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The level of the MafA transcription factor is regulated by a
variety of effectors of 3 cell function, including glucose, fatty
acids, and insulin. Here, we show that phosphorylation at Ser®®
of mammalian MafA influences both protein stability and trans-
activation potential. Replacement of Ser®® with Glu to mimic
phosphorylation produced a protein that was as unstable as the
wild type, whereas Asp or Ala mutation blocked degradation.
Analysis of MafA chimeric and deletion constructs suggests that
protein phosphorylation at Ser®® alone represents the initial
degradation signal, with ubiquitinylation occurring within the C
terminus (amino acids 234 —359). Although only wild type MafA
and S65E were polyubiquitinylated, both S65D and S65E
potently stimulated transactivation compared with S65A. Phos-
phorylation at Ser'* also enhanced activation, although it had no
impact on protein turnover. The mobility of MafA S65A was
profoundly affected upon SDS-PAGE, with the S65E and S65D
mutants influenced less due to their ability to serve as substrates
for glycogen synthase kinase 3, which acts at neighboring N-ter-
minal residues after Ser®® phosphorylation. Our observations
not only illustrate the sensitivity of the cellular transcriptional
and degradation machinery to phosphomimetic mutants at
Ser®®, but also demonstrate the singular importance of phos-
phorylation at this amino acid in regulating MafA activity.
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The mammalian MafA transcription factor was originally
isolated due to the significance to insulin gene expression (1, 2),
with subsequent studies also demonstrating the importance of
closely related MafB to hormone transcription in islet « (gluca-
gon™) and B (insulin™) cells (3, 4). Islet B cell-specific transcrip-
tion of the insulin gene appears to be mediated by interactions
between MafA and other islet-enriched factors, including Pdx1
and NeuroD1 (also known as BETA2) (5). Notably, MafA is first
observed during pancreatic development in the wave of insu-
lin™ cells that eventually mature into islet 8 cells (6), a unique
property in relation to all other islet-enriched regulators
(7-10). However, MafA is not essential to 3 cell development,
presumably due to compensation by MafB (3, 11).

MafA appears to act as a barometer of adult 3 cell function. For
example, this factor is exclusively expressed in B cells within the
context of the pancreas, and global 7afA knock-out mice are dia-
betic due in part to compromised insulin secretion capacity (12). In
addition, human embryonic stem cells differentiated to produce
insulin and many islet-enriched transcription factors were neither
glucose-responsive nor capable of protecting against streptozoto-
cin-induced hyperglycemia until becoming MafA™ (13). Further-
more, MafA levels are unusually sensitive in relation to other islet
regulators to metabolic effectors of islet 3 cell function, such as
glucose (5, 14-16), fatty acids (15, 17), and insulin (18). Precisely
how these effectors influence MafA expression is unclear but is
likely through both transcriptional and post-transcriptional con-
trol mechanisms.

Members of the large Maf family are highly phosphorylated
proteins, although how this modification influences activity has
principally been examined with avian homologs. For example,
alanine mutations in the ERK1/2-like” sites at Ser'* and Ser®” of
quail MafA influenced both the activity of this oncogene in
transformation assays and lens «-, 8-, and 8-crystalline gene
transcription (19). Ser®® phosphorylation was also recently
shown to be essential to GSK3 (glycogen synthase kinase 3)
activity at neighboring serines and threonines in quail and
mouse MafA, with these events associated with activation and
protein stability (20, 21). Stimulation of quail protein activity
was through recruitment of the p300/CBP-associated factor co-

“The abbreviations used are: ERK, extracellular signal-regulation protein
kinase; HA, hemagglutinin; WT, wild type; GFP, green fluorescent protein.
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activator to the N-terminal activation domain (20), whereas
glucose levels in islet 3 cells were proposed to regulate the deg-
radation of mouse MafA (21).

Here, we examined if the protein levels and activation prop-
erties of mouse MafA could be influenced by Ser'*, Ser®”,
and/or Thr?*” phosphorylation. Phosphomimetic glutamic and
aspartic acid substitution mutants were used in these studies to
examine how phosphorylation potentially affected activity. The
mobility of S65A was found to be faster and similar to phos-
phatase-treated MafA, whereas the S65E and S65D mutants
behaved more like the wild type. Both the S65E and S65D
mutants in MafA were also found to be substrates for GSK3.
However, only the S65E mutant, and not the S65D or S65A
mutants, was polyubiquitinylated and degraded in a wild type
manner. In contrast, S65D, S65E, as well as S14E potentiated
MafA-mediated activation. We discuss the possibility that
Ser®® phosphorylation is pivotal in controlling both the degra-
dation and activation potential of MafA.

EXPERIMENTAL PROCEDURES

DNA Constructs—The S14A, S14E, S65A, S65E, S65D, and
T267A mutants were prepared in cytomegalovirus-driven
Myc-MafA expression plasmid using the QuikChange™" site-
directed mutagenesis kit (Stratagene, La Jolla, CA). Wild type
Gal4-MafA (amino acids 1-359) and the 1-75 and 1-233
mutants were constructed by subcloning PCR-generated
mouse MafA sequences into the simian virus 40 promoter/
enhancer-driven Gal4 expression plasmid pSG424 (22) to
create in-frame Gal4 DNA-binding domain fusion proteins.
Enzyme restriction digestion and DNA sequencing analyses
were utilized to determine the correctness of each construct.
(Gal4);E1bLuc (23) has been described.

Islet Isolation and Culture—Wistar rat islets were isolated as
described (5) and cultured in the presence of 2.8 or 16.7 mm
glucose for 24 h with or without 0.5 mMm palmitate precom-
plexed to bovine serum albumin (palmitate:bovine serum albu-
min molar ratio of 5:1). Nuclear extracts were prepared as
described (5) and immunoblotted using an anti-MafA antibody
(1:1000; Bethyl Laboratories, Montgomery, TX).

Cell Culture and Transfections—Monolayer cultures of HeLa
and mouse islet BTC-3 cells were maintained as described pre-
viously (24). Gal4-MafA (0.5 ng) and (Gal4) ElbLuc (0.5 ug)
were transfected using the Lipofectamine procedure (Invitro-
gen) on 6-well plates. The herpes simplex virus promoter-
driven Renilla luciferase expression plasmid phRL-TK (Pro-
mega) was used as a recovery marker (10 ng), with 1 ug of total
DNA used for each point. The Dual-Luciferase assay (Pro-
mega) was performed 40—48 h after transfection according
to the manufacturer’s directions. Each experiment was
repeated at least three times using at least two different plas-
mid preparations.

To measure the turnover rate of MafA, BTC-3 cells were
cultured in 100-mm dishes and first transfected with 4 ug of the
MafA expression construct. Medium containing 0.2 mm glu-
cose and 18 um cycloheximide was added 48 h post-transfec-
tion (termed zero time), and cell nuclear extracts (25) were
prepared at the indicated times. The MafA and Pdx1 levels were
measured by Western analysis using anti-Myc (Santa Cruz Bio-
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technology) and anti-Pdx1 (a gift of Dr. Chris Wright, Vander-
bilt University) antibodies, respectively.

Ubiquitinylation Assay—HeLa cells were transfected on
100-mm plates with 4 ug of cytomegalovirus-MafA and/or 2 ug
of cytomegalovirus-human HA-ubiquitin expression vector (a
gift from Dr. Hal Moses, Vanderbilt University). The cells were
then washed twice after 48 h with cold phosphate-buffered
saline and lysed in radioimmune precipitation assay buffer (10
mMm Tris-HCI, pH 8.0, 140 mm NaCl, 0.5% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 1 mm phenylmethylsulfonyl
fluoride, and 2 pg/ml aprotinin). After centrifugation, the sol-
uble protein was incubated overnight at 4 °C with anti-MafA
antibody (1:100; Bethyl Laboratories) and immunoprecipitated
with protein A/G-Sepharose beads (Santa Cruz Biotechnol-
ogy). The beads were washed three times with radioimmune
precipitation assay buffer, and the eluted proteins were sepa-
rated by SDS-PAGE and then analyzed by immunoblotting
using an anti-HA antibody (Sigma).

In Vivo Labeling of MafA and >?P-Phosphoamino Acid
Analysis—HeLa cells were infected with adenovirus-driven
MafA (5) and then grown in phosphate-free Dulbecco’s modi-
fied Eagle’s medium (Invitrogen) in the presence of
[*?P]orthophosphate for 18 h. The washed pelleted cells were
suspended for 30 min in 0.3 ml of 8 M urea (in 20 mm Tris-HCl,
pH 8.0, and 100 mMm NacCl), and the dissolved proteins were
mixed at room temperature with 0.1 ml of nickel-agarose beads
(Qiagen) for 30 min. The MafA bound beads were washed two
times with 1 ml of 8 M urea, once with 1 ml of 5 mm imidazole (in
20 mm Tris-HCI, pH 8.0, and 100 mm NaCl), and once with 1 ml
of buffer alone (20 mm Tris-HCI, pH 8.0, and 100 mm NaCl),
and then MafA was eluted with 0.1 ml of 500 mm imidazole (in
20 mm Tris-HCI, pH 8.0, and 100 mm NaCl). >?P-Labeled MafA
was localized after 10% SDS-PAGE by x-ray film exposure and
cut from the gel. The eluted protein was hydrolyzed with 6 N
HCl as described previously (26). **P-Amino acids were sepa-
rated by two-dimensional electrophoresis (27), and cold phos-
phoserine (Sigma), phosphothreonine (Sigma), and phosphoty-
rosine (Sigma) served as position markers.

RESULTS

The Phosphorylation State of MafA Affects Mobility after
SDS-PAGE—The DNA binding activity of mammalian MafA is
inhibited by endogenous and exogenous (e.g calf intestinal
alkaline phosphatase and a rat brain-enriched phosphatase
preparation (24, 28)) phosphatases. The phosphoamino acid
composition of MafA was assessed in HelLa cells infected with
an adenovirus-expressing mouse MafA in medium containing
[**P]orthophosphate. Two-dimensional electrophoresis of
acid-hydrolyzed, nickel affinity-purified >?P-labeled MafA
revealed that the principal site of phosphorylation was serine,
with a serine:threonine ratio of ~12 (Fig. 1A4).

The phosphorylation status of MafA influenced mobility
after SDS-PAGE. Thus, MafA migrated noticeably faster after
either rat brain-enriched phosphatase preparation treatment
or upon incubation of BTC-3 cell nuclear extract in the absence
of protein phosphatase inhibitors at 30 °C (Fig. 1B), the permis-
sible temperature of the endogenous MafA phosphatase(s) (24).
The slower and faster mobility forms were termed hyperphos-
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FIGURE 1. MafA mobility is affected by phosphorylation. A, adenovirus-expressed MafA was labeled with
[*?Plorthophosphate in Hela cells. Left panel, >?P-labeled MafA was purified using nickel affinity chromatogra-
phy and separated by SDS-PAGE. This purification strategy was utilized due to the histidine-rich region of MafA
(amino acids 197-206) (1, 2). Right panel, >*P-labeled MafA was acid-hydrolyzed, and the labeled amino acids
were separated by two-dimensional electrophoresis. The ratio of phosphoserine (P-S) to phosphothreonine
(P-T), which are circled, was ~12, as determined by scintillation counting. P-Y, phosphotyrosine. B, BTC-3
nuclear extract was incubated at 4 and 30 °C for 30 min or with rat brain-enriched phosphatase preparation
(BPP) at 30 °C. The effect of phosphatase treatment was compared by anti-MafA Western analysis to in vitro
translated (IVT) MafA. Hyper, hyperphosphorylated; Hypo, hypophosphorylated. C, MafA levels in nuclear
extracts fromratislets cultured in 2.8 and 16.7 mm glucose for 24 h in the absence (—) or presence (+) of 0.5 mm
palmitate and analyzed by anti-MafA Western blotting are shown. The results presented are representative of

experiments performed on several independent occasions.
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FIGURE 2. MafA S65A has a faster mobility. A, BTC-3 cells were transfected
with WT Myc-MafA and S14A, S65A, S65D, S65E, and/or T267A for 48 h. MafA
forms in nuclear extract (NE) were analyzed via Western blotting using anti-
Myc antibody. Pdx1 served as a loading control. Hyper, hyperphosphorylated;
Hypo, hypophosphorylated. B, Hela cells were co-transfected with WT Myc-
MafA and S14A, S65A, or T267A with pCIG, a nuclear GFP expression con-
struct, for 48 h. MafA forms in nuclear extract were analyzed via Western
blotting using anti-MafA antibody. GFP was used as a transfection control.
C, the WT MafB and S70A, S70D, S70E expression plasmids were co-trans-
fected into Hela cells with pCIG. MafB forms in nuclear extract were analyzed
via Western blotting using anti-MafB antibody. GFP was used as a transfection
control. The amino acid identity (denoted by asterisks) between MafA and
MafB within the Ser®® region is shown. The Western blots shown reflect com-
monly obtained results.

phorylated and hypophosphorylated MafA, respectively. The
migration of phosphatase-treated MafA was similar to the
reticulocyte lysate-translated protein, presumably reflecting
suboptimal conditions for phosphorylation in this in vitro
system.

MafA levels are very sensitive to a variety of metabolic effec-
tors of B cell function, including glucose and fatty acids (14—
17). To determine the influence of these effectors on MafA
mobility, rat islets were next cultured under basal (2.8 mm) or
stimulatory (16.7 mm) glucose concentrations or in the pres-
ence of palmitate, which was previously shown to inhibit MafA
expression (15, 17). The 46-kDa hyperphosphorylated form
was observed principally under all three culture conditions (Fig.
1C), suggesting that the phosphorylation event(s) that impacts
MafA mobility is not rate-limiting in 3 cells.
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potentiate quail MafA activation and
transformation (19). These conserved
amino acids can be phosphorylated
by ERK2 in vitro (19), but this kinase
does not appear to be involved in (at
least) Ser® phosphorylation in vivo
(21). The kinase regulating Ser®
phosphorylation is unknown; how-
ever, its actions were recently shown
to be essential for recruitment of
GSK3 to act on neighboring Ser®’,
Thr*”, Thr?, and Ser* residues (20, 21), a process necessary for
p300/CBP-associated factor co-activator binding (20).

Here, we have examined how phosphorylation at Ser*?, Ser®®,
and Thr?**” could impact mammalian MafA mobility and activ-
ity. Thr**” is a conserved amino acid within the DNA-binding
domain of MafA and a potential protein kinase A/protein
kinase C site (29). Alanine substitution mutants in Myc-tagged
MafA at Ser'?, Ser®®, or Thr*®” were expressed in BTC-3 (Fig.
2A) and/or HeLa (Fig. 2B) cells. The migration of the S14A and
T267A mutants was indistinguishable from the wild type,
whereas the S65A mutant was clearly faster. An intermediate
migrating form of MafA was produced with glutamic or aspar-
tic acid mutants at Ser® (Fig. 24), suggesting that phosphoryl-
ation at this site directly impacts mobility. However, mutation
of this conserved serine (Ser”®) had no effect on the mobility of
MafB (Fig. 2C), the other principal large Maf expressed in the
islet (11, 30).

GSK3 Phosphorylates the S65E and S65D Mutants of MafA—
Phosphorylation at Ser®® in MafA is necessary for the sequential
actions of GSK3 on Ser?®, Thr®', Thr®’, and Ser®! (20, 21). To
examine if S65D and S65E served as substrates for further phos-
phorylation, we incubated HeLa (Fig. 3) and BTC-3 (data not
shown) cells expressing these mutants with LiCl, a GSK3 inhib-
itor (31). Notably, only the faster mobility, hypophosphorylated
MafA band was detected with the wild type, S65D, and S65E
forms in the presence of LiCl, although this inhibitor had no
effect on S65A migration. The compression of the S65D and
S65E bands after LiCl treatment indicates that both mimic
Ser®® phosphorylation. However, these mutants were relatively
poor GSK3 substrates as judged by the lower conversion to the
slower mobility, hyperphosphorylated band (15 * 10% conver-
sion of S65D or S65E to the hyperphosphorylated form) (Fig. 3).
Significantly, only the S65E mutant was degraded in the same
manner as wild type MafA (see below).

Phosphorylation at Ser® Regulates MafA Protein Turnover—
The S65A mutant affected not only MafA mobility but also
apparently the steady-state level of the protein (Fig. 2, A and B).
The change in mutant MafA levels was not a result of nuclear
compartmentalization because S65A had the same nuclear
enrichment pattern as wild type MafA (supplemental Fig. 1). To
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directly test whether Ser®® phosphorylation impacted MafA
stability, S65A, S65D, S65E, and wild type MafA were expressed
in BTC-3 cells in the presence and absence of a protein synthe-
sis inhibitor, cycloheximide. Nuclear extracts were collected at
various time points for Western blot analysis and indeed
showed that turnover of S65A was profoundly reduced relative
to the wild type (Fig. 4). In contrast, there was little or no effect
on endogenous Pdx1 levels.

Strikingly, MafA S65E behaved similarly to the wild type in
these protein turnover assays, whereas the S65D mutant was
very stable, much like S65A (Fig. 4). Furthermore, the protein
turnover rate of S14A and T267A was like that of wild type
MafA, suggesting that modification of these amino acids does
not impact protein stability. These results not only demonstrate
that Ser® plays a pivotal role in regulating MafA levels in 3
cells, but also illustrate that the protein degradation machinery
can distinguish between the “phosphomimetic” S65D and S65E
mutants, with recognition of only S65E.

A 75 233 359
A 4 A 4 y
( B-Zip (()
S14 [AS65
S491'1S61 myc:MafA
T53 T57
GSK3
B o - + - + - 4+ - 4
Hyper>’ ‘
Hypo » - - w - e -

wt S65A S65D S65E

FIGURE 3. GSK3 phosphorylates the MafA S65D and S65E mutants, but
not S65A. A, the GSK3 phosphorylation sites in the N-terminal transactivation
domain (TAD) and basic leucine zipper (B-Zip) region of MafA are shown (20,
21). B, Hel a cells were transfected with plasmids encoding WT MafA and the
Ser®® mutant and then treated for 8 h with 50 mwm LiCl, as indicated. Nuclear
extract was analyzed by Western blotting using anti-MafA antibodies, and a
representative blot of this often repeated experiment is presented. Hyper,
hyperphosphorylated; Hypo, hypophosphorylated.

Only Wild Type MafA and the S65E Mutant Are Poly-
ubiquitinylated—MafA levels are influenced by glucose, the
most important physiological effector of islet 3 cell activity.
Thus, increasing cellular glucose concentrations acutely stim-
ulate (e.g Fig. 1C) (5, 14, 16) and chronically high conditions
inhibit (32) MafA mRNA and protein expression. The impact of
glucose on MafA stability was examined in MIN6 B cells cul-
tured under low-glucose (1 mm) and high-glucose (25 mm) con-
ditions in the presence of cycloheximide; TATA-binding pro-
tein served as the internal control. In contrast to recent results
suggesting that transfected MafA was less stable under low-
glucose conditions (21), we found that the rate of endogenous
MafA turnover was insensitive to the glucose concentration in
the medium (Fig. 54).

MafA degradation in cycloheximide-treated MING cells was
blocked by MG132 (Fig. 5B), an inhibitor of the ubiquitin-me-
diated proteasome pathway (33). To examine the specificity of
this process in greater detail, a plasmid encoding HA-tagged
ubiquitin was co-transfected with wild type MafA and S14A,
S65A, S65D, S65E, and T267A mutant expression plasmids. As
expected from the protein turnover experiments (Fig. 4), S65E
and wild type MafA, and not the S65A and S65D mutants, were
polyubiquitinylated (Fig. 6, top panels). The S14A and T267A
mutants were also polyubiquitinylated, as predicted. Collec-
tively, the data strongly indicate that phosphorylation at Ser®®
regulates MafA stability. Notably, the higher molecular weight
and polyubiquitinylated forms of MafA represent a very minor
portion of the MafA pool in the cells, which is much less than
nonubiquitinylated MafA (Fig. 6, bottom panels).

Phosphorylation at Ser®® Stimulates Transactivation—Ser®®
is located within the N-terminal activation domain of large Maf
proteins (19). To examine if the phosphorylation at Ser'* and
Ser®® affected MafA-mediated transactivation, N-terminal
sequences from 1-75 and 1-233 were fused in-frame to the
DNA-binding domain of the Saccharomyces cerevisiae Gal4
transcription factor (Fig. 7A). Each of the Gal4 expression plas-
mids, together with a reporter plasmid containing five Gal4

DNA-binding sites upstream of the
E1B TATA sequences, was trans-

loheximid 100 100
A 0 c?czejm] 66 s () B 7 25 fected into HeLa cells. Strikingly,
W G —— 50 50 wild type Gal4-MafA-(1-75) was
B s 25] S65A Mata much less active than wild type
5AM .

Sl4A  ———— a:j wt MafA a Gal{L—MafA—(l—BS) (Fig. 7B). In
i = 100 100 addition, much lower levels of
S65A r--.ro s s 75 Gal4-MafA-(1-75) were found
“E = 50 50 compared with Gal4-MafA-(1-
N e 25| ges Marn- 251565 MafA 233) as a result of Ser®*-mediated
S o 2 4 6 s (Mo 2 4 & 8 degradation (compare wild type
S65E and S65A mutant Gal4-MafA-(1-

C 75) in Fig. 7C).
T267A S —— — i Sample wt | s14a | s65A | S6sD | S6sE | T267 Interesgtin gly, the Ser®® mutants
PDX1 -“é % Life (hr) | 295 | 2.62 | 221 [ 190 | 2.94 | 4.69 did not affect Gal4-MafA-(1-233)

FIGURE 4. S65E, and not S65D, has a protein turnover rate similar to WT MafA. A, the WT Myc-MafA and
mutant constructs were expressed in BTC-3 cells for 48 h and then transferred into medium containing 0.2 mm
glucose and 18 um cycloheximide. Nuclear extract was prepared at the indicated times, and transfected MafA
and endogenous Pdx1 protein levels were determined using anti-Myc and anti-Pdx1 antibodies, respectively.
B, band intensity was measured and plotted as a percentage of the initial band intensity. No significant differ-
ence in turnover rate was found between S65A and S65D. C, the estimated half-life of WT MafA and mutants

S14A, S65A, S65D, S65E, and T267A is shown (n = 3).
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levels (Fig. 7C), which enabled a
straightforward comparison  of
S65A, S65D, and S65E activation
ability. Both S65D and S65E stimu-
lated Gal4-MafA-(1-233) activity,
whereas S65A and S14A were rela-
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tively inactive (Fig. 7D). The increased activity of S14E Gal4-
MafA-(1-233) suggests that phosphorylation throughout the
activation domain is vital (Fig. 7D), as also supported by the
ability of MafA to recruit the p300/CBP-associated factor co-
activator after GSK3-mediated phosphorylation of Ser®*, Thr*?,
Thr®3, and Ser*® (20). Ser'%, Ser®®, and Thr**” were also found to
influence insulin gene-driven reporter activity, with S14A
(0.55 £ 0.09%) and T267A (0.52 * 0.11%) specifically compro-
mising expression relative to the wild type.

25mM +40 uM CHX 1 mM + 40 uM CHX
(try 0 3 5 6 0 3 5 6

MafA - oy ew . G G s
A
TRp O oy G
B Mafs TR . _a
TBp CED GG
25mM  + + - - -
I1mM - - + + +
MG132 (50 M) - - -+ +
CHX 4O0puM) - + - - +

FIGURE 5. MG132 protects MafA from proteasome-dependent degrada-
tion. A, MING cells were cultured at 25 mm glucose for 18 h and then in either
1 or 25 mm glucose in the presence of 40 um cycloheximide (CHX) for the
indicated times. MafA and TATA-binding protein (TBP) levels were measured
in the nuclear extracts by Western blot analysis. B, MIN6 cells were treated
with MG132 for 18 h. MafA and TATA-binding protein levels in A and B were
measured in the nuclear extracts by Western blot analysis.
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The MafA C-terminal Region (Amino Acids 234-359) Is a
Ubiquitin-targeted Region—The ubiquitin-proteasome degra-
dation pathway requires recognition of a degradation signal
(e.g. Ser®® phosphorylation) by E3 ubiquitin ligase and polyu-
biquitinylation of lysine(s) (34). Both the relatively low lysine
density in the N-terminal region of MafA and the comparable
stability of the Gal4-MafA-(1-233) mutants suggested that a
lysine within the Gal4 DNA-binding region may have been uti-
lized in Gal4-MafA-(1-75) degradation (only 4 of 16 lysines in
MafA are located between amino acids 1 and 233).

The level of the wild type and S65A versions of Gal4-MafA-
(1-233) were compared with those of Gal4-MafA-(1-359) to
examine the importance of the C-terminal lysine-rich region of
MafA to protein stability. As expected of a lysine(s) necessary to
ubiquitin-mediated degradation, Gal4-MafA-(1-359) protein
levels were not only lower than Gal4-MafA-(1-233) protein
levels but also increased in response to the S65A mutation (Fig.
8A). To further examine the significance of the C-terminal
region in MafA degradation, the ubiquitinylation state of the
MafA-(1-233) deletion mutant was compared with that of the
wild type. This C-terminal truncation mutant was not polyu-
biquitinylated effectively, and much higher levels were in the
cytoplasm compared with the wild type (Fig. 8B and supple-
mental Fig. 1).

DISCUSSION

MafA is a key activator of adult islet 3 cell function, specifi-
cally through actions on genes associated with cell identity,
including the insulin gene (1, 2, 12, 15). This transcription fac-
tor has been proposed to be a master regulator due to not only
the importance of its target genes but also its unusual sensitivity
to metabolic effectors (35). Here, we have examined the poten-
tial role of phosphorylation in regu-
lating MafA activity and demon-

- HA-Ub HA-Ub 1 that 4l
S < < < v & strated that alanine mutations at
¥ oo S & S & ¥ T e 8 e

,g°° Frd & 28 § S & &L L Ser'* and Ser®® reduced activation.
(kD) Y Notably, we found that MafA stabil-
250 ' ity was specifically controlled by

150 = <MafA-(Ub) or . 65
100 — - - - " " modification at Ser®” alone, as a glu-
IP: a-MafA 75 _ - : = o tamic acid substitution mutant was
WEB:0-HA a eliminated through the proteasome
50 degradation pathway, whereas an
--------------------------------------------------------------- < MafA alanil‘le or aSpartiC aCid mutant was
4 not. Phosphorylation at Ser®® was
250= H also recently found to be the nucle-
150~ ating site for GSK3 actions at Ser*’,
MafA in CE 100~ i« MafA-(Ub), Thr*3, Thr*?, and Ser®! in quail and

WB:0-MafA - 75— mouse MafA (20, 21).

i Two recognition signals are nec-
50= - - - e o - e essary ff)r prote?in degradation in the
Hypo ubiquitin-mediated  proteasome
FIGURE 6. Only S65E and WT MafA are polyubiquitinylated. HeLa cells were infected with the indicated ~ Pathway.  The initiating ~event

Myc-MafA constructs in the presence or absence of a HA-ubiquitin (HA-Ub)-expressing plasmid. Top panels, to
assess ubiquitinylation, immunoprecipitated (/P) MafA was subjected to anti-HA Western blotting (WB). The
dashed line illustrates the location of nonubiquitinylated, hyperphosphorylated MafA, as shown directly in a
MafA Western blot of whole cell extract (CE) (lower left panel). Notably, S65A and S65D are not polyubiquitiny-
lated, whereas WT MafA and mutants S14A, S65E, and T267A are polyubiquitinylated. The asterisk denotes a
nonspecific 100-kDa band. Bottom panels, MafA mutants in whole cell extract were detected by anti-MafA. The
dashed line indicates the position of polyubiquitinylated MafA. Hyper, hyperphosphorylated; Hypo,

hypophosphorylated.
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involves binding by E3 enzymes
(ubiquitin ligase) to a specific degra-
dation signal sequence (referred to
as the degron), which in MafA rep-
resents Ser®® phosphorylation. In
fact, the degron is commonly found
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1-75 (Fig. 7C) chimeras. We con-
clude from these results that the
MafA degron is defined by phos-
phorylation of Ser®® alone, as fur-
ther supported by the instability of
the S65E mutant. In contrast, it was
recently suggested that MafA stabil-
ity was regulated by GSK3 phospho-
rylation of Ser®®, Thr®, Thr®’, and
Ser®! (20, 21). The principal utiliza-
tion of multiple alanine site mutants
within these studies likely contrib-
utes to this discrepancy, although it
is noteworthy that only the S65A
mutation was shown to stabilize
MafA and eliminate MG132 sensi-
tivity (compare S65A with T57A
and T53A in Fig. 4D of Ref. 21). We
believe that the ~2-fold reduction
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S14  S65 — e e e W <Gal4:MafA(1-233)
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100 100
50 50
0- 0- T YL IR R/RIT &
SRR YIS L EEE
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Sy S =
< = Q9
“ &

FIGURE 7. Phosphorylation at Ser’* and Ser®® potentiates MafA activation. A, the structure of the Gal4-
MafA fusion proteins is shown. B and D, the (Gal4)s-driven reporter vector was co-transfected with WT and
mutant Gal4-MafA-(1-75) and Gal4-MafA-(1-233), respectively, in Hela cells. The phRL-TK-normalized
results = S.D. are shown relative to the Gal4 DNA-binding domain (DBD) vector. C, the Gal4-MafA-(1-233) or
Gal4-MafA-(1-359) vectors were co-transfected with pCIG in HelLa cells. Nuclear extracts were subjected to a
Gal4 DNA-binding domain Western blot. Each lane contains the same relative amount of GFP. Notably, the
Ser® mutants do not affect Gal4-MafA-(1-233) levels. The error bars depict the S.D. between experiments (n >
3). RLU, relative light units; TAD, transactivation domain; B-Zip, basic leucine zipper.

in the rate of degradation of com-
pound Ser*®, Thr®3, Thr®”, and Ser®*
mutants reflects poor recognition
by E3 ligase (compare mutant 4A
with WT in Fig. 44 of Ref. 20), as the
stability of S65D illustrated the
exquisite sensitivity of the conjuga-
tion machinery (Fig. 4). Notably,

& @HA;?U"Q this 4A mutant only reduced the
P PP rate of MafA degradation, whereas
’ N

S S B §° N &S &S S65A and S65D prevented degrada-
NN o tion entirely. Furth both

A KGN 250 ' ion entirely. Furthermore, bo
O X & & 150 - S65E and S65D mutants of MafA

FEFS G IP: 0-MafA 100 - ‘
WB:a-HA were phosphorylated by GSK3 (Fig.
Gald:MafA(1-359) b = mm 50 - «MafA(1-359) 3), yet only S65E was subjected to
37- - the ubiquitin-mediated proteasome
GaldMafA(1-233) b e - AMafA(1-233) pathway. In addition, MafA was
50 R T st (1359 recently reported to be less stable at
GFP p aih G e emn MafA in CE 372 : afA(1-359) low- compared with high-glucose
WB:a-MafA 37 i concentrations in B cells (21), which
25+ “‘MMA(I'Z“) we did not observe (Fig. 5). Our

FIGURE 8. The C terminus (amino acids 234-359) of MafA is required for degradation. A, Hela cells were
co-transfected with WT or S65A mutant plasmids encoding Gal4-MafA-(1-233) or Gal4-MafA-(1-359) and pCIG.
Nuclear extracts were analyzed by Western blotting using the anti-MafA and anti-GFP antibodies. B, Hela cells were
infected with Myc-MafA-(1-359) or Myc-MafA-(1-233) constructs in the presence or absence of a HA-ubiquitin (HA-Ub)-
expressing plasmid, and immunoprecipitated (IP) MafA was subjected to anti-HA Western blotting (WB). CE, cell extract.

within the activation domain region of transcription factors
(34). Ubiquitin is covalently bound to the e-amino group of a
lysine residue(s), with polyubiquitinylation targeting substrates
to the 26 S proteasome. Our results demonstrate that polyubiq-
uitin chains are added to the lysine-rich C-terminal region of
MafA, as the full-length Gal4 fusion protein was unstable and
sensitive to Ser®® phosphorylation, but the truncated amino
acid 1-233 chimera was stable and insensitive (Fig. 84). Inter-
estingly, MafA-(1-233) was principally found in the cytoplasm
(supplemental Fig. 1), indicating that the C-terminal region also
contributes to nuclear localization.

Significantly, the S65A mutant blocked degradation of MafA
(Fig. 4) as well as the amino acid 1-359 (Fig. 84) and amino acid
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focus on the regulation of endoge-
nous MafA possibly explains the
discrepancy with their transfection
data. It is likely that glucose-in-
duced MafA expression is regulated
at the transcriptional level, as it shares many of the factors
involved in glucose-stimulated insulin gene expression (15, 36).

Phosphorylation at Thr®® and Thr®” in MafA was confirmed
using phosphosite-specific antibodies (20). We have subjected
nickel affinity chromatography-purified MafA to mass spec-
trometry analysis to directly identify sites of phosphorylation,
an approach that previously illustrated quail MafA Ser*”? phos-
phorylation (i.e. equivalent to mouse Ser®** (37)). Presently,
Ser'®, Thr>3, Ser®®, Thr'®?, Ser®®*, Ser**°, Ser**’, and Ser>*?
phosphorylation has been found by mass spectrometry of
mouse MafA (data not shown). Our inability to observe Ser®®
phosphorylation probably reflects properties of the proteinase-
released peptide, as even the unmodified form was undetect-
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able. Importantly, the ability of S65E and S65D to influence the
mobility of MafA by SDS-PAGE (Fig. 2) and their impact on its
destruction and activation properties strongly suggest that this
site is phosphorylated in vivo.

Ser'* phosphorylation contributed to transactivation by
MafA (Fig. 7) but did not impact protein turnover (Fig. 4). The
S14E mutant was equally active compared with the wild type
and S14E/S65E in Gal4-MafA-(1-233), whereas the S14A/
S65A double mutant was less active than the individual alanine
site mutants (Fig. 7D). Collectively, our results demonstrate
that phosphorylation at Ser®® alone influences both the steady-
state levels and transactivation potential of MafA in 8 cells.
Although Ser®® phosphorylation does not appear to be regu-
lated in vivo (Fig. 1) (21), it is likely that the action of GSK3 (and
other kinases) on the activation domain will be regulated to
potentiate transactivation capabilities and reduce degradation.
Evidence supporting such an idea was provided by showing that
GSK3-mediated recruitment of the p300/CBP-associated fac-
tor co-activator impacted MafA stability (20).
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