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Phosphorylation regulates transcription factor activity by
influencing dimerization, cellular localization, activation
potential, and/or DNA binding. Nevertheless, precisely how
this post-translation modification mediates these processes
is poorly understood. Here, we examined the role of phosphor-
ylation on the DNA-binding properties of MafA and MafB,
closely related transcriptional activators of the basic-leucine
zipper (b-Zip) family associated with cell differentiation and
oncogenesis. Many common phosphorylation sites were identi-
fied by mass spectrometry. However, dephosphorylation only
precluded the detection of MafA dimers and consequently dra-
matically reduced DNA-binding ability. Analysis of MafA/B chi-
meras revealed that sensitivity to the phosphorylation status of
MafA was imparted by sequences spanning the C-terminal
dimerization region (amino acids (aa) 279-359), whereas the
homologous MafB region (aa 257-323) conveyed phosphoryla-
tion-independent DNA binding. Mutational analysis showed
that formation of MafA dimers capable of DNA binding re-
quired phosphorylation within the distinct N-terminal transac-
tivation domain (aa 1-72) and not the C-terminal b-Zip region.
These results demonstrate a novel relationship between the
phosphoamino acid-rich transactivation and b-Zip domains in
controlling MafA DNA-binding activity.

Phosphorylation influences the activity of many transcrip-
tion factors. However, the precise manner by which this post-
translational modification impacts regulation has been defined
mechanistically in only a few cases (1, 2). Here, we have focused
on understanding how phosphorylation affects the DNA-bind-
ing potential of MafA and MafB, whose basic-leucine zipper
(b-Zip)? region defines their dimerization and DNA-binding
properties. There are two subfamilies of mammalian muscu-
loaponeurotic fibrosarcoma (i.e. Maf) proteins, termed large
and small Mafs (3). The small Maf proteins (MafF, MafG, MafK,
and MafT) lack a transactivation domain and affect transcrip-
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tion through dimerization with related and distinct proteins
(4-7). The large Maf proteins (MafA, MafB, c-Maf, and NRL)
contain an N-terminal transactivation domain (8 —11), which
has considerable identity among MafA, MafB, and c-Maf
(12, 13).

Large Mafs are required in promoting many distinct physio-
logical processes by binding as dimers to Maf-responsive ele-
ments and activating transcription (14, 15). Among other prop-
erties, chicken L-Maf (termed MafA in mammals) is involved in
lens development (16), mammalian MafB is required for seg-
mentation of the hindbrain (17), mammalian c-Maf contributes
to chondrocyte differentiation (9, 18), and mammalian NRL
functions in eye rod formation (10). Moreover, MafA and MafB
have recently been shown to be essential within the mammalian
pancreas, with islet a and 8 cell production requiring the
actions of MafB during development and adult B islet activity
uniquely MafA (19-21). In addition, large Maf proteins
mediate cellular transformation in vitro and are overex-
pressed in human angioimmunoblastic T cell lymphomas
and multiple myeloma and contribute directly to cancer pro-
gression (22-24).

The activity of MafA is regulated by a variety of post-trans-
lational modification mechanisms, including phosphorylation,
ubiquitination, and sumoylation (25-29). The best studied
MafA modification is phosphorylation, which impacts protein
stability (26-28), transactivation (26, 29), and DNA binding
(30). For example, a priming phosphorylation at serine 65 in
MafA (or Ser’® in MafB) is necessary for both ubiquitin-medi-
ated degradation (26) and glycogen synthase kinase 3-mediated
phosphorylation (27, 28), the latter enhancing transactivation
and transformation potential (29). In addition, the in vitro
DNA-binding capabilities of MafA are reduced by endogenous
and exogenous phosphatases (30). Inhibition could entail phos-
phorylation directly within the basic region of MafA, as found
for a variety of different transcription factors, including c-Myb
(31), PRH/Hex (31), and HNF4 (31). Alternatively, this modifi-
cation might influence MafA dimer formation and, as a result,
DNA-binding potential. Such a mechanism has been described
for STAT1, wherein tyrosine phosphorylation of cytoplasmic
STAT]1 potentiates dimerization and transcriptional activation
(32, 33).

Large Maf proteins appear to be heavily phosphorylated (27,
28). Here, we first used mass spectrometry to identify the phos-
phoamino acids in MafA and MafB. A high phosphorylation
state was shown to be uniquely important for the production of
dimers capable of DNA binding in purified, full-length MafA, as
phosphatase treatment induced multimerization and elimi-
nated DNA binding. Exchanging the C-terminal b-Zip-span-
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ning sequences between MafA and MafB conferred phosphor-
ylation-independent binding to MafA and sensitivity to MafB.
Significantly, phosphorylation-dependent DNA binding was
controlled by both the phosphorylation-rich N-terminal trans-
activation domain (amino acids (aa) 1-72) and the leucine zip-
per region. These results demonstrate that phosphorylation
within the N-terminal region is not only critical to transactiva-
tion by enabling recruitment of co-activators like P/CAF (27),
but also plays a novel role in DNA binding by mediating
intramolecular interactions with the b-Zip domain.

EXPERIMENTAL PROCEDURES

DNA Constructs—S14A, S65A, S67A, S72A, S290A/S297A/
S343A (MafA-C3A), and S14A/S65A/S67A/S72A (MafA-N4A)
were prepared in a cytomegalovirus (CMV)-driven myc-MafA
expression plasmid (pPCMV4-myc) using the QuikChange™
site-directed mutagenesis kit (Stratagene, La Jolla, CA).
MafA S14A/S49A/S51A/S52A/S56A/S60A/S61A/S64A/S65A/
S67A/S72A/T53A/T57A (N13A) and S14E/S49E/S51E/S52E/
S56E/S60E/S61E/S64E/S65E/S67E/S72E/T53E/T57E  (N13E)
were constructed in a similar manner in the CMV-driven
pcDNA3.1(+) neo plasmid. Mouse MafA/MafB chimeras were
produced by two-step PCR and cloned into the pCMV4-myc
vector as described previously (34). MafA(73-359), MafA(151—
359), MafA (279 —359), and MafBBA (78 —359) were prepared by
PCR and cloned into pCMV4-myc. Primer sequence informa-
tion is available upon request. DNA sequencing analysis con-
firmed the fidelity of each construct.

Cell Culture Transfection and Nuclear Extract Preparation—
HeLa monolayer cells were maintained in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10% calf
serum. Each expression plasmid (4 ug) was transfected using
Lipofectamine (Invitrogen) in cells plated on 100-mm dishes.
Nuclear extracts were prepared 48 h after transfection in the
absence of sodium orthovanadate (Na;VO,), as described pre-
viously (30). Each experiment was repeated at least three times
using independently isolated plasmid preparations.

Purification of MafA and MafB—Adenovirus-driven MafA-
or MafB-infected HeLa cells were cultured for 18 h (10 plaque-
forming units/cell, 10 X 150-mm dishes). Cells were washed
twice with phosphate-buffered saline and suspended in lysis
buffer containing 100 mm Tris-HCI (pH 8.0) and 0.5% Nonidet
P-40 at 4°C for 5 min. After centrifugation at 10,000 X g at 4°C
for 5 min, the nuclear pellet was dissolved for 30 min in 8 M urea
(in 20 mMm Tris-HCI (pH 8.0), 100 mm NaCl). The supernatant
obtained after a 15,000 X g centrifugation was loaded onto a
1-ml nickel-agarose (Qiagen) column, which was washed with
10 ml of 8 M urea (in 20 mm Tris-HCI (pH 8.0), 100 mm NaCl),
10 ml of 50 mm imidazole (in 20 mm Tris-HCI (pH 8.0), 100 mm
NaCl), and then MafA or MafB was eluted with 500 mM imid-
azole (in 20 mm Tris-HCI (pH 8.0), 100 mm NaCl). The proteins
were dialyzed at 4 °C overnight against a buffer containing 20
mM Tris-HCI (pH 8.0), 100 mm NaCl, 1 mm dithiothreitol, and
5% glycerol, and then stored at —80 °C.

In Vitro Phosphatase Treatment and the Dimerization/DNA
Binding Assays—MafA- or MafB-transfected nuclear extract
(25 ug, 20-ul total reaction volume) was incubated at 37 °C in
1X phosphatase buffer (20 mm Tris-HCI (pH 7.4), 1 mm dithio-
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threitol, 0.1 mMm EGTA, 5 mm MgCl,, 1X protease inhibitor
mixture (Roche Applied Science)) with either 10 mm NaCl or 10
mM NazVO,. (The endogenous large Maf phosphatases are
inhibited by 10 mm Na;VO,) (35). MafA or MafB protein levels
were determined from 2 ul of the reaction sample by Western
blotting, and DNA-binding ability was analyzed from 9 ulin the
electrophoretic mobility shift assay with **P-labeled rat insulin
II C1 element (5'-GGAAACTGCAGCTTCAGCCCCTC-3')
(30). MafA and MafB dimerization capabilities were deter-
mined with the remaining 9 ul, which was mixed with DNA-
binding buffer (30 wl) and 1 wl of cold 20 fmol/ul C1 element.
After 10 min at room temperature, the reaction mixture was
separated on a 5% native-PAGE, and MafA or MafB protein
levels were examined by Western blotting. These same assays
were performed under similar conditions with 1.2 ug of puri-
fied MafA and MafB treated with 6 units of calf intestine alka-
line phosphatase (CIAP; Promega) in the presence or absence
of phosphatase inhibitors (1X general phosphatase inhibitor
(Roche Applied Science), 10 mMm sodium pyrophosphate
(NaPP,), or 10 mm Na,VO,) for 1 h at 37 °C. The following
antibodies were used in these studies: rabbit a-mouse MafA
(Bethyl Laboratories, 1225 (raised against an N-terminal pep-
tide) and 1069 (raised against a C-terminal peptide)), rabbit
a-mouse MafB (Bethyl Laboratories, 658 (raised against an
N-terminal peptide)), mouse a-c-myc (9E10; Santa Cruz Bio-
technology), a-rabbit IgG horseradish peroxidase conjugate
(W401B; Promega), and a-mouse IgG horseradish peroxidase
conjugate (W402B; Promega).

Separation of MafA and MafB by Sucrose Gradient
Ultracentrifugation—Each phosphatase-treated sample (300
wl) was loaded onto a 30% to 5% sucrose gradient prepared in
Beckman 50 Ultra-Clear™ tubes (30% 0.25 ml; 25% 0.5 ml; 20%
0.75 ml; 15% 1.0 ml; 10% 1.0 ml; 5% 1.0 ml), and centrifuged at
48,000 rpm for 18 h at 4 °C. Three-hundred pl/fractions were
collected after removing 1.3 ml from the top of the tube. West-
ern blotting analysis was performed to detect MafA or MafB in
the fractions.

RESULTS

Phosphorylation Is Required for MafA Dimerization, but not
MafB—Because a wide range of MafA and MafB activities is
controlled by phosphorylation, the extent of modification with
purified MafA and MafB (Fig. 14) was determined using an
unbiased proteomics approach. Mass spectrometry analysis
revealed that the phosphorylated serines and threonines
within these highly charged proteins were concentrated
principally within the N- and C-terminal regions (Fig. 1B and
supplemental Tables 1 and 2). The number of phosphory-
lated amino acids detected was similar to the estimate ob-
tained from radiolabeled inorganic phosphate incorporation
into endogenous MafA (26).

We next examined how phosphorylation influenced the bio-
chemical properties of MafA and MafB, specifically in regard to
SDS-PAGE mobility, DNA binding, and homodimerization.
Purified MafA and MafB were incubated with CIAP in the pres-
ence and absence of Na;VO,, a general phosphatase inhibitor
under the conditions of analysis. (Notably, NaPP; and a com-
mercially available mixture of phosphatase inhibitors behaved
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FIGURE 1. Phosphorylation sites in mouse MafA and MafB identified by mass spectrometry. A, purified
MafA and MafB isolated from adenovirus-infected Hela cells. Protein purity was determined by Coomassie
Blue staining after SDS-PAGE and Western blotting (data not shown). B, phosphorylation sites in MafA and
MafB identified by mass spectrometry. The phosphoamino acids site identified in more than two spectra are
denoted, whereas those described previously in vitro and not found here are italicized (27, 28). The underlined
amino acids are conserved in MafA and MafB. TAD, transcription activation domain; H H, histidine-rich region.
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FIGURE 2. Phosphorylation affects (MafA), dimer formation and DNA
binding, but not MafB. Purified MafA and MafB were treated with CIAP in the
presence of Na;VO, or NaCl for 60 min at 37 °C. A, the location of CIAP and the
large Maf proteins was determined by Coomassie Blue staining after SDS-
PAGE. Note that MafA and MafB have a much faster mobility after treatment
with CIAP alone. B, MafA DNA binding was specifically reduced by CIAP treat-
ment. In contrast, both unphosphorylated and phosphorylated MafB effec-
tively binds the insulin gene C1 element probe. MafA and MafB dimers were
labeled as (MafA), and (MafB),, respectively. (MafB9"), denotes the dephos-
phorylated MafB dimer. C, (MafA), dimers were no longer observed following
CIAP treatment. Upper panels, treated proteins were visualized by Coomassie
Blue staining after native-PAGE. The location of the (MafA), and (MafB),
dimers was determined in cross-linking studies with tetranitromethane (data
not shown). (MafA‘”’),7 is the dephosphorylated MafA multimer. Lower panels,
lanes |, 11, 111, and IV were dissected into eight pieces and the eluted proteins
analyzed by Western blotting using a-MafA or a-MafB antibody.

similarly to Na;VO, (supplemental Fig. 1).) CIAP treatment
increased the mobility of both MafA and MafB (Fig. 2A), a result
expected from earlier studies (29). Dephosphorylation of MafA
in B cell line nuclear extracts profoundly reduced insulin C1
element DNA-binding potency (30), as also observed here with
purified MafA (Fig. 2B). In contrast, there was little to no effect
on the DNA-binding ability of MafB under these conditions
(Fig. 2B). The same DNA-binding properties were obtained
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were analyzed by native-PAGE to
test whether the loss in MafA dimer
formation caused the change in
DNA-binding activity. The result-
ing MafA and MafB products were
visualized by Coomassie Blue stain-
ing and by dividing the gel lanes into eight fractions and West-
ern blotting the eluted proteins (Fig. 2C). MafA treated with
only CIAP did not enter the gel, whereas MafA and MafB
treated with Na;VO, + CIAP migrated similarly to the control,
untreated proteins. Dephosphorylation also shifted the mobil-
ity of MafB, but to a much lesser extent than the MafA protein.
Because protein charge and size affect mobility in this assay, we
further evaluated these proteins by sucrose gradient ultracen-
trifugation. MafA treated with CIAP alone was found in sam-
ples containing high molecular weight proteins, here repre-
sented by the 30% sucrose fraction (Fig. 3), suggesting that
dephosphorylation induced the multimerization of MafA.
However, MafA protected by Na;VO, co-sedimented with
phosphorylated and dephosphorylated MafB in lower sucrose
fractions (Fig. 3). Significantly, only MafA dimers (i.e. (MafA),)
and not the high molecular weight form (MafA?"), was active in
gel shift assays. These data showed that a phosphorylation
event(s) only controlled the stable formation of the dimer spe-
cies required for DNA binding in MafA.

The MafA C-terminal Region Conveys Phosphatase Sen-
sitivity—MafA/MafB chimeras were constructed to localize
the region(s) controlling phosphorylation-responsive DNA
binding in MafA (Fig. 44). Nuclear extracts prepared from
transfected cells were incubated with or without Na;VO,, con-
ditions that allow or prevent (plus Na;VO,) an endogenous
phosphatase(s) in HeLa or islet B cell lines from inhibiting
MafA DNA-binding activity (30). Strikingly, phosphorylation-
independent dimer formation and DNA-binding activity were
obtained upon exchanging the C-terminal region of MafA with
that of MafB (compare MafAB and MafAAB with MafA and
MafB in Fig. 4B). Significantly, the SDS-PAGE mobility of these
dephosphorylated protein chimeras was expectedly faster (also
see Fig. 2A), whereas there was no reduction in steady-state
protein levels (Fig. 4B). Furthermore, the MafA C terminus also
imparted phosphorylation dependence to MafB in these assays
(compare MafBA and MafBBA with MafA and MafB in Fig. 4B).
These data illustrated the importance of sequences within the
leucine zipper-spanning region of MafA and MafB in regulating
phosphorylation-dependent DNA binding (i.e. MafA, aa 279 -
359; MafB, aa 257-323).
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Phosphatase Sensitivity Is Not Due to Phosphorylation within
the MafA C Terminus—To determine whether the unique
C-terminal phosphoamino acids at Ser?°, Ser**?, and Ser®*?
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FIGURE 3. Dephosphorylated MafA has a profoundly different sucrose
gradient sedimentation rate than phosphorylated MafA or phosphory-
lated/unphosphorylated MafB. Purified MafA or MafB was treated with CIAP
in the presence of Na;VO, or NaCl and separated by sucrose gradient ultra-
centrifugation (see “Experimental Procedures”). The MafA (A) or MafB (B) pro-
teins in the collected fractions were detected by Western blotting. Notably,
dephosphorylated MafA (i.e. treated with CIAP/NaCl) is shifted to the 30%
sucrose high molecular weight protein fraction, whereas the sedimentation
rates of phosphorylated MafA and phosphorylated/unphosphorylated MafB
are similar.
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(Fig. 1) directly influenced DNA binding, a compound alanine
mutant was constructed and transfected into HeLa cells (MafA -
C3Ain Fig. 54). S290A/S297A/S342A and wild type MafA had
similar DNA-binding ability, and both were sensitive to phos-
phatase treatment (Fig. 5B). Moreover, the cellular phospha-
tase(s) did not reduce the inherent DNA-binding activity of
MafA(233-359), a myc-tagged construct expressing only the
C-terminal b-Zip-spanning region of MafA (dephosphory-
lation did not affect (MafA(233-359)), supershifted levels in
lanes 5 and 6 of Fig. 5C as well). These data strongly indicated
that the phosphorylated amino acid(s) regulating MafA-bind-
ing activity resided outside the MafA C-terminal b-ZIP region.

Multiple Phosphorylation Events within the MafA N-termi-
nal Activation Domain Sustain Dimer/DNA Binding—To
localize the phosphorylated amino acid(s) regulating (MafA),
dimer formation, N-terminal deletion mutants of MafA were
constructed (Fig. 6A). Interestingly, the HeLa endogenous
phosphatase(s) did not inhibit (MafA), production or DNA-
binding activity in MafA(73-359) or MafA(151-359) (Fig. 6B).
Furthermore, sensitivity was also lost upon removing aa 1-77 in
MafBBA (Fig. 6B), a highly conserved region with MafA. In
addition, the sucrose gradient sedimentation rate of MafA (73—
359) was unaffected by phosphatase(s) treatment, with proper-
ties now indistinguishable from MafAAB and phosphorylated
MafA (supplemental Fig. 3). These results revealed the signifi-
cance of the MafA N-terminal region in forming stable (MafA),
dimers.

Phosphoamino acid mutants within the MafA N terminus
were made to define their role in (MafA), formation more pre-
cisely. It is noteworthy that many more phosphosites were
found within this region of MafB by mass spectrometry than
MafA (Fig. 1). We believe our inabil-
ity to detect phosphorylation at
conserved Ser®, Ser®', Ser®*, Ser®”,
and Ser®” is due a technical limita-
tion(s) in our analysis, as even the
corresponding unphosphorylated
peptides were not found (supple-
mental Tables 1 and 2). Addition-
ally, the phosphorylation-inde-
pendent-binding properties of
MafA(73-359) and MafBBA(77-
359) indicated that phosphosite
usage within the N-terminal
region of MafA and MafB was con-
served (Fig. 6B), and mutants were
constructed accordingly.

Because single and limited com-
bination phosphosite mutants had
little or no significant effect on
MafA DNA binding (supplemental
Fig. 4), comprehensive Ser/Thr to

[ MafA ][ MafAB || MafAAB |[ MaB |[ MafBA

|[ ™MafBBA |

FIGURE 4. The C-terminal region of MafA and MafB is involved in phosphosensitive dimer formation.
A, schematics illustrating the transactivation, histidine-rich, and basic-dimerization (b-Zip) domains common
to MafA, MafB, and the MafA/B chimeras are shown. B, the large Maf construct in HeLa nuclear extracts was
incubated at 37 °Cfor 40 or 80 min in the presence of Na;VO,, (denoted by asterisks) or NaCl. Each of the treated
samples was analyzed for DNA-binding activity (i.e. Gel Shift), dimerization ability (Native-PAGE), and mobility
(SDS-PAGE). The a-MafA (BL1225) antibody was used in the Western blot (WB) analysis to locate the MafAB and
MafAAB, whereas a-MafB (BL628) antibody was utilized for MafBA and MafBBA.
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Ala or Glu mutants were con-
structed to block or mimic the
phosphorylation state of the N-ter-
minal region (Fig. 7A). Meaning-
fully, MafA-N13E migrated to the
same position as Na;VO,-protected

AV DN
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FIGURE 5. The unique phosphorylated amino acids in the MafA C-terminal region do not control phos-
phatase(s)-sensitive DNA binding. A, schematic diagrams of the MafA-C3A (S290A/S297A/S342A) and
MafA(233-359) mutants are shown. B, MafA-C3A and wild type MafA activity in Hela nuclear extracts was
sensitive to endogenous phosphatase(s)-mediated loss in DNA binding and SDS-PAGE mobility. WB, Western
blotting. C, MafA(233-359) gel shift activity was unaffected by endogenous phosphatase(s) treatment. An
a-myc antibody supershiftis shown in lanes 5 and 6 due to a nonspecific binding complex co-migrating with (or
near) MafA(233-359). The asterisks denote the samples containing with Na;VO,.
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FIGURE 6. Phosphorylation within the N-terminal transactivation domain is important to MafA DNA-
binding activity. A, schematics of the N-terminally deleted MafA and MafBBA constructs are shown. B, Hela
nuclear extracts containing the transfected constructs were incubated at 37 °C for 40 or 80 min in the presence
of Na;VO, (denoted by asterisks) or NaCl. Each of the treated samples was analyzed for DNA-binding activity (i.e.
Gel Shift), dimer formation (Native-PAGE), and mobility (SDS-PAGE). The a-MafA (BL1069) antibody was used in
the Western blot (WB) analysis. Notably, the endogenous phosphatase(s) does not influence MafA(73-359),
MafA(151-359), or BBA(78-359) dimer formation, DNA binding, or SDS-PAGE mobility.

MafA after SDS-PAGE (Fig. 7B). The ability of MafA-N13E to
form stable dimers and bind DNA was also unaffected by the
endogenous phosphatase(s), with the level and mobility indis-
tinguishable from phosphorylated MafA (Fig. 7B). In contrast,
MafA-N13A behaved like unphosphorylated MafA. Thus,
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phosphorylation at Ser®

MafA-N13A-binding activity was
comparatively poor, and it migrated
like dephosphorylated MafA after
SDS-PAGE (Fig. 7B). These results
demonstrate that multiple phos-
phorylation events within the N-
terminal region are fundamental to
the detection of (MafA), or (Maf-
BBA), dimers and consequently
DNA binding.

DISCUSSION

Crystal structure analysis of the
fos-jun heterodimer, GCN4 homo-
dimer, and MafG homodimer dem-
onstrated that b-Zip proteins
dimerize and bind DNA through a
continuous «a-helix (36-38), with
the basic region principally influ-
encing cis-element binding and the
coiled-coil leucine-zipper interface
controlling dimerization. This
highly structured region can inde-
pendently mediate dimerization
and DNA binding in vitro (39 -42).
Although the MafA b-Zip region
was capable of DNA binding by
itself (Fig. 5), we found that phos-
phorylation within the distinct
N-terminal activation domain was
also required in the wild type pro-
tein. In contrast, this activity in
MafB was unaffected by the state of
phosphorylation, although analysis
of the MafBBA chimera showed
that its highly modified N-terminal
region conveyed phosphosensitiv-
ity. The C-terminal region of MafA
(aa 279-359) and MafB (aa 257-
323) was shown to respond distinc-
tively to N-terminal domain phos-
phorylation, apparently by their
ability to mediate stable dimer for-
mation. These data illustrate a novel
mechanism controlling transcrip-
tion factor activity, involving phos-
phoregulated interactions between
two distinct functional domains of
MafA.

Mass spectrometry analysis of
purified MafA and MafB identified
many common and unique sites
within these highly phosphorylated

proteins (Fig. 1). Unfortunately, we were unable to detect MafA
, described for glycogen synthase
kinase 3 in vitro or at Ser®, with the latter required for both
glycogen synthase kinase 3 priming and ubiquitin-mediated
degradation (26 —28). Our underestimation of the phosphory-
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dephosphorylated high molecular
weight multimers of MafA are due
7, to monomer and/or dimer oligo-
merization (see Figs. 2 and 3). The
phosphoregulatory mechanism de-
scribed here is not unique to MafA,
for at least c-Maf appears to be
controlled in a similar manner
(supplemental Fig. 6). It was striking
that phosphatase(s)-sensitive DNA
binding was imparted by multiple
phosphorylation events rather than
asingle one as commonly found and
that responsiveness was transfera-

* K * Kk *  kkkk kK

MafA  |[ MafA-NI3E ||  MafA

|[ MafA-N13A |

ble. The C-terminal control region

FIGURE 7. The high negative charge density in the N-terminal regions appears significant to MafA activ-
ity. A, location of the phosphosite mutants within the MafA N-terminal region. The S/T mutant sites in N13A
and N13E are highlighted and underlined in the wild type. B, the DNA-binding activity (Gel Shift) and dimer
formation ability (Native-PAGE) of MafA-N13E were irresponsive to the endogenous phosphatase(s) and
migrated like Na;VO ,-treated MafA after SDS-PAGE. In contrast, the DNA binding of the N13A mutant was very
low and ran like dephosphorylated MafA. WB, Western blotting; *, with NasVO,.

lation events is likely a reflection of poor peptide generation due
to the high charge density of the region. The ability to detect

er®®, Thr*3, and Thr®” phosphorylation in MafA only after
limited CIAP treatment supports this idea (supplemen-
tal Table 1). Further evidence for phosphorylation within the
N-terminal region results from the ability to impart instability
to MafA in the S65E phosphomimetic mutant (26). Moreover,
MafA-N13E migrated like the heavily phosphorylated wild type
protein after SDS-PAGE, whereas the behavior of N13A was
similar to the unphosphorylated protein (Fig. 7B). The ability of
the MafB N-terminal region to mediate the formation of stable
(MafBBA), dimers (Fig. 6) also implies that this area in both
proteins is highly phosphorylated, with detection of the MafA
Ser®® equivalent phosphorylation at Ser”® in MafB indicating
that the overall pattern is possibly conserved (Fig. 1).

Because phosphorylation by glycogen synthase kinase 3 at
Ser®!, Thr®’, Thr®?, and Ser®® potentiates MafA transactivation
(27), we examined how the N13A and N13E mutants influenced
the transcriptional effectiveness of chimeras between MafA aa
1-233 and the Saccharomyces cerevisiae transcription factor
Gal4 DNA-binding domain. N13E activity was not significantly
different from the wild type, whereas N13A was compromised
severely (supplemental Fig. 5). We conclude that a high level of
N-terminal region phosphorylation is not only necessary for
detection of (MafA),, but also transactivation domain strength.

Although many transcriptional regulators have been shown
to be phosphoproteins, in only a few cases has phosphorylation
been shown to affect DNA-binding activity directly. For exam-
ple, phosphorylation within the basic region can be either a
positive (e.g. Gal4) (43) or negative (PRH/Hex) (31) influence. It
has also been proposed that dimerization of STAT1 is regulated
by phosphorylation (32, 33), although others suggest that
STATs exist as inactive dimers in the absence of phosphoryla-
tion (44, 45). We believe our data represent the first example of
a distinct phosphorylation-rich domain in a transcription fac-
tor-stabilizing dimer formation and thereby DNA-binding
domain activity. On the other hand, it is unclear whether the
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sequences of MafA and MafB
spanned both conserved and non-
conserved sequences, and we pres-
ently do not know which specific
amino acids are essential to this
response. We propose that interac-
tions between the phospho-rich activation domain and b-Zip
region modulate MafA structure and DNA-binding activity,
presumably also creating unique interfaces for co-regulatory
proteins.

A key issue is whether the C-terminal phosphoregulatory
sequences of MafA defined here in vitro serve in control in vivo.
Large Maf proteins play roles in development and tissue differ-
entiation within the brain (MafB) (17), eye (NRL and MafA/L-
Maf) (10, 16), cartilage (c-Maf) (18), kidney (MafB) (46), and
pancreas (MafB) (19, 47). However, their significance in these
situations may reflect differences in expression rather than fun-
damental activation properties. Evidence supporting distinc-
tions in activation come from overexpression studies showing
that MafA is capable of inducing the normally silent endoge-
nous insulin gene in islet & (glucagon™) cells (48), liver cells (49,
50), and intestinal cells (51, 52). Under similar experimental
conditions, MafB activates glucagon (and not insulin) in islet 3
cells. Most pertinent to the present studies, analysis of MafA/B
chimeras in the chick in ovo electroporation assay demon-
strated that insulin gene activation specifically depended upon
MafA C-terminal region sequences (i.e. MafBAA, Fig. 4) (34).
Notably, MafB"insulin™ cells generated during human embry-
onic stem cell differentiation were dysfunctional unless becom-
ing MafA *insulin™ (53), supporting further efforts to under-
stand how MafA and MafB regulate (at least) islet B cell
function.
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