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Enrichment of nicotinic acetylcholine receptors (nAChR) on the tip of the subjunctional folds of the
postsynaptic membrane is a central event in the development of the vertebrate neuromuscular junction. This
is attained, in part, through a selective transcription in the subsynaptic nuclei, and it has recently been shown
that the GA binding protein (GABP) plays an important role in this compartmentalized expression. The neural
factor heregulin (HRG) activates nAChR transcription in cultured cells by stimulating a signaling cascade of
protein kinases. Hence, it is speculated that GABP becomes activated by phosphorylation, but the mechanism
has remained elusive. To fully understand the consequences of GABP phosphorylation, we examined the effect
of heregulin-elicited GABP phosphorylation on cellular localization, DNA binding, transcription, and mobility.
We demonstrate that HRG-elicited phosphorylation dramatically changes the transcriptional activity and
mobility of GABP. While phosphorylation of GABP(3 seems to be dispensable for these changes, phosphory-
lation of GABP« is crucial. Using fluorescence resonance energy transfer, we furthermore showed that
phosphorylation of threonine 280 in GABP« triggers reorganizations of the quaternary structure of GABP.
Taken together, these results support a model in which phosphorylation-elicited structural changes of GABP

enable engagement in certain interactions leading to transcriptional activation.

The neuromuscular junction (NMJ) is a specialized struc-
ture involved in communication between the motor neurons
and skeletal muscle cells. As the NMJ forms, signals from the
motor nerve terminal initiate a complex sequence of processes
in the myonuclei, which result in the accumulation of a specific
set of gene products in the postsynaptic membrane, such as the
nicotinic acetylcholine receptors (nAChR), acetylcholine es-
terase, and utrophin (13, 44). However, in the absence of
innervation, the muscle seems to be somewhat prepatterned
(31, 60).

The present models for postsynaptic differentiation suggest
that at least three different mechanisms operate in the
polynucleated muscle cell. On the one hand, nerve-evoked
electrical activity represses transcription of synaptic genes in
extrasynaptic nuclei but on the other hand, several mechanisms
may possibly contribute to the increased local concentration of
nAChR at the NMJ. Two nerve-derived signaling molecules
enhance both transcriptional and posttranslational mecha-
nisms that govern clustering and targeting of the synaptic pro-
teins directly underneath the motor nerve: (i) agrin released
from the motor nerve terminal into the basal lamina of the
synaptic cleft stimulates redistribution of previously unlocal-
ized cell surface nAChR to the postsynaptic membrane do-
main (for reviews, see references 22 and 42), and (ii) another
neurotrophic factor selectively augments transcription of
nAChR genes in the subsynaptic nuclei (for reviews, see ref-
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erences 44 and 47). At present, the most likely candidate for
the latter activity is the so-called acetylcholine receptor-induc-
ing activity, also known as heregulin § (HRG) or neuregulin 1
(10, 25, 43).

Given that HRG plays a fundamental role in driving synaptic
expression for a defined set of genes, the HRG receptor and its
localization were examined. It was demonstrated that HRG
binds to various dimers of the ErbB family and that these
receptors are concentrated at the NMJ of innervated muscles
(3, 25). Furthermore, stimulation of ErbB receptors by HRG
leads to the activation of the mitogen-activated protein (MAP)
kinases, Erk and Jnk, which suggested that substrates of MAP
kinases play a pivotal role in regulating nAChR gene expres-
sion in the subsynaptic nuclei (2, 51, 55).

Using a systematic mutagenesis approach, efforts in our lab-
oratory led to the identification of the minimal motif, the N
box, required for the HRG-stimulated synaptic expression of
the nAChR3 and -€ subunit genes (15, 28). Interestingly, fur-
ther studies have shown that the N box is also essential for
HRG-elicited transcription of the utrophin and acetylcholine
esterase genes (7, 20, 26), suggesting that the N box is a general
promoter element directing synaptic expression. Alternative,
N-box-independent mechanisms, which regulate the expres-
sion of other synaptic genes, exist in parallel (11). Yet, the N
box remains a critical element in targeting transcription of
several key synaptic genes to the subjunctional domain.

Using N-box-containing oligonucleotides as bait, the factor
that binds the N box was identified as an Ets-related transcrip-
tion factor, the so-called GA binding protein (GABP) (18, 48).
GABP is a heteromeric DNA binding protein composed of an
a subunit and a B subunit (29). The « subunit is a member of
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the Ets family of transcription factors and harbors the DNA-
binding elements of the complex (56). The B subunit contains
a number of ankyrin motifs that mediate the highly specific
dimerization to GABPa (4, 56). GABPB does not contain
DNA-binding activity but dramatically enhances the DNA-
binding capacity of GABPa and contains the nuclear localiza-
tion signal that translocates GABPa to the nucleus (45). Fur-
thermore, whereas the « subunit is unable to stimulate
transcription by itself, the C-terminal part of GABPB is re-
quired for GABP-dependent transcriptional activation (45,
46). In solution, GABP exists exclusively as an a8 dimer, but
upon binding to DNA with two Ets-binding sites, GABP forms
an «a2B2 heterotetramer (8). Tetramerization depends on a
C-terminal leucine zipper-like domain (12, 45, 46). However,
the mechanism and the significance of GABP tetramer assem-
bly are still not clear, even though it seems to be important for
the transactivation activity of GABP.

GABP becomes phosphorylated following HRG treatment
of cells in culture (48). As observed with other Ets factors, in
vitro studies have demonstrated that both subunits of GABP
can be phosphorylated directly by MAP kinases (16, 17, 57).
Threonine at position 280 of GABP« as well as serine 170 and
threonine 180 of GABPB were identified as the major phos-
phorylation sites in vitro and in vivo (17). Since the transcrip-
tional activities of other Ets factors have been shown to be
augmented by phosphorylation (34, 57), it has been speculated
that the transcriptional activity of GABP is also increased by
HRG-elicited phosphorylation. However, the consequences of
GABP phosphorylation in transcriptional initiation have re-
mained speculative, and the mechanism whereby phosphory-
lation would mediate transcriptional activation of GABP has
remained unresolved. In fact, the mechanism whereby phos-
phorylation results in protein activation has been elucidated
for only a few proteins (30, 53), but it is likely that phosphor-
ylation mediates protein activation through conformational al-
losteric changes within the tertiary and quaternary structures
of the protein.

In this study, we have addressed the role of HRG-elicited
phosphorylation for the competence of the transcription factor
GABP in localization, transcription, DNA binding, and mobil-
ity. Furthermore, we explored the intramolecular organization
of phosphorylated and nonphosphorylated GABP. We find
that phosphorylation of threonine 280 of GABPa has major
impact on the transcriptional competence and the intramolec-
ular structure of GABP, as well as on the mobility of the
complex in the nucleus. These data suggest that phosphoryla-
tion stabilizes a protein conformation that renders GABP com-
petent as a transcriptional activator as part of a larger complex.

MATERIALS AND METHODS

Cell lines and transient-transfection assays. C2C12 cells were routinely grown
in high-glucose Dulbecco’s modified Eagle’s medium (Gibco-BRL) with 20%
fetal bovine serum (Gibco-BRL) and antibiotics. For transfection experiments,
2.5 X 10° C2CI12 cells were plated on 35-mm-diameter dishes coated with
collagen (Becton Dickinson). The following day, the cultures were transfected by
using the Lipofectamine plus kit (Invitrogen) according to the manufacturer’s
recommendations. The cells were induced to differentiate into myotubes by
replacing fetal bovine serum with 5% horse serum for 2 days. For the experi-
ments with HRG (Euromedex), cells were treated with 2.5 nM HRG in differ-
entiation medium for the indicated times starting at day 4 after seeding.
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Treatments with PD98,059 (PD) (Sigma) were initiated at the indicated times
before HRG addition at 5 nM.

Plasmid construction and oligonucleotides. The oligonucleotides used in this
study were all purchased from Eurogentec, Seraing, Belgium. GABP« and -B
constructs were inserted in frame into the pE(C/Y/G)FP-N1 or -Cl1 vector
(Invitrogen) by PCR amplification. All inserted segments were verified by se-
quencing (Genome Express). To generate site-specific mutants of GABPa and
-B, standard procedures for Quickchange (Stratagene) were followed as recom-
mended by the vendor. GABPa(T280A) denotes a site-specific mutant in which
the threonine at position 280 of GABPa was replaced by an alanine.
GABPB(S170A-T180A) denotes a mutant in which serine 170 and threonine 180
were replaced by alanines. All plasmid DNA was prepared by using Qiagen kits.
To verify the expression of the expected proteins, their molecular weights were
validated in conventional Western blotting.

Luciferase and -galactosidase assays. C2C12 cells were cotransfected with
wild-type or mutant GABP together with a luciferase reporter plasmid regulated
by a 2,200-bp fragment of the nAChRe promoter (48). To normalize for trans-
fection efficiency, the pSG5-BGal plasmid was included and the resulting B-ga-
lactosidase activity was monitored. In brief, the cells were collected by trypsina-
tion at day 4 to 6 after induction of differentiation and divided into two aliquots.
Luciferase activity and B-galactosidase expression were then measured by pre-
viously published procedures (48). Treatments with HRG (Euromedex) were
initiated 48 h before trypsination.

Cell extracts and antibodies. Lysates from cultured C2C12 myotubes were
obtained as described previously (2). HRG-treated cells were lysed 15 min after
addition of 2.5 nM HRG. Fluorescence-tagged GABPa and/or -B was detected
in Western blotting with JL-8 mouse monoclonal antibodies (Clontech). Actin
was detected with I-19 goat polyclonal antibodies (Santa Cruz) and served as an
internal control for equal protein loading.

Electrophoretic mobility shift assays (EMSAs). All procedures were per-
formed according to previously published protocols (48). In brief, approximately
2 ng of labeled probe was incubated for 30 min with cell lysate (30 pg) at room
temperature before separation by 5% nondenaturing polyacrylamide gel elec-
trophoresis. The resulting bands were visualized and quantitated by phospho-
rimager analysis (Molecular Dynamics) after the gel had been dried.

Insoluble-protein fractionation and protein extraction. Insoluble proteins
were isolated according to the protocol of Miura and Sasaki (37). In brief, 15 min
after initiation of HRG incubation, treated and mock-treated C2C12 cells were
lysed on ice in buffer I (10 mM Tris-HCI [pH 7.2], 2.5 mM MgCl,, 0.5% NP-40,
1 mM phenylmethylsulfonyl fluoride). The cell lysates were centrifuged at 735 X
g (Eppendorf 5415C centrifuge), and the soluble proteins (supernatant) were
removed. The pellet containing the detergent-insoluble protein fraction (IPF)
was lysed in buffer IT (20 mM Na,H,PO,, pH 8.0, 0.5 M NaCl, 1 mM EDTA, 5
mM MgCl,, 0.75% Triton X-100, 10% glycerol, 1 mM phenylmethylsulfonyl
fluoride). The proteins were recovered by centrifugation at 11,750 X g. The
obtained protein samples were sonicated, and the protein concentration was
determined with a Bradford protein assay kit (Bio-Rad). Aliquots of 25 pg of IPF
were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(4 to 15% polyacrylamide) (Bio-Rad), transferred onto nitrocellulose membrane
(Amersham Pharmacia Biotech), and analyzed by standard Western blotting.

FRAP. Imaging and measurements of fluorescence recovery after photo-
bleaching (FRAP) were done with a Zeiss LSM 510 inverted confocal laser
scanning microscope. The temperature in the culture chamber was kept at 37°C
by using a heated cell chamber (Biotechs Inc.). Individual images were taken at
0.3-s intervals before (n = 5) and after (n = 120) bleaching of a circular area at
90% of the maximal laser capacity of the system with five iterations. Imaging
scans (512 X 512 pixels) were recorded at 0.1% of the bleaching laser power. For
quantitative analysis of FRAP, the fluorescence intensities of the bleached re-
gion, the entire cell, and the background were measured at each time point. The
relative fluorescence intensity was calculated as previously described (40).

The computer software Prism (Graphpad Software Inc.) was used for nonlin-
ear regression analysis. Kinetic modeling was performed as previously described
(9). Briefly, kinetic models assuming the coexistence of one, two, or three indi-
vidual enzyme fractions with different mobilities were tested. In all cases, best fits
(according to * values and F test significance) were obtained by assuming the
coexistence of two enzyme fractions with different mobilities. Values of maximal
recovery derived from nonlinear regression were used to calculate the proportion
of the two enzyme fractions with different mobility.

FRAP of GABP in HRG-treated C2C12 cells was measured between 10 and
30 min after HRG addition. PD was added 4 h prior to FRAP determination.

FRET microscopy (acceptor photobleaching FRET). Fluorescent images were
captured with a Zeiss Axiovert fluorescence microscope that was fitted with a
Sensicam charge-coupled device camera (12 bit) and controlled by the MetaVue



8010 SUNESEN ET AL.

MoL. CELL. BIOL.

A Phosphorylation site
1 Tog0 318 399 454
[eerp |-/~ B : |-~/ [ EcFP |
s ETS Domain § binding
DNA binding
GABPa: 274ASVPPATPTTIKVINS g4
GABPo(T280A): 74ASVPPAAPTTIKVINS g4
1 T2po0 318 399
GABP(A399): |
ETS Domain
DNA binding
B Phosphorylation sites
1 130 S0 Tigo 334 383
Notch domain T L-Zipper
a binding T Trn-Activation
Tt homodimer

1
1
1
1
1
[}
1
1
1
1
[}
1

GABP:

GABPB(S170A-T180A):

1 130

163QINTNPESPDTVTIHAATPQFIIG,

163QINTNPEAPDTVTI HAAAPQFI |q 86
31170 T1lso

330

GABPB(A330):

FIG. 1. Schematic presentation of the fluorescently tagged GABP subunits o and B. (A) GABPa contains a threonine phosphorylation site at
amino acid 280, which is replaced with an alanine in GABP«a(T280A). Introduction of a stop codon after position 399 deletes the dimerization
domain in the GABP«(A399) protein. The fluorescent tag is positioned either N or C terminally. (B) By using site-directed mutagenesis, two
putative phosphorylation sites of GABP are replaced with alanines [GABPB(S170A-T180A)]. GABPB(A330) contains a truncation mutation at
amino acid 330 that deletes the homodimerization domain. The fluorescent tag is positioned either N or C terminally.

software package (Universal Imaging Corporation). The temperature in the
culture dish was kept at 37°C by using a heated cell chamber (Biotechs Inc.). For
fluorescence resonance energy transfer (FRET) microscopy, images were taken
with the donor filter set for cyan fluorescent protein (CFP) (excitation, 440 nm;
dichroic mirror, 455 nm; emission, 480 nm) (Chroma), and a FRET filter set
(XF88; Omega Opticals) with excitation of the donor (at 440 nm), a 455-nm
dichroic mirror, and an emission filter for the acceptor (at 535 nm). Images
mapping FRET between GABPa and -8 subunits were analyzed with the NIH
Image J software and calculated as the increase in donor (enhanced CFP
[ECFP]) fluorescence intensity (/) after photobleaching of the acceptor (en-
hanced yellow fluorescent protein [EYFP]) fluorophore. After subtraction of
background fluorescence, the FRET (dequenching) efficiency (E) for the region
of interest is expressed by E (%) X 100 = [(Iecrpposivicach ~ TECFPprebleach)/
Tecpppostbleach]- Photobleaching was performed with maximal output from a
100-W mercury lamp and the EYFP filter set (500 nm) for 5 min, where the
ECFP bleaches minimally but EYFP bleaches more than 95%. Samples changing
shape or position during the bleach time were disregarded.

Treatment with PD was initiated 4 h prior to acquisition of FRET images,
which was followed by a 1-h intermediate wash period before HRG stimulation.

RESULTS

We have previously found that the level of GABP phosphor-
ylation increases approximately twofold upon HRG treatment

of skeletal muscle cells in culture (48). Following these obser-
vations, the major phosphorylation sites of GABPa and -3
were identified as threonine 280 on the a subunit and serine
170 and threonine 180 on the B subunit (17). To determine the
functional properties of the phosphorylation sites of GABP, we
constructed a series of site-specific mutants of both GABP«
and GABPR cloned into vectors encoding a fluorescent tag,
either N terminally or C terminally (Fig. 1).

Localization of fluorescently tagged GABP in C2C12 cells.
As seen in Fig. 2, the presence of the fluorescent tag does not
disturb the localization properties of the GABP subunits. In
agreement with previously reported observations obtained by
others using immunocytochemical staining (6, 45), we noticed
that in living cells, GABPa« is not able to direct nuclear local-
ization efficiently when transfected alone (Fig. 2A). In contrast,
when GABPR is transfected alone it localizes exclusively in the
nucleus (Fig. 2B), and when it is cotransfected with GABPaq, it
is able to efficiently transport GABP« to the nucleus (Fig. 2C).
Interestingly, with the fluorescently tagged proteins, it is clear
that the GABPap complex is diffusely distributed in the nu-
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FIG. 2. Localization of ECFP- or EYFP-tagged GABP subunits in living C2C12 myotubes. Epifluorescence microscope images were taken with
the filter set given by the color in the panel. Images were taken 4 to 6 days after induction of differentiation. C2C12 myoblasts were transfected
with GABPa-N1-ECFP (A) or GABPB-C1-EYFP (B) or cotransfected with GABPa-N1-ECFP and GABPB-C1-EYFP (ECFP filter set) (C),
GABP«(T280A)-N1-EYFP and GABPB-C1-ECFP (EYFP filter set) (D), GABPa-N1-EYFP and GABPB(S170A-T180A)-C1-ECFP (ECFP filter
set) (E), or GABPa(A399)-N1-EYFP and GABPB-C1-ECFP (EYFP filter set) (F).

cleus, with evidence of some localized accumulations. How-
ever, GABP is systematically excluded from the nucleoli.

Furthermore, a site-specific mutation in the phosphorylation
site, which substitutes an alanine for an threonine
[GABPx(T280A)], does not alter the localization properties of
the GABP complex (Fig. 2D). Similarly, the double mutation
of the phosphorylation sites of GABPB [GABPB(S170A-
T180A)] did not affect nuclear localization of the GABP com-
plex (Fig. 2E).

Two C-terminal truncation mutants, GABPa(A399) and
GABPB(A330), have previously been shown to behave as dom-
inant negative mutants of transcriptional activation (45, 48,
56). GABPa(A399) contains a deletion of the C-terminal
dimerization domain, and when cotransfected with wild-type
GABPR, it was no longer transported efficiently to the nucleus
and was again detected in the cytoplasm (Fig. 2F). In contrast,
a deletion of the homodimerization domain of GABPR
[GABPB(A330)] did not affect its nuclear localization or ability
to transport GABPa to the nucleus (data not shown).

We also examined the in vitro localization pattern of GABP
upon HRGe-elicited phosphorylation, but we were not able to
detect any significant changes for any of our constructs (data
not shown).

These results present for the first time the localization of the
GABP subunits in living cells. We demonstrate that neither
HRG-elicited phosphorylation nor the phosphorylation sites
are important for proper localization of the GABP complex in
the nucleus and, very importantly, that the fluorescent tag does
not disturb the localization properties of the individual GABP
subunits.

HRG-elicited transcriptional activation of the nAChRe pro-
moter. It has been speculated that the observed GABP phos-
phorylation following HRG treatment of cells in culture might
stimulate the transcriptional activity of GABP (17, 18, 20, 26,
48). We thus sought to investigate this question directly in a
luciferase-based reporter system. For this purpose, a reporter
construct harboring the mouse nAChRe promoter was placed
upstream of the luciferase gene (14) and cotransfected with the
different GABP subunits. As seen in Fig. 3, quantifications of
the luciferase activities revealed that cotransfections of the
GABPa and - wild-type subunits cause a ~2.5-fold increase
in luciferase activity after HRG treatment, whereas the point
mutation in GABPa(T280A) dramatically hampers the HRG-
induced augmentation of luciferase activity (~0.7-fold induc-
tion). Also, we found that HRG treatment of the
GABPB(S170A-T180A) mutant did not have any significant
impact on the luciferase activity. When GABPa(T280A) was
cotransfected with GABPB(S170A-T180A), the luciferase ac-
tivity level was comparable to that obtained with
GABP«(T280A). This indicates that phosphorylation of
GABPg in transcriptional activation is dispensable. As previ-
ously observed (48), the GABPB dominant negative mutant
caused only a very modest activation of luciferase expression
(Fig. 3).

We and others have previously found that GABP is a sub-
strate for MAP kinase phosphorylation in vitro (17, 48). When
we added PD (an inhibitor of MEK and downstream kinases
[55]) 30 min prior to HRG addition, we found that the HRG-
elicited luciferase induction by GABPa3 was greatly reduced
[~0.75-fold induction, which is comparable to the induction
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FIG. 3. nAChRe promoter-driven luciferase reporter gene activa-
tion. C2C12 cells were cotransfected with the indicated alleles of
GABPa and -8 and a luciferase gene controlled by a 2,200-bp frag-
ment of the mouse nAChRe promoter, which harbors the N-box re-
sponse element. HRG was added when myoblasts were in the middle
of differentiating into myotubes. PD was added 30 min prior to HRG.
Measurements of luciferase activity were performed 48 h after addi-
tion of HRG. The results are presented as the average ratio of lucif-
erase activities from HRG-treated and nontreated cells (corrected for
transfection efficiency) for =3 independent experiments done in trip-
licate. The error bars correspond to the standard errors of the means.

obtained with GABPa(T280A)B]. This observation directly
demonstrates that MAP kinases also play a fundamental role
in vitro in activating the GABP complex by phosphorylation.

Importantly, these data reveal that the fluorescent tag does
not interfere with the functional activity of GABP, which main-
tains its ability to be activated by HRG treatment. Collectively,
these results establish that MAP kinase phosphorylation of the
T280 residue of GABPa is essential for HRG-elicited stimu-
lation of nAChRe promoter-driven luciferase expression,
whereas the phosphorylation of GABPR seems to be less piv-
otal for transcriptional activation.

DNA binding by GABP is not changed by phosphorylation.
In order to understand the mechanisms leading towards higher
expression of the nAChRe promoter-driven reporter gene af-
ter stimulation with HRG, we next tested the possibility that
higher expression was reached through higher DNA-binding
capabilities of phosphorylated GABP. We thus examined the
ability of wild-type and mutant GABPs to bind to a DNA
duplex containing three consecutive N boxes in EMSAs with
whole-cell lysates of transfected C2C12 cells. As illustrated in
Fig. 4A, no significant differences in the DNA-binding capac-
ities were detected whether the cells were stimulated with
HRG or not (compare lanes 1 to 3 with lanes 4 to 6). Thus,
phosphorylation of GABP does not influence the DNA-bind-
ing properties of the complex. Equal loading (30 ng) was
verified by Western blotting with antibodies against the fluo-
rescent tag (data not shown).

Since the EMSAs described above were done with naked
oligoduplex DNA, we wanted to eliminate the possibility that
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FIG. 4. DNA-binding properties of GABP in EMSA and protein
fractionation. (A) EMSA comparison of the DNA-binding efficiencies
of GABP wild-type and mutant proteins. C2C12 myotubes transfected
with GABPaf (lanes 1 and 4), GABP«a(T280A)B (lanes 2 and 5), or
GABPaB(S170A-T180A) (lanes 3 and 6) were mock treated (—) or
treated (+) with HRG 15 min prior to preparation of lysates. C2C12
lysates (30 pg/lane) were incubated with *?P-labeled N-box-containing
oligoduplex DNA for 30 min at room temperature. (B) C2C12 myo-
tubes transfected with GABPB-ECFP were either not treated (lane 1)
or treated (lanes 2 and 3) with HRG for 15 min before preparation of
the IPFs. Twenty-five micrograms of IPF was analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (4 to 15% poly-
acrylamide), blotted onto a polyvinylidene difluoride membrane, and
reacted with anti-EGFP (JL-8).

different DNA-binding capacities of phosphorylated or non-
phosphorylated GABP could be found on endogenous DNA.
In order to quantify the portion of GABP that is bound to
endogenous DNA in the cells, we made a simple extraction of
insoluble proteins and analyzed this fraction by Western blot-
ting. This method has previously been utilized to demonstrate
the soluble-nonsoluble distribution of other DNA-metaboliz-
ing factors (37). Due to the fact that GABP« has some intrinsic
DNA-binding affinity on its own (26, 54), we would like to
exclude this nonfunctional monomer fraction and exclusively
expose the functional GABP tetrameric complexes residing in
the IPF. Hence, we transfected C2C12 cells with nontagged
GABPa and fluorescent-tagged GABPB. As seen in Fig. 4B,
we were not able to identify any differences in the quantity of
GABPB detectable in the IPF from HRG-treated or non-
treated C2C12 cells.

These data solidly confirm and expand our and previously
presented EMSA data (18), showing that the phosphorylation
state of GABP is not an important parameter for the DNA-
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FIG. 5. FRAP analysis of the mobilities of GABP proteins upon HRG stimulation. (A) C2C12 myotubes expressing EGFP-GABPa and
nontagged GABPR were bleached at 2.2 s in the region indicated by the arrow. Images were taken before bleaching and after bleaching with an
interval of 0.3-s. Only selected images from the recovery period are shown. (B) FRAP analysis of living cells expressing GABPB, GABPaf, and
GABPa(T280A)B either mock treated or treated with HRG. (C) FRAP analysis of living cells expressing GABPaf either mock treated, treated
with HRG, or treated with HRG in the presence of PD. Quantitative data of fluorescence recovery kinetics are plotted. Fluorescence intensities
in the bleached region were measured and expressed as the relative recovery over time after the bleach pulse. The relative intensity is shown as
the average from =3 independent experiments with =6 individual cells per experiment. Standard deviations were in each case less than 5% of the
average value (not shown).
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TABLE 1. Nonlinear regression of FRAP data

Slow population Fast population

. % of total
Protein (treatment) population f2 () L % of total
(mean + (Igg\r/l[)’ population f2 )
SEM)
GABPB (none) 154+13 346=*03 849=*=13 0.37=x0.01
GABPB (HRG) 193+19 396=*x04 81.3*=20 047 =0.02
GABPaf (none) 279*19 459*04 70.7*2.0 0.55=0.03
GABPap (HRG) 33.6x1.1 7.12x04 646=*=13 0.72=x0.03
GABPaf (PD + 21.1 1.7 554+0.7 76.0x18 0.45=0.03
HRG)
GABPa(T280A)B 26514 498+04 726=*15 047 =*0.02
(none)
GABPa(T280A)B 259 1.7 6.01x0.6 755%=19 0.66=*0.03
(HRG)

binding activity of the complex to naked or endogenous DNA
sequences.

HRG stimulation causes GABPa T280-dependent mobility
changes. Knowing that the DNA-binding properties of GABP
remain unchanged upon HRG treatment, we became inter-
ested in investigating whether the HRG-elicited transcriptional
activation is attained through the formation of interactions of
phosphorylated GABP and other cellular complexes. Since the
formation of larger complexes or the transient interaction with
less mobile cellular components, such as chromatin, will result
in a decrease in the mobility of GABP, we undertook an
examination of the mobility of GABP by using a photobleach-
ing technique called FRAP. In this technique, fluorescent
GABP molecules are irreversibly bleached in a small area of
the nucleus by a high-power laser beam (Fig. 5A, arrow [di-
ameter of bleach spot, ~2 wm]). The subsequent fluorescent
recovery by nonbleached GABP molecules from the surround-
ing areas moving into the bleached region is recorded at low
laser power (Fig. SA) (for reviews, see references 32 and 58).

Since GABPB does not possess any DNA-binding activities
when transfected alone (45), we used it as a mobility control
for the nonbound fraction. In order to minimize the contribu-
tion of GABPa or - monomers to the mobility of the GABP
complex, we exploited the feature of GABPa being trans-
ported to the nucleus only in the presence of GABPB (45).
Therefore, GABPB was tagged only in the experiments ad-
dressing the mobility of GABPB alone; otherwise, enhanced
green fluorescent protein (EGFP)-tagged GABPa was co-
transfected with nontagged GABPB.

It is readily apparent from time-lapse fluorescent images
(Fig. 5A) and quantitative plots of recovery kinetics (Fig. 5B)
that FRAP was fast and complete for all constructs. As evident
in Fig. 5B, the recovery of GABP is significantly faster than
that of GABPaB in untreated cells, which indicates that a
fraction of GABPap interacts with DNA. Interestingly, we find
that the mobility of GABP« is dramatically decreased upon
treatment with HRG (Fig. 5B), whereas GABP is only slightly
retarded in its mobility. Indeed, it is likely that the HRG-
elicited mobility shift of GABPp reflects that a small part of
the fluorescently tagged GABPB interacts with endogenous
GABP. To test whether the HRG-elicited mobility change is
dependent on the GABPa T280 phosphorylation site, we as-
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sessed the mobility of GABPa(T280A) with and without HRG
stimulation (Fig. 5B). Importantly, we were not able to discern
any kinetic difference between nonstimulated wild-type
GABP« and the mutant, whether it was HRG stimulated or
not.

Since we found that the HRG-elicited transcriptional activ-
ity induction of GABP is MAP kinase dependent (Fig. 3), we
tested whether the mobility change of GABP following HRG
treatment was equally dependent. As evident in Fig. 5C, treat-
ment of transfected C2C12 myotubes with the MAP kinase
inhibitor PD completely reverted the fluorescently tagged
GABP to the nonstimulated, more mobile form. Together,
these results demonstrate that the drop in mobility observed
after HRG treatment is dependent on MAP kinase phospho-
rylations, which render the complex more active in N-box-
mediated transcriptional activation. This suggests that the
lower mobility is caused by engagement in transcriptional pro-
cesses on DNA.

Nonlinear regression of the data from Fig. 5B and C indi-
cated with significance (P < 0.0001) that in all cases two dif-
ferent mobility states of the fluorescent enzymes contributed to
the apparent FRAP kinetics (Table 1). A major fraction moved
with fast kinetics, whereas a smaller fraction moved with slow
kinetics. Significantly, we found that the slow population of
wild-type GABPaf was increased from 27.9% * 1.9% to
33.6% = 1.1% after HRG treatment, whereas the slow popu-
lation of GABP«a(T280A)B did not change (from 26.5% =
1.4% to 25.9% = 1.7%). The increase of the slow population
is accompanied by a lower mobility of the wild-type GABP
complex after HRG treatment; the half-time needed for fluo-
rescent recovery in the bleached spot increased from 4.59 = 0.4
to 7.12 = 0.4 s. Also, analysis of the data obtained with the
PD-pretreated cells revealed a pronounced similarity to non-
treated wild-type GABPa.

These data clearly indicate that phosphorylation of T280 in
GABPa renders the complex able to engage in certain activi-
ties on DNA that keeps the complex immobile for longer
periods of time than without HRG-induced phosphorylation.

Efficient FRET is phosphorylation dependent. Besides in-
creasing the negative charge of the protein, it can be hypoth-
esized that phosphorylation-specific alterations of the quater-
nary structure of the GABP complex might prime it for further
protein-protein interactions. One way of monitoring such
structural changes of GABP in living cells is to measure the
changes in energy transfer between the subunits upon phos-
phorylation, the so-called FRET signal (53). This involves the

TABLE 2. Calculated dequenching values after acceptor bleaching
of transiently transfected C2C12 myotubes

% Dequenching (mean = SEM) with the
following GABPB construct:

GABPa construct pEC/YFP-
pEC/YFP-  pEC/YFP-  CI-GABPB
NI-GABPR CL-GABPB  (S170A-
T180A)
pEC/YFP-N1-GABP« 510+ 1.0 11.7x2.1 ND“
pEC/YFP-C1-GABPa 1.52 £0.7 82+x11 93=*x08

pEC/YFP-N1-GAB«(T280A) ND 128+ 03 ND

“ ND, not determined.
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FIG. 6. FRET analysis of the GABP«af heterodimer after acceptor photobleaching. C2C12 cells were transfected with equal amounts of vectors
encoding EYFP- and ECFP-GABP fusion proteins. Images were taken before and after the bleach pulse, using both the CFP and FRET filter sets.
Left panels, after the cells were differentiated into myotubes, representative images (before and after photobleaching) of the following GABP
wild-type and mutant protein combinations were obtained with the ECFP filter set (\ = 480 nm): 1, EYFP-N1-GABP« plus ECFP-C1-GABPB;
2, EYFP-N1-GABP«(T280A) plus ECFP-C1-GABPR; 3, EYFP-N1-GABPa plus ECFP-C1-GABPB(S170A-T180A). Right panel, dequenching
calculated as the increase in fluorescent intensity of the donor fluorophore ECFP after acceptor bleaching. Bars, 1, EYFP-N1-GABP« plus
ECFP-C1-GABPg; 2, EYFP-N1-GABP«(T280A) plus ECFP-C1-GABPg; 3, EYFP-N1-GABPa plus ECFP-C1-GABPB(S170A-T180A). Data are
represented as the averages from =3 independent experiments with =3 individual cells. Error bars correspond to the standard errors of the means.

measurement of transfer of energy from the excited state of a
donor molecule (ECFP) to an appropriate acceptor molecule
(EYFP) (for a review, see reference 32). Experimentally, we
applied the acceptor photobleaching technique to detect
FRET (for a review, see reference 33). In this technique, en-
ergy transfer is measured as an increase in donor fluorescence
(dequenching) upon photobleaching of the acceptor fluoro-
phore (see Materials and Methods), which allows FRET de-
terminations with higher reproducibility (59).

First, we tested the dependence of dequenching on donor
and acceptor positions in the o and  subunits, as summarized
in Table 2. We found that the maximal dequenching (11.7% *
2.1%) was obtained when GABPa was tagged at the C termi-
nus while GABPB was N-terminally tagged. As controls, we
measured FRET of ECFP and EYFP cotransfections (1.02%
+ 0.9%) and from an ECFP-EYFP tandem construct (29.0%
*+ 3.5%), and the results were comparable to those previously
obtained (49).

Next, we examined the consequences of site-directed muta-
tions in GABPa and -B for FRET efficiencies by using the
same experimental setup. As seen in Fig. 6, we found that
ECFP-GABPB emission was dequenched only 1.3% = 0.3%
after complete photobleaching of EYFP-GABP«(T280A),
whereas dequenching of the ECFP-GABPR(S170A-T180A)-
EYFP-GABPa pair reached a level only slightly different from
that obtained with the wild-type subunits. These observations
suggest that the phosphorylation status of GABP is important
for maintaining the correct intermolecular structure of the
GABP complex and that the GABPa(T280) site is important in
this aspect, whereas the putative phosphorylation sites on
GABPp are less critical.

In order to test this directly, we measured the FRET signal
between wild-type GABPa and -B after HRG treatment, but
we were unable to detect any significant augmentation of the
FRET signal at any time point after HRG addition (data not
shown). The phosphorylation level is increased maximally two-
fold upon HRG treatment (48), and this may be below the
detection threshold of our FRET system. On the other hand,
when we applied a stimulation protocol as outlined in Fig. 7A,
we found that preincubation with PD 4 h before FRET deter-
mination led to a significantly reduced dequenching of the
wild-type GABP subunit combination (from 11.9% = 1.7% to
3.4% * 13%) (Fig. 7B). Furthermore, after removing PD
from the medium, we were able to restore the dequenching
levels to near-normal levels with a 15-min HRG treatment
(Fig. 7B). These observations show that the overall phosphor-
ylation level is an important determinant in the intermolecular
folding pattern.

In conclusion, our experiments demonstrate that the phos-
phorylation status of GABP is an important parameter for the
correct quaternary architecture of a complex, which seems to
be apt for interactions governing transcriptional initiation.

DISCUSSION

The N box is a crucial element for the highly compartmen-
talized expression of nAChRS and -€ subunits in subsynaptic
nuclei (15, 28), and the Ets-related transcriptional activator
GABP is required for the restricted expression and for the
HRG-elicited transcriptional activation (18, 48). Furthermore,
the level of GABPa phosphorylation is increased ~2-fold upon
treatment with HRG (48). In this study, we examined the
mechanism of GABP phosphorylation. We found that phos-
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FIG. 7. FRET analysis after phosphorylation modifications. (A) Stimulation protocol. At time zero, PD was added and incubated for 4 h. The
cells were then washed and reincubated in differentiation medium for 1 h. The medium was again changed, and stimulation with HRG was initiated.
(B) In order to determine the impact of phosphorylation on FRET efficiencies, dequenching experiments similar to those presented in Fig. 6 were
performed. Left panel, images obtained before and after acceptor bleaching from C2C12 cells cotransfected with EYFP-N1-GABPa plusECFP-
C1-GABPg before (— PD) or after (+ PD) PD treatment or after medium change and reincubation with HRG (+PD + HRG). Right panel,

dequenching calculations as described in the legend to Fig. 6.

phorylation is crucial for transcriptional activation, that phos-
phorylation significantly changes the mobility of the GABP
complex in the nuclei of living cells, that phosphorylation
causes important intermolecular conformational changes, and
that the threonine 280 phosphorylation site in GABPa is piv-
otal in these activities.

In agreement with previous reports, we show that the GABP
complex is located exclusively in the nucleus (6, 45). However,
our in vitro approach with living C2C12 cells allowed us to
determine that fluorescent GABP is entirely excluded from the
nucleoli.

The results in this study clearly show that the T280A substi-
tution in GABPa dramatically hampers the ability of the pro-
tein to support HRG-elicited transcriptional activation. In fact,
the stimulation is comparable to what is obtained with
GABPR(A330), a dominant negative deletion mutant of
GABPB. On the other hand, a double substitution of phos-
phorylation sites S170 and T180 of GABPB had only minor
significance in our reporter system assay, indicating that T280
of GABPa is the major functional phosphorylation site in
GABP in transcriptional activation in vitro. This finding is a
direct corroboration of the phosphorylation data presented by
Fromm and Burden showing that T280 is the major phosphor-
ylation acceptor site in vitro (17).

Reversible phosphorylation of transcription factors is a ver-
satile way to accomplish short-term regulation of gene expres-
sion (for a review, see reference 23). Phosphorylation of tran-

scription factors has been shown to regulate transcriptional
activity by modulating nuclear and cytoplasmic localization (1,
24), modifying DNA-binding affinity (41, 52), or regulating
protein-protein interactions (19). These possibilities are not
mutually exclusive, and phosphorylation and dephosphoryla-
tion of multiple sites can result in dynamic regulation of a
transcription factor at various levels. Since neither the local-
ization nor the DNA-binding affinity of GABP was altered
upon phosphorylation, we sought to address whether GABP
engaged in complex formation upon HRG treatment by using
the FRAP approach.

Our findings, which demonstrate that the mobility of GABP
is dramatically changed upon phosphorylation, have important
implications for its function in transcriptional activation. Re-
cent FRAP experiments revealed that only a few nuclear com-
ponents can be considered to be immobile, whereas the rest
rapidly diffuse in the nucleoplasm (5, 27, 35, 40). On the other
hand, GABP is by no means freely diffusible, since EGFP
alone, which is thought to be freely diffusible, exhibited recov-
ery rates that were even too high to be detected by our exper-
imental settings. It has been proposed that a decrease in mo-
bility is caused by the interaction with less mobile cellular
constituents; however, the nature of such a constituent (chro-
matin, the cytoskeleton, or a large complex) remains an un-
solved issue (36, 50). Nonlinear regression analysis revealed
that GABP exists in two different mobility states, a fast and a
slow state. Interestingly, after HRG-elicited phosphorylation
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of threonine 280 on GABPaq, an increased portion of the com-
plex was in the slow population. Since the luciferase-based
transcriptional assay demonstrated that phosphorylation of
this residue augments the transcriptional activation of GABP,
we speculate that the fraction exhibiting slow kinetics repre-
sents promoter-bound GABP. Importantly, no immobile
GABP fraction was detected in either the HRG-treated or the
untreated cells. This is consistent with recent mobility studies,
which demonstrated that only RNA polymerase II is tran-
siently immobile, whereas transcriptional activators are in a
more dynamic equilibrium with a rapid on-off rate at their
cognate regulatory elements (for a review, see reference 21).

The mechanism by which phosphorylation of GABPa(T280)
activates the complex in transcription is not known; however,
the present study points out the importance of this site. Using
the FRET approach, we have been able to show that confor-
mational changes between two subunits of a transcription fac-
tor may be responsible for its activation upon phosphorylation.
As such, phosphorylation can be thought of as contributing to
a molecular switch that modifies the transcriptional activity of
GABP for as long as it remains phosphorylated, and in this
context GABPa(T280) seems to be very critical. From the
PD-repressed FRET state, the GABPa(T280)-dependent de-
quenching peaked at ~15 min after HRG stimulation, which
correlates with kinetics obtained for MAP kinase activity after
HRG stimulation of C2C12 cells (17, 51). This report further
supports the notion that GABP is phosphorylated in vitro by
MAP kinases, since we found that the luciferase activity and
the obtained FRET signals were severely hampered by treat-
ment of the cells with the specific MAP kinase inhibitor PD.
However, a minor stimulation of the nAChRe promoter-driven
reporter gene could be observed even in the presence of PD.
We suggest that this background is caused either by a leaky
promoter or by N-box-independent mechanisms (11).

On the basis of our data, we propose a model of GABP
transcriptional activation that involves a phosphorylation-de-
pendent mobility shift of GABP (Fig. 8). Monomers of
GABPa and -B dimerize in the cytoplasm, and as a complex
they are transported into the nucleus. Since it is able to exert
DNA-binding activities, we propose that the heterodimer en-
gages in a scanning mode, where it frequently but only very
transiently associates with the relatively immobile binding sites
in the genomic DNA. Concomitant with DNA binding, a het-
erotetrameric GABPa,, complex is formed, and if this com-
plex becomes phosphorylated, the structural organization is
changed in a manner that allows interactions with certain fac-
tors of the preinitiation complex. In this way, we speculate that
the GABP subunits exist in three cellular modes: a monomeric
cytoplasmic mode, a fast DNA scanning mode, and a slow
transcriptional activation mode (Fig. 8). Ongoing studies are
aimed at clarifying with which factors GABP may be interact-
ing in the transcriptional activation mode.

The importance of N-box-dependent transcription has re-
cently been highlighted by the finding of point mutations in the
N boxes of the nAChRe subunits from patients with a partic-
ular form of congenital myasthenia syndrome (38, 39). The
point mutation was found to decrease the affinity of GABP for
the N box, resulting in lower mRNA and protein levels of the
nAChRe subunit. Thus, failure to activate transcription may
cause an impairment of neuromuscular transmission. A better
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FIG. 8. Speculative model of the mechanism of action of GABP in
transcriptional activation. The subunits of GABP hardly exist as mono-
mers in solution; heterodimers are quickly formed and transported
into the nucleus (54). Once GABPa« interacts with GABP, a high-
affinity DNA-binding complex is formed. Binding to DNA promotes
the formation of a GABP«,, heterotetrameric complex (8), which is
able to scan DNA for N-box sites but not to initiate transcription.
HRG-induced phosphorylation generates structural changes of the
heterotetrameric GABP complex, which allow interaction with other
cellular components of the preinitiation complex (PIC). This will ulti-
mately lead to the assembly of the general transcription factors (GTFs)
around the start site, and RNA polymerase II transcription of an
N-box-containing gene can be initiated. Fast and slow refer to the
mobility of GABP as determined from Fig. 5.

understanding of the mechanisms by which GABP initiates
transcription may provide a novel molecular approach for de-
signing strategies against myasthenic syndromes.
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