 26 277 Da
with a very minor species at 52 960 Da, or 26 220 Da with
a very minor species at approximately 52 900 Da). It appears,
therefore, that N(His)6∆FosB is not post-translationally
modified in insect cells by large moieties accounting for the
10 kDa shift in electrophoretic mobility or that such moieties
dissociate from the protein during mass spectrometry analy-
sis.

ToconfirmthemassspectroscopicanalysisonN(His)6∆FosB,
we generated fragments of N(His)6∆FosB through limited
proteolysis. The enzymes, endoproteinase Lys-C,R-chymo-
trypsin, and thrombin, generated fragments that, when
combined, completely spanned the full-length N(His)6∆FosB.
The fragments were unambiguously assigned through a
combination of electrospray ionization mass spectrometry
and N-terminal sequencing of SDS-PAGE-purified, elec-
troblotted fragments (Figure 1c). Proteolytic mapping con-
firmed that N(His)6∆FosB as produced by Sf9 cells is not
post-translationally modified and that the residues 122-237,
which contain the bZIP (basic region leucine zipper) domain

of the protein, migrate at a larger than expected molecular
weight on SDS-PAGE gels presumably because of the high
content of charged residues (16, 17).

∆FosB Forms Homodimers in Solution.To investigate the
oligomerization state of N(His)6∆FosB, size-exclusion chro-
matography was performed (Figure 2). While small amounts
of N(His)6∆FosB (<2 mg) migrate as a single species under
low-salt conditions with an apparent molecular weight of
190 kDa (Figure 2a), larger quantities of the protein form
aggregates under low-salt conditions with an apparent
molecular weight of 470 kDa (Figure 2b). Increasing the salt
concentration (>500 mM NaCl) when working with large
quantities of N(His)6∆FosB resulted in a single well-behaved
species again, with an apparentMw of 180 kDa (shown for
buffer containing 1 M NaCl; Figure 2c). Because migration
of proteins during size-exclusion chromatography depends
upon not only the molecular weight but also their shape and
surface properties, molecular weight estimates for proteins
that are highly elongated or that interact with the matrix of
the gel-filtration column are notoriously unreliable.

AUC analyses were performed as an alternative to size-
exclusion chromatography to determine the oligomeric state
of N(His)6∆FosB free in solution. The first stage entailed
using sedimentation velocity analyses to ascertain that the
∆FosB samples were homogeneous, a prerequisite for the
second stage, in which we determined the molecular weight
of the sedimenting species through sedimentation equilibrium
analyses. Because the protein concentration gradient estab-
lished in the sample cell during sedimentation equilibrium
is the result of the exact balance between diffusion and

Table 1: Sedimentation Equilibrium Analysis of N(His)6∆FosB in the Range 17.3-55.4 µM

a ør
2 ) reducedø2 value as a measure for the goodness of fit calculated by SEDPHAT asør

2 ) (1/Ntot)∑e∑i)1
Ne ((ai

(e) - fi
(e))2/σe

2). Ntot ) ∑ene, where
the index “e” refers to the individual experiments loaded that havene data pointsa modeled with the fit valuesf. The data pointsne in each
experiment have an experimental errorσe. The experimental noise per experiment was set to 0.005 signal units.ør

2 ) 1 if the experimental error
ør

2 equals the experimental noise.
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sedimentation of protein molecules, molecular masses de-
termined with this technique are measured entirely indepen-
dent of the shape or surface properties of the protein under
consideration.

To determine the homogeneity of purified N(His)6∆FosB,
protein samples in the range of an 18.7-69.3µM monomer
concentration (i.e., 9.4-34.7 µM as a dimer) were subject
to sedimentation velocity analysis (Figure 3a) and the data
were processed with SEDFIT. The majority of the protein
was observed as a single species (88%) with a sedimentation
coefficient (sexp value) of 1.5 (or corrected to standard
conditions ofSwater,20°C ) 2.4) over the examined concentra-
tion range, while a very minor species was found with a
larger sedimentation coefficient (parts b and c of Figure 3).
Under low-salt buffer conditions (20 mM Tris at pH 7.5,
100 mM NaCl, and 0.2 mM DTT) at high protein concentra-
tion, N(His)6∆FosB samples aggregated during sedimentation
velocity analysis, recapitulating the results obtained by size-
exclusion chromatography. However, in the presence of the
denaturant, 6 M guanidine hydrochloride, N(His)6∆FosB
samples produced a single species more resistant to sedi-
mentation compared to native conditions (sexp < 1), indicating
that, under native conditions, N(His)6∆FosB is more com-
pact; i.e., elements are folded (results not shown). Finally
and most importantly, the sedimentation velocity analyses
indicated that, under the experimental conditions used,
N(His)6∆FosB contained one predominant species suitable
for additional analysis by sedimentation equilibrium.

Sedimentation equilibrium analysis was performed on
N(His)6∆FosB samples in the range of a 0.6-55.4 µM
monomer concentration (or 0.3-27.7µM as dimers). Protein
concentration gradients were established at three different
speeds for six different N(His)6∆FosB protein concentrations
(Tables 1 and 2 and Figure 4). In parallel, six different BSA
protein concentrations as well as three different lysozyme
concentrations were taken along as test cases (Tables 1 and
2). The equilibrium data were processed with SEDFIT/
SEDPHAT using two different procedures as described in
detail in the Materials and Methods and briefly below.

First, rough estimates of the molecular weight of∆FosB
were calculated, permitting the presence of two species to
accommodate a scenario of a major species and a minor
species (because of the presence of aggregated protein,
proteolytic fragments, nonrelated contaminating proteins, or
noise that would otherwise distort the molecular-weight
calculations). At both high protein concentrations (17-
55 µM of the monomer; Table 1) and low protein concentra-
tions (0.6-2 µM of the monomer; Table 2), only one
consistent molecular weight was found for N(His)6∆FosB
in the range of 47-60 kDa (see values reported for “species
analysis) 2 species” in Tables 1 and 2). Results for BSA
and lysozyme were consistent with their known monomeric
molecular weights.

The sedimentation equilibrium data were processed in a
second manner by testing if the data were better fit by a
monomeric or dimeric model [i.e.,Mw of 26 443 or 52 886

Table 2: Sedimentation Equilibrium Analysis of N(His)6∆FosB in the Range of 0.6-2 µM

a ør
2 ) reducedø2 value as a measure for the goodness of fit calculated by SEDPHAT asør

2 ) (1/Ntot)∑e∑i)1
Ne ((ai

(e) - fi
(e))2/σe

2). Ntot ) ∑ene, where
the index “e” refers to the individual experiments loaded that havene data pointsa modeled with the fit valuesf. The data pointsne in each
experiment have an experimental errorσe. The experimental noise per experiment was set to 0.005 signal units.ør

2 ) 1 if the experimental error
ør

2 equals the experimental noise.
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Da for N(His)6∆FosB]. The results were visualized by
plotting the equilibrium data together with the different
models and plotting the residual errors describing the fit
between the two. Five different N(His)6∆FosB concentrations
are shown in Figure 4, with a good fit (top panel) and poor
fit (bottom panel). It is clear that the equilibrium data for
N(His)6∆FosB were very well-described by a dimeric species
but poorly described by a monomeric species. The goodness
of fit (ør

2) between the experimental data and that predicted
from a monomer or dimer model, respectively, are given in
Tables 1 and 2 (values reported for “self-association with
mass conservation”). Correct models (i.e., monomeric BSA
and lysozyme) display good fits, while incorrect models (i.e.,
dimeric BSA or dimeric lysozyme) display poor fits, with
ør

2 values up to 5-125 times higher. Equilibrium data for
N(His)6∆FosB at high protein concentrations were clearly a
much better fit with a dimeric model (ør

2 in the range of 3)
compared to fitting with a monomeric model (ør

2 in the range
of 72) (Table 1); this was also true at low protein
concentrations (for two independent samples,ør

2 values of
0.4 and 0.7 for a dimer model versusør

2 values of 7.0 and
14.0 as a monomer) (Table 2). At the lowest protein
concentration (0.3µM dimers) tested for N(His)6∆FosB, the
data were also clearly better fit by a dimeric model than a
monomeric model, although the data exhibited poor signal-
to-noise because of the low absorbance at 230 nm. The
sedimentation equilibrium studies hence convincingly indi-
cate that N(His)6∆FosB homodimerizes in solution at
concentrations extending lower than 0.5µM dimers.

∆FosB Can Bind DNA on Its Own.Intrigued by the
dimeric form of N(His)6∆FosB in solution, we then inves-
tigated if N(His)6∆FosB is able to bind DNA fragments
containing an AP-1 site. DIG-labeled oligonucleotides (19-
mers) were generated on the basis of gene promotors of
CDK5, MET, and GluR2 (see Table 3), three known targets
of ∆FosB (18-20). In addition, a completely scrambled
sequence was synthesized representing a nonspecific oligo-
nucleotide (SCR). The CDK5, GluR2, and MET oligonucle-
otides have previously been shown to bind AP-1 complexes
(known to comprise∆FosB) in striatal cell lysates derived
from chronic cocaine- and chronic ECS-treated rodents.

EMSA (gel-shift) assays demonstrate that N(His)6∆FosB
can bind DNA in the absence of any Jun protein (Figure 5).
While EMSA assays are not well-suited to determine accurate
KD values for DNA binding (because of technical limitations,
including the nonequilibrium conditions of the binding,
dissociation of the complex during electrophoresis, and
uneven transfer during electroblotting), rough estimates were
made nevertheless by monitoring the decrease in free
oligonucleotide as increasing amounts of protein were titrated
into the protein/DNA-binding reaction. Half-maximal binding
of free oligonucleotide was estimated at dimeric concentra-
tions of N(His)6∆FosB around 90 nM for MET and CDK5,
105 nM for GluR2, and 235 nM for SCR. More than 80%
of the purified N(His)6∆FosB was estimated to be capable
of binding DNA in specific activity measurements (see the
Materials and Methods).

To demonstrate the specificity of DNA binding, competi-
tion assays were carried out reversing the binding of labeled
oligonucleotides to N(His)6∆FosB by the addition of excess
unlabeled oligonucleotide. Increasing amounts of unlabeled
CDK5, MET, and GluR2 as well as the scrambled oligo-
nucleotide SCR were assayed for their ability to disrupt an
existing N(His)6∆FosB/DNA complex (lane 2 in parts a-c
of Figure 6) formed with the DIG-labeled oligos CDK5,
MET, or GluR2, respectively (input free oligonucleotide
shown in lane 1 in parts a-c of Figure 6). The addition of
10-fold unlabeled specific oligonucleotide (CDK5) was
sufficient to significantly disrupt the N(His)6∆FosB/CDK5
complex (lane 3 in Figure 6a), while the addition of 200-
fold SCR oligo was required to significantly disrupt the
protein/DNA complex (lane 9 in Figure 6a). Similar results
were obtained using unlabeled GluR2 and MET oligonucle-
otides as competitors, indicating that these oligonucleotides,
while less effective than the CDK5 oligonucleotide, do bind
N(His)6∆FosB specifically. Likewise, significant disruption
of N(His)6∆FosB/GluR2 or N(His)6∆FosB/MET was achieved
with the addition of 10-fold unlabeled GluR2 or MET,
respectively (lane 3 in parts b and c of Figure 6), compared
to the more than 50-fold molar excess SCR oligonucleotide
needed to achieve similar disruption of the respective
complexes (lane 8 in parts b and c of Figure 6) (compare
the amount of complex versus free oligo in each lane).

To verify the DNA-binding properties of N(His)6∆FosB
in solution, we performed fluorescence anisotropy experi-
ments using TAMRA (TMR)-labeled oligonucleotides. The
increase in detectable polarized fluorescent emission was
monitored as a measure of protein/DNA binding based on
the phenomenon that oligonucleotides bound to protein
molecules tumble slower in solution than unbound oligo-
nucleotides, putting the former in a position to emit a more

FIGURE 1: N(His)6∆FosB. (a) Schematic of N(His)6∆FosB. Two
regions comprising the “bZIP” domain are indicated, one rich in
basic residues (“basic”) and the other rich in leucine residues
(“Leu”). The N-terminal hexahistidine tag is indicated. (b) Over-
expressed N(His)6∆FosB purified from insect cells and submitted
to SDS-PAGE on a 12% SDS-PAGE Biorad Ready gel. Lane 1,
Biorad prestained molecular-weight markers in a broad range (in
kDa); lane 2, purified N(His)6∆FosB. (c) Proteolytic mapping of
N(His)6∆FosB using endoproteinase Lys-C,R-chymotrypsin, and
thrombin. For each fragment, the predicted molecular weight (Mpred)
and the molecular weights determined by mass spectrometry (Mms)
and SDS-PAGE electrophoresis (MSDS) are listed. An asterisk
indicates the first of five residues identified for each fragment
through N-terminal sequencing.
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detectable polarized signal upon excitation with polarized
light than freely rotating oligonucleotides. The CDK5 and
GluR2 oligonucleotides were tested as well as the scrambled
oligonucleotide (SCR). N(His)6∆FosB binds TMR-CDK5
and TMR-GluR2 in a saturating manner with half-maximal
binding of roughly 120 and 130 nM of dimeric N(His)6∆FosB,
respectively (Figure 7a). N(His)6∆FosB does not bind TMR-
SCR nearly as well. Competition with unlabeled oligonucle-
otides demonstrated that the N(His)6∆FosB/TMR-CDK5

complex is disrupted about 50% by a 10-fold molar excess
of unlabeled CDK5, while the addition of a 10-fold molar
excess of unlabeled SCR oligonucleotide only slightly
disrupted the complex (Figure 7b). The addition of a 10-
fold molar excess of unlabeled GluR2 oligonucleotide
somewhat disrupted the N(His)6∆FosB/TMR-GluR2 com-
plex but only slightly more so than the SCR oligo (Figure
7c). Interestingly, the DNA-binding curves in Figure 7 are
sigmaoidal in shape, which may indicate cooperativity of
binding (i.e., an increase in apparent DNA-binding affinity
with an increasing protein concentration, as a result of
concomitant dimer formation for example).

DISCUSSION

∆FosB is an attractive candidate to mediate stable neural
adaptation.∆FosB accumulates only upon exposure to
repeated and not acute stimuli and persists in the brain for
relatively long periods after the last stimulation. Diverse types
of chronic treatment trigger∆FosB accumulation in a region-
specific manner in the brain, including drugs of abuse (21-
28), electrically and chemically induced seizures (18, 23, 29-
33), antidepressant and antipsychotic drugs (21, 34-36),
lesions (37-39), and stress (40).

Increasing evidence supports the functional importance of
∆FosB induction in animal models of several psychiatric and
neurologic disorders (4). Induction of ∆FosB by drugs of
abuse in reward-related brain regions increases the sensitivity
of an animal to the rewarding effects of the drugs (20, 41-
43). ∆FosB induction in dorsal striatum is related to the
abnormal involuntary movements (dyskinesias) seen in
models of Parkinson’s disease and in response to first-
generation antipsychotic drugs (33, 35, 44-48). In cortical
regions,∆FosB regulates the seizure threshold (31), and in
stress-related brain regions,∆FosB represents a positive,
homeostatic mechanism that enhances the ability of an animal
to cope with subsequent stresses (49).

What thus far has been missing is a detailed understanding
of the biochemical and biophysical properties of∆FosB.

FIGURE 2: Analysis of N(His)6∆FosB with size-exclusion chromatography. The hydrodynamic radius of purified N(His)6∆FosB was analyzed
on a Superdex 200 16/60 column under low-salt conditions (20 mM Tris at pH 7.5, 100 mM NaCl, and 5 mM DTT) and high-salt conditions
(20 mM Tris at pH 7.5, 1000 mM NaCl, and 5 mM DTT). (a) Protein (2 mg) under low-salt conditions, (b) protein (9 mg) under low-salt
conditions, (c) protein (7 mg) under high-salt conditions, and (d) elution volumes of a set of standard globular proteins (Sigma) under
high-salt conditions on the same column. Molecular weights for N(His)6∆FosB were estimated (Mapp) from these elution volumes (a-c)
but serve only as a very rough guide to evaluate “large” versus “small” species (see the explanation in the Results).

FIGURE 3: Sedimentation velocity analysis of N(His)6∆FosB. (a)
Sedimentation velocity scans generated with an 18.7µM monomeric
concentration of N(His)6∆FosB at 50 000 rpm (top panel) and the
residuals between these data and their calculated best-fit radial
distributions (bottom panel), (b) distribution of speciesc(s) as a
function of the sedimentation coefficient “sexp” determined at three
different monomer concentrations of N(His)6∆FosB: 18.7, 37.4,
and 69.3µM, and (c) tabulation of samples analyzed by sedimenta-
tion velocity, experimentals values determined, ands values
converted to standard conditions (20°C and water).
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Such an analysis of∆FosB in a purified, isolated form is
presented here for the first time. We show by mass
spectrometry that∆FosB produced in insect cells is not
measurably post-translationally modified. In mammalian
systems,∆FosB undergoes phosphorylation at Ser27, which
increases the stability and transcriptional activity of the
protein (5, 50). Our studies suggest that, because phospho-
rylation of ∆FosB does not occur by default in insect cells,
eukaryotic cells that are routinely used to express recombi-
nant phosphoproteins, post-translational modification of
∆FosB is a tightly regulated step and requires the presence
of specific kinases.

Moreover, we show here that∆FosB is capable of forming
dimers in solution at submicromolar concentrations based
on AUC experiments. In vitro studies exploring the ability
of ∆FosB to heterodimerize with various Jun family proteins
have previously indicated that∆FosB can form heterodimers

with JunB, c-Jun, and JunD (51-54). However, the interac-
tions between Fos and Jun family proteins are heavily
dependent upon the amounts of the different proteins
produced and the potential partners available (51, 55, 56).
The situation in vivo is more nebulous. The general thought
is that chronic AP-1 complexes induced in the brain contain
∆FosB plus JunD predominantly, with a small amount of
JunB but not c-Jun (23, 30-33, 46). However, the experi-
ments supporting this notion have been technically limited.
Interactions between∆FosB and Jun family proteins have
been studied with gel-shift assays of brain lysates probed
with antibodies directed against various Fos and Jun family
proteins. The results have not been straightforward to
interpret, because anti-JunD antibodies in many studies only
partially shifted or disrupted the chronic AP-1 complex or
created novel species (23, 30-33, 42, 46). This is very
different compared to results with anti-∆FosB antibodies or

FIGURE 4: Sedimentation equilibrium analysis of N(His)6∆FosB. Sedimentation equilibrium at 8000 rpm (shown in blue), 15 000 rpm
(shown in green) and 25 000 rpm (shown in red) for N(His)6∆FosB samples at monomeric concentrations of 17.3, 34.6, and 55.4µM
(measured at 280 nm) and 0.6, 1, and 2µM (measured at 230 nm). The 0.6µM sample is not shown because of the low signal-to-noise.
The experimental data points are shown as dots, and the calculated fits are shown as lines. Data were processed assuming that N(His)6∆FosB
is a dimer withMw 52 886 Da (top panel). Data were also processed assuming that N(His)6∆FosB is a monomer withMw 26 443 Da
(bottom panel). Residual plots indicate the fit of the data to a given molecular weight. Very good fits are found in the top panel, indicating
a correct assumption of the molecular weight; poor fits are found in the bottom panel and indicate an incorrect molecular-weight assump-
tion.

Table 3: Double-Stranded DNA Oligonucleotides Used (AP1 Site Shown in Bold and Underlined)

oligo sequence 5′-3′ stimulus reference

CDK5 CGTCGGTGACTCA AAACAC ECS, bitransgenic mice 8, 19
MET TCGACGTGACTCA GCGCGC ECS, cocaine 29
GluR2 GACCCAGTGACTAA GGCAA bitransgenic mice 20
SCR GTATGCGATACGTCTTTCG
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studies of fosB knockout mice, which completely abolish
the chronic AP-1 binding activity (23, 30, 31, 57). One
possible explanation has been the lack of suitable anti-Jun
antibodies. Other potential complications could be that
chronic AP-1 complexes contain different components
depending upon the radiolabeled oligonucleotides used to
visualize the complex or the stimuli used to induce the
chronic complex. Potentially more perplexing than the lack
of a clear biochemically detectable interaction partner for
∆FosB is the finding that cells accumulating∆FosB protein
in response to chronic stimulation do not demonstrate
significant levels of c-Jun or JunB mRNA or their encoded
proteins (58, 59), while JunD is constitutively expressed at
relatively low levels and is not induced by acute or chronic
stimulation (23, 32, 33, 60). Our results suggest a hitherto
unexplored possibility, namely, that∆FosB forms ho-
modimers in vivo upon attaining a threshold level of
accumulation.

While this is the first study characterizing∆FosB bio-
chemically, there are some precedents for∆FosB ho-
modimerization being a legitimate possibility. Hallmark
studies investigating the partner preference of peptides
containing the c-Fos and c-Jun leucine zipper showed that,
while c-Fos and c-Jun leucine zippers preferentially het-
erodimerize, homodimers of the c-Fos leucine zipper form
at concentrations greater than 40µM (61). The preferential
formation of Fos/Jun heterodimers and Jun homodimers over
Fos homodimers in vitro has been extended to other family
members as well (62). However, the situation may be very
different in vivo, where each cell type expresses a complex
spectrum of bZIP proteins (including Fos, Jun, Maf, ATF,
and CREB families) and, in addition to their partnering

selectivity, their nuclear concentration and the presence of
stabilizing co-activators ultimately dictate which components
integrate into multiprotein transcription regulatory complexes
(55, 56). Hence, it is conceivable that the accumulation of
∆FosB to pathological levels in the subset of stimulated
neurons could enable homodimer formation, a phenomenon
that may not be observed under normal conditions.

The gel-shift and binding assays using fluorescence
anisotropy show that∆FosB can bind DNA in the absence
of any Jun partner with roughly 100 nM affinity. Binding is
specific based on competition with 10-fold unlabeled specific
oligonucleotides but not a scrambled oligonucleotide. Earlier
in vitro translation studies of various Fos and Jun partners,
followed by gel-shift assays, have shown that∆FosB (like
FosB), in combination with JunB, c-Jun, or JunD, readily
binds radiolabeled oligonucleotides containing an AP-1 site

FIGURE 5: DNA-binding properties of N(His)6∆FosB. N(His)6∆FosB
was incubated with four different double-stranded DNA oligos and
analyzed with EMSAs. Shown are (a) MET AP-1, (b) CDK5 AP-
1, (c) GluR2 AP-1, and (d) SCR. Fixed concentrations of DIG-
labeled double-stranded oligo (50 nM) were incubated with
increasing amounts of N(His)6∆FosB assuming a dimer (0, 26.3,
52.5, 78.8, 105, 131.3, 157.5, 210, 262.5, and 315 nM) and run on
a native 6% acrylamide gel, and the chemiluminescent signal was
detected as described in the Materials and Methods. Each sample
contains 1 pmol of DIG-labeled oligo but varying amounts of
protein (calculated as a dimer), namely, lane 1, no protein; lane 2,
0.5 pmol; lane 3, 1.1 pmol; lane 4, 1.6 pmol; lane 5, 2.1 pmol;
lane 6, 2.6 pmol; lane 7, 3.2 pmol; lane 8, 4.2 pmol; lane 9, 5.3
pmol; and lane 10, 6.3 pmol. Bands indicating free oligo and
complexed oligo are indicated.

FIGURE 6: Specificity of DNA binding to N(His)6∆FosB. Three
different protein/DNA complexes were formed by incubating 210
nM N(His)6∆FosB (dimer concentration) with 50 nM DIG-labeled
oligo as described in the Materials and Methods. (a) CDK5 AP-1,
(b) GluR2 AP-1, and (c) MET AP-1. Free specific oligo is shown
in lane 1, and the protein/DNA complex is shown in lane 2.
Competition was carried out by incubating the protein/DNA
complexes with 10-, 50-, 200-, and 500-fold excess of unlabeled
specific oligo (lanes 3-6) or an aspecific scrambled oligo SCR
(lanes 7-10) to yield end-competitor concentrations of 500 nM
(lanes 3 and 7), 2.5µM (lanes 4 and 8), 10µM (lanes 5 and 9), or
25 µM (lane 6 and 10), respectively. Samples were subsequently
run on a native 6% acrylamide gel, and the chemiluminescent signal
was detected as described in the Materials and Methods. Each
sample contains 1 pmol of DIG-labeled oligo (lanes 1-10), 4.2
pmol of N(His)6∆FosB dimer (lanes 2-10), and different amounts
of unlabeled specific or unspecific (SCR) competing oligo. Lane
3, 10 pmol of specific oligo; lane 4, 50 pmol of specific oligo;
lane 5, 200 pmol of specific oligo; lane 6, 500 pmol of specific
oligo; lane 7, 10 pmol of SCR oligo; lane 8, 50 pmol of SCR oligo;
lane 9, 200 pmol of SCR oligo; and lane 10, 500 pmol of SCR
oligo. Bands indicating free oligo and complexed oligo are
indicated. Samples in part a originate from one blot but have been
rearranged graphically to match the sample order of parts b and c,
facilitating interpretation.
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(51, 52). In these studies, DNA binding by∆FosB or FosB
alone was not observed, although under these conditions,
Jun family proteins do not bind DNA alone either. It is well-
established that Jun family proteins bind DNA as ho-
modimers at low nanomolar concentrations. Heterodimer-
ization with Fos family proteins increases the binding affinity
for AP-1 sites approximately 10-fold, although heterodimers
appear to have less transcriptional activity (51, 63). Our
results indicate that∆FosB homodimers have a preference
for certain AP-1 sites containing oligonucleotides (Figures
6 and 7), which demonstrates that the 7 nucleotide AP-1
consensus sequence alone is not sufficient to explain binding
specificity, an observation previously made for AP-1 com-
plexes induced by various stimuli in vivo (18, 29, 59) and
generated by Fos/Jun and Jun complexes in vitro (64).
Interestingly, the binding of∆FosB to DNA appears
cooperative (Figure 7), which suggests that DNA-binding
and dimerization potentials may be unleashed at similar
concentrations of∆FosB and that the actual levels to which
∆FosB accumulates in response to chronic stimuli in the
nucleus are important.

The ability of ∆FosB homodimers to bind DNA in vitro
and therefore potentially in vivo as well has consequences
for understanding how∆FosB regulates gene expression.
Studies to date have demonstrated that∆FosB can serve as
a transcriptional repressor and activator both in vitro and in
vivo (8, 9, 18, 51-53). This work has suggested that the
transcriptional effects of∆FosB depend upon several factors,
including the particular gene involved, the Jun partners
present, the relative amounts of∆FosB and its potential
binding partners, and the cell type in question. Inducible
overexpression of∆FosB in bitransgenic adult mice have

shown that, at lower expression levels,∆FosB functions
predominantly as a transcriptional repressor, while at higher
levels, it functions predominantly as a transcriptional activa-
tor when its primary behavioral effects become manifest (9).
Our results raise the possibility that, as∆FosB levels
accumulate in the brain in response to chronic stimulation,
they may pass a threshold at which homodimerization occurs
in the cell, forming a unique transcription factor that mediates
long-term neural and behavioral plasticity. If so, this
discovery could have important implications in exploiting
∆FosB in the development of new treatments for psychiatric
and neurological diseases.
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