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Carbohydrate response element-binding protein (ChREBP) is
a glucose-responsive transcription factor that plays a critical
role in the glucose-mediated induction of gene products
involved in hepatic glycolysis and lipogenesis. Glucose affects
the activity of ChREBP largely through post-translational mech-
anisms involving phosphorylation-dependent cellular localiza-
tion. In this work we show that the N-terminal region of
ChREBP (residues 1-251) regulates its subcellular localization
via an interaction with 14-3-3. 14-3-3 binds an a-helix in this
region (residues 125-135) to retain ChREBP in the cytosol, and
binding of 14-3-3 is facilitated by phosphorylation of nearby
Ser-140 and Ser-196. Phosphorylation of ChREBP at these sites
was essential for its interaction with CRM1 for export to the
cytosol, whereas nuclear import of ChREBP requires dephos-
phorylated ChREBP to interact with importin «. Notably,
14-3-3 appears to compete with importin « for ChREBP bind-
ing. 14-3-3 bound to a synthetic peptide spanning residues
125-144 and bearing a phosphate at Ser-140 with a dissociation
constant of 1.1 uMm, as determined by isothermal calorimetry.
The interaction caused a shift in the fluorescence maximum of
the tryptophan residues of the peptide. The corresponding
unphosphorylated peptide failed to bind 14-3-3. These results
suggest that interactions with importin « and 14-3-3 regulate
movement of ChREBP into and out of the nucleus, respectively,
and that these interactions are regulated by the ChREBP phos-
phorylation status.

The liver is the principal organ responsible for the conver-
sion of excess dietary carbohydrates to stored triglyceride.
Metabolism of carbohydrates in the liver provides a substrate,
acetyl-CoA, for triglyceride synthesis and induces expression of
liver pyruvate kinase (LPK)? and lipogenic enzymes independ-
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ently of insulin. The mechanism by which excess carbohydrates
induce expression of lipogenic enzyme genes became clearer
with the discovery of carbohydrate response element-binding
protein (ChREBP) (1). When glucose availability is low, a phos-
phorylated, inactive pool of ChREBP is mainly localized in the
cytosol. As the glucose level rises, the concentration of the pen-
tose phosphate shunt intermediate xylulose 5-phosphate
(Xu5P) increases, activating a specific protein phosphatase,
PP2A-ABSC, which leads to dephosphorylation of ChREBP (2).
The dephosphorylated ChREBP translocates to the nucleus
where it binds to carbohydrate response elements within the
promoters of LPK and genes involved in hepatic lipogenesis to
couple glucose utilization and fatty acid synthesis (3, 4).
ChREBP is a large transcription factor of 96 kDa containing
several functional domains, including nuclear export (NES) and
nuclear import signals (NLS), a DNA binding bHLH/ZIP
domain, and proline-rich regions (Fig. 1A4). Increased glucose
levels after meals lead to the conversion of inactive ChREBP
(phosphorylated) in the cytosol to an activated/dephosphoryl-
ated state via Xu5P-activated PP2A. This dephosphorylated
ChREBP then translocates to the nucleus to initiate transcrip-
tion. This model of ChREBP regulation by subcellular localiza-
tion controlled by a phosphorylation/dephosphorylation
mechanism is based on the observations that hepatocytes incu-
bated with protein kinase inhibitors exhibit an increase in both
nuclear localization and DNA binding efficiency of ChREBP,
whereas treatment with protein phosphatase inhibitors blocks
nuclear import (4). Moreover, a mutated ChREBP (S196D-
ChREBP) that mimics the phospho-ChREBP produced by pro-
tein kinase A (PKA) localizes to the cytosol, whereas a mimic of
the dephosphorylated form (S196A-ChREBP) migrates into the
nucleus in cultured hepatocytes. Once inside the nucleus, other
phosphorylated residues of ChREBP (Ser-626 and Thr-666) are
dephosphorylated by nuclear Xu5P-activated PP2A, thus
enhancing ChREBP DNA binding and transactivation (4, 5).
Based on these observations, we previously proposed that
subcellular localization of ChREBP is regulated by the phospho-
rylation state of Ser-196, and the transcriptional activation
activity of ChREBP is regulated by the phosphorylation states of
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Ser-626 and Thr-666 (4). This mechanism of high-glucose acti-
vation of ChREBP by dephosphorylation and inactivation by
PKA-dependent phosphorylation is entirely consistent with
regulation of carbohydrate metabolism and lipogenesis path-
ways in the liver by the opposing effects of glucose on one hand
and glucagon and cyclic AMP (cAMP) on the other.

Recently this phosphorylation-mediated regulatory pathway
for ChREBP has received further scrutiny (6) based on the find-
ings that hepatocyte cAMP levels do not change with alter-
ations in glucose concentration, and that certain mutated forms
of ChREBP retain the ability to respond to high glucose. These
results suggest that regulation of ChREBP may involve addi-
tional mechanisms beyond control of the phosphorylation sta-
tus of the described PKA-targeted sites.

Li et al. (7) proposed an alternate mechanism of glucose-
mediated regulation of ChREBP after they identified a glucose-
sensing module in the N-terminal region of ChREBP (residues
1-400). Under low-glucose conditions, an inhibitory domain
keeps ChREBP in an inactive state until it is somehow relieved
upon exposure to high glucose. According to this model, acti-
vation in response to glucose is mediated by an intramolecular
mechanism rather than phosphorylation. Although this mech-
anism may explain activation of ChREBP under low glucose
conditions, it fails to explain the additional activation in high
glucose (11).

Using a yeast two-hybrid strategy, Merla et al. (8) found that
endogenous 14-3-3 proteins can interact with ChREBP. They
found that Mlx, a protein with which ChREBP must interact to
bind DNA (9-12), and 14-3-3 isoforms (3, 7y, {, and 6) all asso-
ciate with the N-terminal (residues 1-297) and C-terminal (res-
idues 584—864) portions of ChREBP. 14-3-3 proteins are
known to bind to phosphorylated substrates; consistent with
this, alkaline phosphatase treatment led to the complete loss of
ChREBP/14-3-3 interactions. Although this finding suggested
an important role for ChREBP phosphorylation in this interac-
tion, 14-3-3 was able to bind to five mutated forms of ChREBP
in which sites of phosphorylation were singly changed to ala-
nine (S140A, S196A, S568A, S626A, and T666A) (4). Interest-
ingly, a deletion mutant lacking residues 117—-133 of ChREBP
was unable to bind 14-3-3. Based on these results, it was sug-
gested that either the interaction of 14-3-3 and ChREBP may
require one or more additional factors, or that phosphorylation
has an indirect effect on protein folding.

In this report we have further examined the mechanism by
which glucose regulates subcellular localization of ChREBP,
and the role of phosphorylation of residues Ser-140 and Ser-196
in this mechanism. Our results provide direct evidence that
interaction of phosphorylated ChREBP with 14-3-3 affects
movement of ChREBP between the nucleus and cytoplasm. We
identified a-helical domains within the N-terminal region of
ChREBP and nearby phosphorylation sites required for the
interaction with 14-3-3, and demonstrated that these interac-
tions play essential roles in regulating ChREBP localization and
hence activity.

EXPERIMENTAL PROCEDURES

Chemicals and Vectors—All chemicals were purchased from
Sigma unless otherwise indicated. Bacterial expression vectors
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for GST-importin o, GST-importin B, and mouse 14-3-33 were
gifts from Dr. Y. Yoneda (Osaka University, Osaka, Japan).
Expression vectors for the other human 14-3-3 proteins were
gifts from Dr. Steve L. McKnight (University of Texas South-
western Medical Center, Dallas, TX). The expression vector for
RanQ69L was a gift from Dr. Yuh Min Chook (University of
Texas Southwestern Medical Center). Mammalian expression
vectors for CRM1 and Mlx were prepared by reverse tran-
scriptase-PCR cloning these gene products, verifying the integ-
rity of the cDNA products by sequencing, and subcloning these
genes into the pcDNA 3.1 expression plasmid (Invitrogen).

Proteins and Peptides—GST-tagged importin o and importin
B, and His-tagged mouse 14-3-38, human 14-3-38, human
14-3-3+y, and human 14-3-3¢ were introduced into Escherichia
coli strain BL21. Expression of the proteins was induced by
addition of isopropyl 1-thio-B-p-galactopyranoside (0.1 mm)
followed by incubation at 20 °C with shaking at 120 rpm for
16 h. GST fusion proteins were purified using glutathione-
Sepharose (GE Healthcare) according to the manufacturer’s
instructions. His-tagged proteins were purified by affinity chro-
matography using nickel-nitrilotriacetic acid (GE Healthcare).
The peptide containing the «, helix of ChREBP phosphorylated
at Ser-140, designated as “a,-S140(p),” was synthesized by the
Peptide Synthesis Group at the University of Texas Southwest-
ern. The binding of this peptide to 14-3-3 was studied using
isothermal titration calorimetry (ITC). A synthetic 14-3-3 tar-
get peptide (ARApSAPA) (13) was prepared by the same group
and used as a positive control for protein interaction. Secondary
structure analyses were performed using the JPRED prediction
service (14), complemented by estimations of peptide helical
propensity using the AGADIR algorithm (15).

Animals—The Veterans Affairs Medical Center Institutional
Animal Care and Use Research Advisory Committee approved
all animal studies. Male mice 6 —10 weeks of age were housed in
temperature-controlled facilities with 12-h light/dark cycles
and maintained on standard rodent chow (Harlan-Teklad
Mouse/Rat Diet 7002; Harlan-Teklad Premier Laboratory
Diets). The high carbohydrate and high fat diets were as
described before (16). The high starch diet was fed to wild type
mice and ChREBP gene-deficient mice because the latter ani-
mals cannot tolerate a sucrose-containing diet (16).

Preparation of Nuclear Extracts—For determination of the
subcellular distribution of ChREBP, 14-3-3, and Mlx, mice were
sacrificed 2-3 h after lights came on and livers were removed
immediately. Liver nuclei were isolated by differential centrif-
ugation of liver extracts prepared according to Hattori et al.
(17) with minor modifications. Rats were fasted for 24—48 h
and then refed either the standard lab chow, the high-sucrose
diet, or the high-fat diet for 48 h before tissue harvest.

Construction of Plasmids—The expression vector for His-
tagged ChREBP was described previously (1), whereas GFP-
tagged ChREBP was generated as follows. The coding region
of ChREBP was PCR-amplified using oligonucleotides, 5'-
TACCGGACTCAGATCTCGAGCGCGGGAATTCGATT-
ATGG-3' (forward) and 5'-TAGAATTCCCCGCGGTAGA-
GGTCAAGGTGGGTGGACTGG-3" (reverse). The PCR
product was digested with Xhol and Sacll, then ligated into
pEGEFP-C3 (Clontech). FLAG-tagged ChREBP was constructed
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using pExchange5A (Stratagene). Site-specific mutations were
performed using the QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. The
oligonucleotides used for site-directed mutagenesis were
described previously (4).

Primary Hepatocyte Culture and Transfection with Lucifer-
ase Reporter—Isolation of primary hepatocytes from rat liver
and transfection of the cells with a luciferase reporter were per-
formed as described previously (1). Briefly, 5 h after isolation,
the culture medium was replaced with DMEM without fetal
bovine serum or antibiotics. Attached cells (0.5 X 10°) were
transfected by adding 0.2 ug of the pRL-TK reporter plasmid
(containing Renilla luciferase as an internal control), 2.0 ug of
pGL3-LPK plasmid (firefly luciferase, an experimental
reporter), and 1.0 ug of His-ChREBP expression plasmid using
Lipofectamine 2000 (Invitrogen) diluted with Opti-MEM
(Invitrogen). Four hours later, the medium was replaced with
DMEM containing 5.5 mm glucose supplemented with 1 nm
insulin, 100 nm dexamethasone, 100 units/ml penicillin, 100
pg/ml streptomycin, 10% dialyzed fetal bovine serum, and
either 5.5 or 27.5 mM glucose. Cells were incubated for an addi-
tional 20 h, and the luciferase reporter activity was determined
using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s instructions.

Subcellular Localization of ChREBP—To determine the sub-
cellular localization of ChREBP, hepatocytes were plated onto
35-mm glass-bottomed dishes (MatTek) coated with type I col-
lagen at a density of 5.0 X 10° cells per dish, and 3.2 ug of
expression plasmid encoding wild type or mutated versions of
GFP-ChREBP were transfected into the attached hepatocytes
by Lipofectamine 2000 as described above. For high-glucose
conditions, D-glucose was added 16 h after transfection to a
final concentration of 27.5 mwm, and the cells were incubated for
an additional 24 h. The cells were washed once with phosphate-
buffered saline, and fixed with phosphate-buffered saline-buff-
ered 4% formaldehyde for 15 min at room temperature fol-
lowed by replacement with phosphate-buffered saline
containing 50 mM glycine. The subcellular localization of GFP-
ChREBP was determined using a confocal laser microscope.
Typically three sets of about 100 fluorescent cells were counted
and scored for subcellular localization, in each of three inde-
pendent experiments.

Protein-Protein Interaction of ChREBP with the Import
Complex—In vitro binding assays for the interaction between
ChREBP, Mlx, and importins were carried out as follows.
FLAG-tagged ChREBP was expressed in HEK293T cells and
purified from cell lysate by incubating with beads bearing anti-
FLAG antibodies in a buffer containing 10 mm Tris-HCI, pH
7.4, 150 mm NaCl, 0.5 mm EDTA, 10 mm sodium fluoride, 1%
Nonidet P-40 for 1 h at 4 °C with gentle rocking.

To prepare a ChREBP-MlIx heterodimer, HA-tagged Mlx was
expressed in HEK293T cells. Cell lysate containing HA-Mlx
was incubated with gentle rocking for 1.5 h at 4 °C with FLAG-
ChREBP-bound beads in 500 ul of reaction buffer (20 mm
HEPES-KOH, pH 7.3, 110 mM potassium acetate, 2 mM magne-
sium acetate, 5 mm sodium acetate, 0.5 mm EGTA, and 0.01%
Nonidet P-40) (18) supplemented with 0.5% bovine serum albu-
min and 1 tablet of Complete Mini (Roche) per 10 ml. To con-
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firm heterodimer formation, ChREBP-bound beads with Mlx
bound were eluted with SDS-PAGE sample buffer and sub-
jected to PAGE followed by immunoblotting.

The interactions of ChREBP or ChREBP-MlIx with importin
aand importin B for the nuclear import process were assayed as
follows. Beads bound with ChREBP or ChREBP-MIx were incu-
bated with 2 ug each of homogeneous preparations of bacteri-
ally expressed GST-tagged importin « or importin 8 in 500 ul
of transport buffer in the above reaction mixture for 1.5 h at
4 °C with gentle rocking. The beads were washed 3 times with
reaction buffer (defined above) without bovine serum albumin,
eluted with SDS-PAGE sample buffer, and then subjected to
PAGE and immunoblotting with antibodies for importin « or .
Under these conditions, we found that Mlx had little effect on
the ChREBP-importin interaction.

The interaction of ChREBP-14-3-3 complex with proteins of
the nuclear export process was carried out as follows. The
ChREBP-bound beads were incubated in 500 ul of reaction
buffer containing 2 ug of CRM1, 5 ug of RanQ69L (which lacks
GTPase activity), 2 pug of 14-3-3 (19), and 10 um GTP for 1.5 h
at 4 °C with gentle rocking. After washing the beads 3 times
with reaction buffer without bovine serum albumin, proteins
were eluted with SDS-PAGE sample buffer, and subjected to
PAGE and immunoblotting for CRM1, 14-3-3, and ChREBP.

For PAGE and immunoblotting, protein samples were size-
fractionated on an 8 or 10% SDS-PAGE gel and transferred onto
a Trans-Blot nitrocellulose membrane (Whatman). The mem-
brane was briefly rinsed in Tris-buffed saline containing 0.1%
Tween 20 (TBS-T) and incubated for 1 h at room temperature
in TBS-T containing 5% skim milk (Difco). The blocked mem-
brane was incubated with the primary antibody (14-3-3, Santa
Cruz Biotechnology, sc-629, 1:2000; CRM1, Santa Cruz Bio-
technology, sc-5595, 1:500; Anti-GST, Millipore, 06-332,
1:1000) for 1 h at room temperature. Horseradish peroxidase-
conjugated anti-rabbit or -mouse IgG (Zymed Laboratories
Inc.) was used as the secondary antibody, and bound proteins
were visualized with an ECL Western blotting detection system
(GE Healthcare).

Intrinsic Tryptophan Fluorescence—We took advantage of
the fact that «,-S140(p) contains two tryptophan residues,
which may show changes in either fluorescence intensity or
wavelength with maximum emission following interaction of
the peptide with another protein. Intrinsic tryptophan fluores-
cence spectra of the peptide alone or 14-3-3 alone (in 50 mm
HEPES-KOH, pH 7.9, and 2 mm EDTA) were determined using
a PerkinElmer Spectrofluorometer and served as controls. The
excitation wavelength was set at 295 nm, and emission spectra
were measured between 300 and 380 nm. Emission spectra
were corrected by subtracting the spectrum of the peptide with-
out excitation in the same buffer. The steady-state fluorescence
spectrum of a sample containing 10 um each of a,-S140(p) pep-
tide and 14-3-3 was then measured under the same conditions.

Isothermal Titration Calorimetry—ITC experiments were
carried out using a VP-ITC microcalorimeter (MicroCal). His-
tagged 14-3-3 proteins were dialyzed overnight into 50 mm
HEPES (pH 7.9) containing 0.2 mm EDTA. From these samples,
25 um solutions of monomeric subunits were placed in the cell
chamber of the calorimeter (cell volume 1.4 ml). For most ITC
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FIGURE 1. The N-terminal region of ChREBP controls subcellular localization of ChREBP. A, schematic
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were calculated according to the
equation: AG° = AH° — TAS°. Curve
fitting and the derivation of thermo-
dynamic parameters were carried
out with the ORIGIN version 7.0
software package (MicroCal). The
concentrations of 14-3-3 proteins
and the ChREBP peptide were
determined using extinction coeffi-
cients at 280 nm of 25.7 and 13.98
mm ' ecm Y, respectively.

Data Analysis—Statistical analy-
sis was performed using GraphPad
Prism5 software (GraphPad Soft-
ware, San Diego, CA). Data were
analyzed by one-way analysis of
variance, followed by Newman-
Keuls post hoc test, and groups des-
ignated with different letters are sta-
tistically different (p < 0.05).

252-865

RESULTS

depiction of the rat WT-ChREBP, ChREBP-N (residues 1-251), and ChREBP-C (residues 252-865) constructs of

ChREBP. B, primary cultures of rat hepatocytes were transfected with GFP-tagged ChREBP proteins. The cells
were cultured in DMEM containing 5.5 mm glucose, and then incubated for an additional 8 h with medium
containing 5.5 (open bars) or 27.5 mm (filled bars) glucose. The cells were fixed with 4% formaldehyde, and
subcellular localization of GFP-fused ChREBP was determined using confocal microscopy. The values pre-
sented are the mean = S.D. of three sets of about 100 fluorescent cells. C, representative images showing
subcellular localization of GFP-tagged WT-ChREBP, ChREBP-N, and ChREBP-C in rat hepatocytes. D, MIx and
14-3-3 interactions with WT-ChREBP, ChREBP-N, and ChREBP-C. FLAG-tagged ChREBP proteins were immobi-
lized on anti-FLAG beads, and incubated with HEK293T expressed HA-tagged MIx or purified 14-3-3 for 1.5 h.
The beads were collected, suspended in denaturing-SDS sample buffer, and analyzed by SDS-PAGE and immu-

noblotting using antibodies specific for HA tag or 14-3-3.

measurements either human or mouse 14-3-3 was used, but
human 14-3-3 v, {, and 6 were also dialyzed and tested for
binding to the phosphorylated ChREBP peptide «,-S140(p).
Readings were taken as «,-S140(p) (or an unphosphorylated
peptide, “a,-Ser-140,” prepared by treating «,-S140(p) over-
night with 1 microunit of calf thymus alkaline phosphatase) was
added to the chamber from a syringe with an initial peptide
concentration of 250 um. All titration experiments were per-
formed at 20 °C in 50 mm HEPES (pH 7.9) containing 0.2 mm
EDTA. The ChREBP peptide was injected into the calorimetric
cell in 12-pul increments. In all, 28 injections were made at
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The Distinct Roles of the N- and
C-terminal Regions of ChREBP in
Nuclear Localization and Tran-
scriptional Activation—To better
define the roles for the different
domains of ChREBP, we expressed
the N-terminal (residues 1-251;
ChREBP-N) and C-terminal (resi-
dues 252- 865; ChREBP-C) regions (Fig. 14) of mouse ChREBP
and determined their nuclear localization and transcriptional
activation activity in primary rat hepatocytes. GFP-labeled
ChREBP-N localized to the nucleus in the presence of high
glucose but not low glucose, as determined by confocal micros-
copy (Fig. 1, B and C). This localization pattern was similar to
that of wild type ChREBP (WT-ChREBP), but was distinct from
the pattern we observed for ChREBP-C, which was distributed
between the nucleus and cytosol under both glucose concen-
trations (Fig. 1, B and C). The approximately equal distribution
of ChREBP-C in the nucleus and cytosol regardless of glucose
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levels suggests insensitivity of the C-terminal region to glucose
concentration. These results clearly demonstrate that the
N-terminal region, but not the C-terminal region, responds to
glucose concentration and is fully responsible for nuclear local-
ization of ChREBP in hepatocytes in the presence of high glu-
cose levels.

ChREBP has been shown to interact with 14-3-3 (8) or Mlx
(9, 20) to form heterodimers that function in subcellular local-
ization and DNA binding, respectively. We tested the in vitro
binding of these proteins to ChREBP by mixing them with
FLAG-tagged ChREBP proteins immobilized on anti-FLAG
beads, followed by centrifugation. ChREBP-N interacted exclu-
sively with 14-3-3, consistent with its role in subcellular local-
ization, whereas the ChREBP-C bound only Mlx, indicating its
role in DNA binding (Fig. 1D). These results provided no evi-
dence for a 14-3-3 binding site within the C-terminal region of
ChREBP under these conditions, despite the previous sugges-
tion of a site between residues 584 and 765 (8).

Regulation of ChREBP Activity by Phosphorylation of Ser-140
and Ser-196—Phosphorylation of residues Ser-140 and Ser-196
of ChREBP has been suggested to regulate nuclear transloca-
tion of ChREBP and its transcriptional activation status (4,
8), but the specific effects of phosphorylation are still
controversial.

Here, we have focused on the effect of phosphorylation of
Ser-140 and Ser-196 on nuclear localization and activation of
transcription in hepatocytes. Using a transcription reporter
assay, in which the ChREBP-activated LPK promoter drove the
expression of the luciferase reporter enzyme (1), we found that
WT-ChREBP and S140A/S196A-ChREBP were both activated
2.5-fold in high glucose (27.5 mm) relative to low glucose (5.5
mM) in hepatocytes (Fig. 2). In contrast, S140D/S196D-
ChREBP, which mimics phosphorylation at both sites, had
activity similar to the control (empty vector), which likely
shows enhanced activity due to endogenous ChREBP in the
hepatocytes. Similar results were obtained previously with
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140A
196A

FIGURE 2. Transcriptional activation and nuclear localization of wild type ChREBP and variants contain-
ing mutations at Ser-140 and Ser-196. Left, primary cultured rat hepatocytes were co-transfected with
pRL-TK (thymidine kinase promoter driving Renilla luciferase gene) as the internal control and pGL-3 Basic
(expressing firefly luciferase under control of the rat LPK promoter region from —206 to —7). After transfection,
cells were cultured in DMEM containing 5.5 mm glucose, and then incubated for an additional 12 h with
medium containing 5.5 (open bars) or 27.5 mw (filled bars) glucose. Luciferase activity was measured and is
expressed as firefly luciferase activity relative to Renilla luciferase activity. The values presented are the mean =
S.D. of replicate (three to four) cultures from a single experiment representative of more than three independ-
entexperiments. Right, nuclear localization of ChREBP in primary cultured hepatocytes. Primary cultured hepa-
tocytes were transfected with GFP-tagged ChREBPs (wild type, ST40A/S196A, and S140D/S196D). Cells were
cultured in DMEM containing 5.5 mm glucose, and then incubated for an additional 8 h with medium contain-
ing 5.5 (open bars) or 27.5 mw (filled bars) glucose. The values presented are the mean = S.D. of three sets of
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the single S196D mutation, which
mimics phosphorylation of only
the Ser-196 site, relative to S196A-
ChREBP (4).

Nuclear localization of GFP-
tagged WT-ChREBP was 2-fold
higher in high glucose conditions
than in low glucose conditions in
primary hepatocytes (Fig. 2). How-
ever, S140A/S196A-ChREBP local-
ized to the nucleus in the presence
of either high or low glucose, com-
parably to the levels we observed for
WT-ChREBP in the presence of
high glucose. This result indicates
that mutation of these residues
abolished glucose sensitivity. In
contrast, the extent of nuclear local-
ization of S140D/S196D-ChREBP at
either glucose concentration was
similar to that observed for
WT-ChREBP in the presence of low
glucose. A similar result was previously observed with S196D-
ChREBP (4), although S140D/S196D-ChREBP was affected
more significantly. These results suggest that phosphorylation
of residues Ser-140 and Ser-196 inhibits nuclear localization of
ChREBP under low glucose conditions. Moreover, mutation of
these sites abolished the glucose sensitivity of nuclear local-
ization but not of transcriptional activation, because the lat-
ter was still inhibited under low glucose conditions. One
possible explanation for these results is that the N-terminal
region of ChREBP is solely responsible for the glucose sen-
sitivity of nuclear localization, whereas inhibition of tran-
scriptional activation in low glucose may be chiefly mediated
by phosphorylation of additional C-terminal sites such as
Ser-626 or Thr-666 (4).

Taken together, these results suggest that the glucose sensi-
tivity of nuclear localization of ChREBP is directly mediated by
phosphorylation of residues Ser-140 and Ser-196. These phos-
phorylation sites are target sites for cAMP-dependent PKA or
the related kinase PKG, consistent with the physiological obser-
vation that glucagon/cAMP signaling inactivates ChREBP in
liver (21).

Interaction of ChREBP with a CRMI1 Complex for Export—
To determine the effect of phosphorylation of ChREBP on
glucose-dependent changes in subcellular localization, we
investigated the interactions of ChREBP with the proteins
involved in cytoplasmic/nuclear trafficking. It is known that
export of cargo proteins or RNAs from the nucleus requires the
formation of a complex of the cargo with CRM1, Ran GTPase,
GTP, and 14-3-3 (22). To test for formation of this complex in
vitro, we mixed immobilized FLAG-WT-ChREBP (or the
FLAG-ChREBP mutant proteins), with GTP and purified
CRM1, 14-3-3, and a GTPase-dead variant of Ran (RanQ69L).
ChREBP-bound proteins were eluted and subjected to SDS-
PAGE and Western blotting with anti-14-3-3 and anti-FLAG
antibodies. The 14-3-3 binding of the double D mutant
increased much more than the additive effect of single D
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196D
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FIGURE 3. 14-3-3 binding to WT-ChREBP and various Ser-140/Ser-196-ChREBP alanine or aspartate
mutants mimicking unphosphorylated and phosphorylated ChREBP, respectively. FLAG-tagged ChREBP
(wild type or bearing one or two mutations) were expressed in HEK293T cells, which were subsequently
incubated for 48 h. FLAG-ChREBP in cell extracts was bound to anti-FLAG beads, which were then mixed with
purified 14-3-3Bin the presence of “export complex” including CRM1, Ran GTPase Q69L, and GTP. After 1 h the
beads were washed and ChREBP-bound 14-3-38 was eluted and subjected to PAGE. Bound 14-3-3 proteins
were measured by immunoblotting (top). The values presented are the mean =+ S.D. of three sets of experi-
ments (bottom). Significant differences among groups were determined by one-way analysis of variance fol-
lowed by Newman-Keuls post hoc test. Groups designated with different letters are statistically different.

mutants, S$140D/S196D >=>> S196D > S140D > WT, suggesting
that there may be a cooperative effect of phosphorylation at the
Ser-140 and Ser-196 sites (Fig. 3). In addition to this observa-
tion, the amino acid sequence around the phosphorylation site
Ser-140 (RRKpSP) is related to the consensus 14-3-3-binding
target (RXXXpSP, where X is any amino acid and pS is phos-
phoserine) (23).

Direct Interaction of ChREBP and Importin o for Nuclear
Localization—Central to the nuclear transport process is a sol-
uble import factor named importin B8 (or alternatively, karyo-
pherin) (24—27). Importin 8 can bind cargo proteins either
directly or indirectly through certain adaptor proteins, most
commonly importin «. In pull-down assays (Fig. 44), FLAG-
tagged ChREBP interacted strongly with importin « but only
weakly with importin 8 alone. However, importin 3 was readily
incorporated into a complex with ChREBP and importin « (Fig.
4A), indicating that formation of the nuclear import complex
between ChREBP and importin 3 is enhanced by importin a.

Effect of 14-3-3 on the Interaction of ChREBP with Importin
a—Similar pull-down experiments were conducted to investi-
gate whether ChREBP phosphorylation or the presence of
14-3-3 had any effect on the ChREBP/importin a interaction. In
the presence of 14-3-3, the interaction of S140A/S196A-
ChREBP with importin « was 2-fold greater than that of S140D/
S$196D-ChREBP or WT-ChREBP (Fig. 4B). This difference was
less pronounced in the absence of 14-3-3. These results suggest
that 14-3-3 masks the NLS of ChREBP (residues 158 —173) and
interferes with binding to importin o under conditions (such as
low glucose) that favor export. Under high glucose conditions
dephosphorylated ChREBP may bind to importin a more
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S196D

Purified
14-3-3

strongly, weakening the 14-3-3
interaction and thus exposing the
NLS. This observation may be simi-
lar to a blockade by 14-3-3 of the
NLS site of histone deactylase previ-
ously reported (27), but will require
additional experiments to confirm.
These results suggest that import
and export of ChREBP are regulated
in a reciprocal manner by the phos-
phorylation status of ChREBP,
which directly affects the interac-
tions of ChREBP with 14-3-3 and
importin o.

Interaction of Highly Conserved
a-Helices in the N-terminal Region
of ChREBP with 14-3-3—Computa-
tional analyses of the secondary
structure and helical propensity of
ChREBP (14, 15) suggested the
presence of three a-helices within
the N-terminal 250 amino acids that
are highly conserved among mem-
bers of the related ChREBP and
Mondo families of proteins. These
helices consist of highly conserved
residues at positions 85-95, 125—
135, and 170-190 of ChREBP and
are designated as a;, a,, and «, respectively (Fig. 54). The a;
helix is identical to the NES consensus sequence except for the
presence of an extra Thr residue at the N-terminal end. The «,
helix is within a region (residues 117—135) previously identified
as a 14-3-3-binding site by Merla et al. (8). The N-terminal side
of the a; helix overlaps with part of the NLS, and Ser-196, the
PKA phosphorylation site, is just beyond its C terminus.

In hepatocytes, deletion of any of these a-helices eliminated
the glucose-mediated nuclear localization of ChREBP (Fig. 5B)
and transcriptional activation (Fig. 5C), indicating the impor-
tance of these helices (Fig. 5B). The «,; deletion variant
remained in the nucleus in the presence of either low or high
glucose concentrations, which we attribute to the presence of
the NES in this section. The result confirms that this site is
likely involved in nuclear export of ChREBP. However, nuclear
localization of the «, and «, deletion forms was inhibited 80
and 50%, respectively, and these ChREBP variants localized in
the cytoplasm, resulting in loss of transcriptional activation
activity (Fig. 5, Band C). These results suggest that the «, helix
may be the primary 14-3-3 binding site of ChREBP and thus
may be essential for export of ChREBP out of the nucleus.

Interaction of 14-3-3 with the a-Helix Deletion Variants of
ChREBP—To study these conserved a-helices, we expressed
FLAG-tagged ChREBP-N and three variant forms in which
each of the a-helices described above was individually deleted.
Coimmunoprecipitation of the 14-3-3 protein was abrogated
when binding to the «, helix was deleted in the recombinant
ChREBP protein (Fig. 6A4). To determine whether the cytosolic
localization of ChREBP was the result of interaction of the
a-helices with 14-3-3, we expressed ChREBP-N and the a-helix
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FIGURE 4. Interaction of ChREBP with importin «, importin 3, 14-3-3, and
Mix in vitro. A, interaction of ChREBP with importin « and importin B. Co-
immunoprecipitation assays were performed on purified GST-tagged impor-
tin /B and lysates of HEK293T cells expressing FLAG-tagged ChREBP.
ChREBP was pulled down by an anti-FLAG antibody and the pellets analyzed
by Western blotting using an anti-GST antibody. These experiments were
repeated three times. B, effect of 14-3-3 and mutations at Ser-140 and Ser-196
of ChREBP on the interaction of ChREBP with importin «. FLAG-tagged WT-
ChREBP, S140A/S196A-ChREBP, or S140D/S196D-ChREBP were incubated
with GST-tagged importin « in the presence and absence of 14-3-3. ChREBP
was pulled down by an anti-FLAG antibody and analyzed by Western blotting
using an anti-GST antibody. These reactions were carried out independently
three times and a representative of these results is shown on the top. The bar
diagrams were generated by scanning the immunoblots to quantitate the
ChREBP binding to importin « in the presence and absence of 14-3-33.

deletion mutants in HEK293T cells, which contain sufficient
endogenous 14-3-3 to interact with the expressed forms of
ChREBP, and incubated the cells under low glucose conditions.
Nuclear and cytosolic fractions from these cells were passed
through an anti-FLAG column, the bound proteins were eluted
and subjected to SDS-PAGE, and ChREBP-N and the 14-3-3
proteins were identified by immunoblotting (Fig. 6A4). Among
the a-helix deletion variants of ChREBP-N, only the A, vari-
ant failed to bind 14-3-3, indicating that the «, helix is the
primary binding site, and the other helices may be less impor-
tant for the interaction with 14-3-3. The a, helix of ChREBP is
within a region (residues 117-135) previously suggested to be
important for ChREBP protein-protein interactions (8).
Importance of a-Helical Structure for Interaction with 14-3-3—
To evaluate the importance of the structure of the a, helix for
binding 14-3-3, we prepared the following mutations within
this motif of CRREBP: A129P and Y131P together, Y131P alone,
and Y131K alone. Both Y131K and Y131P proteins weakly
bound 14-3-3 compared with ChREBP-N, but A129P/Y131P-
ChREBP-N, which we expect to lack this a-helix entirely, com-
pletely lost the ability to bind 14-3-3 (Fig. 6B). These results
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FIGURE 5. Transcriptional activation and nuclear localization of ChREBP
bearing a-helix deletion mutations. A, residues 1-200 of ChREBP showing
locations of the «;, a, and a5 helices, the NES, the NLS, and sites of phospho-
rylation. B, nuclear localization of GFP-tagged WT-ChREBP and the «;, a,, and
a5 deletion variants (Aa) of GFP-ChREBP. WT-ChREBP and the variant forms
were expressed in HEK293T cells and incubated in the presence of low (open
bars) or high (filled bars) glucose. Nuclear localization of the GFP-tagged pro-
teins was determined using a confocal microscope. C, transcriptional activa-
tion activity of WT and a-helix deletion variants of ChREBP. DNA constructs
expressing ChREBP proteins, firefly luciferase under control of the LPK pro-
moter, and Renilla luciferase (an internal control) were cotransfected into
primary cultured rat hepatocytes. Expressed luciferase activity was measured
and is expressed as firefly luciferase activity relative to Renilla luciferase activ-
ity. The values presented are the mean * S.D. of replicate (three or four)
cultures from a single experiment representative of more than three inde-
pendent experiments.
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FIGURE 6. A, the a-helical structure of ChREBP is essential for its interaction
with endogenous 14-3-3. HEK293T expressed FLAG-tagged ChREBP-N or
ChREBP-N incorporating a-helix deletion mutations was incubated with
endogenous 14-3-3 and the mixture was immunoprecipitated with anti-
FLAG antibodies, subjected to SDS-PAGE, and Western blotted for immuno-
detection with antibodies against FLAG or 14-3-3. B, effect of mutation of the
a, helix on the 14-3-3 binding. Co-immunoprecipitation assays of the cell
lysates of HEK293T cells transfected with FLAG-tagged ChREBP variants (wild
type, Y131K, Y131P, A129P/Y131P) and endogenous 14-3-3 were performed.
ChREBP was pulled down using anti-FLAG antibody and the pellets were ana-
lyzed by SDS-PAGE and Western blotting as described in the legend to Fig. 6A.

suggest that the a-helical structure of ChREBP is essential for
interaction with 14-3-3.

Importance of Both the o, Helix and Phosphorylation of Ser-
140 for 14-3-3 Binding—To obtain more direct physical evi-
dence for the interaction between the «, helix and 14-3-3, we
synthesized a peptide that included residues 125-142 of
ChREBP. This sequence spans the o, helix and the Ser-140
phosphorylation site, and was designated «,-S140(p). 14-3-3
proteins usually bind to one or two phosphorylated targets (23),
but are also known to bind to unphosphorylated sites (28 —31).
Binding of 14-3-3f3 to the other phosphorylation site, Ser-196,
was not investigated, because the distance between it and the «,
helix is too large for a synthetic peptide.

We confirmed the a-helical nature of «,-S140(p) in solution
by circular dichroism (data not shown). We determined the
thermodynamic parameters for the interaction of 14-3-3 with
a,-S140(p) using ITC. The heat generated by the interaction of
human 14-3-38 with increasing concentrations of a,-S140(p)
allowed calculation of a K, value of 0.45 um and a stoichiometry
(N) of 0.45 peptide molecules per 14-3-3 (Fig. 7). The dephos-
phorylated peptide after alkaline phosphatase treatment
showed no detectable binding of 14-3-3 (squares in Fig. 7), dem-
onstrating directly that phosphorylation of residue Ser-140 of
the peptide is essential in addition to the «, helix for the inter-
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FIGURE 7. Binding of human 14-3-3 8 and human ChREBP peptides meas-
ured by isothermal titration calorimetry. Phosphorylated ChREBP peptide
a,-5S140(p) (closed circles) or unphosphorylated ChREBP peptide «,-S140
(closed squares) were titrated with human 14-3-38. The solid line represents
the line of best fit for the binding isotherm for «,-5140(p) and human 14-3-33,
based on a single-site binding model using the ORIGIN version 7.0 software
package. Data from the unphosphorylated ChREBP peptide «,-S140 titrated
with the 14-3-3 peptide were not fit with any binding models. The inset shows
a thermogram for interaction of the 14-3-33 protein with «,-5140(p). On top,
the 14-3-38 binding to the unphosphorylated ChREBP peptide «,-S140 is
shown.
action, and that they may act synergistically. Similar K, and N
values were obtained with mouse 14-3-38 (average K, = 1.1
uM, n = 0.34).

a,-5140(p) bound the other 14-3-3 isoforms, including 14-3-
37, -, and -0, but with 30-50-fold lower affinities than the 8
isoform (Table 1), suggesting that the 14-3-38 binding sites for
ChREBP may be different from those of the other 14-3-3 iso-
forms. One alternative is that the 14-3-3 binding sites for
ChREBP occur at the same site, but possess lower affinities with
different isoforms. The ITC measurements found the stoichi-
ometry of ChREBP/14-3-3 binding to range between 0.34 and
0.54, suggesting that each dimer of 14-3-3 protein binds one
peptide.

Because a,-S140(p) contains two tryptophan residues (Trp-
127 and Trp-130), we obtained additional evidence for the
interaction between «,-S140(p) and 14-3-3 by determining the
effect of 14-3-3 on the fluorescence maxima and intensity of
the peptide. The fluorescence emission spectrum of «,-S140(p)
was blue-shifted by 5 nm from 356 nm in the absence of 14-3-3
to 351 nm in its presence, without changes in fluorescence
intensity (data not shown), suggesting a significant increase in
the hydrophobicity around the tryptophan residues of
a,-S140(p) upon interaction with 14-3-3.
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DISCUSSION

The subcellular localization of ChREBP in hepatocytes is
controlled by its highly conserved N-terminal region. We pro-
pose in Fig. 8 the pathways that regulate the subcellular local-
ization of ChREBP in response to glucose. Under low glucose
conditions, ChREBP is phosphorylated at multiple sites and is
mainly localized in the cytosol. In response to a rise in the cir-
culating glucose concentration, Xu5P-activated PP2A dephos-
phorylates ChREBP, which then translocates into the nucleus
(4, 5). Based on the data of the current studies we can now
provide a more detailed itinerary for the cellular translocation
of ChREBP in response to glucose (Fig. 8). ChREBP interacts
with importin «, which allows complex formation with impor-
tin B and nuclear import. Inside the nucleus, any remaining
phosphorylated residues are hydrolyzed by the same phospha-
tase, and ChREBP forms a complex with MIx, resulting in DNA
binding and transcription of target genes. Upon a drop in glu-
cose concentration, ChREBP in the nucleus is phosphorylated
to promote the formation of a complex with 14-3-3 and CRM1
for export out of the nucleus. The phosphorylated ChREBP may
remain in a cytosolic complex with 14-3-3 and CRM1 until high
glucose conditions reactivate it.

TABLE 1

Dissociation constants (K,) for interactions of human or mouse
14-3-3 proteins with human ChREBP peptides as determined by
isothermal titration calorimetry

Proteins K,

14-3-3B + 0,-5140(p) 1.1 pm
14-3-33 + «,-S140 NM“

14-3-3y + a,-S140(p) 35 um
14-3-37 + a,-S140(p) 41 pm
14-3-30 + ,-S140(p) >60 pm

“ NM, not measurable.

Cytosol

N% c
P1, P4, P3-ChREBP
(Inactive)

Nucleus

XusP

Glucose

FIGURE 8. Proposed nuclear-cytosol shuttle pathways of ChREBP. In response to high glucose, phospho-
rylated, inactive ChREBP is dephosphorylated by Xu5P-activated PP2A, and translocates into the nucleus
through interactions with importins « and . There, ChREBP is further dephosphorylated by PP2A and induces
transcription of LPK and lipogenic genes. A decrease in glucose concentration results in inactivation of ChREBP
by phosphorylation by PKA and complex formation with 14-3-3 and CRM1 followed by translocation to the
cytosol. The a,-S140 indicates the titration with the substrate instead of the phosphorylated form.
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Interaction of a-Helix of ChREBP with 14-3-3

One important finding of this work is that 14-3-3 binds to the
a, helix of ChREBP and that this interaction is strengthened by
neighboring phosphorylation site residues Ser-140 and
Ser-196. We noted that the amino acid sequence adjacent to the
phosphorylation site Ser-140 (RRKpSP) is the consensus 14-3-
3-binding sequence (RXXXS(P)P, where X is any amino acid
and Ser(P) is phosphoserine) (23).

Previously, Merla et al. (8) have shown using two-hybrid
analysis that 14-3-3 proteins bind to the phosphorylated, but
not the dephosphorylated, form of ChREBP through residues
117-134 of ChREBP as well as two other sites. They suggested
that the phosphorylation-dependent interaction with 14-3-3
occurs indirectly or may be the result of conformational
changes within ChREBP (8). The 117-134 peptide contains
almost all of the predicted «, helix (residues 125—-135) but lacks
the Ser-140 phosphorylation site, which may explain its inabil-
ity to bind 14-3-3. Our ITC measurements demonstrated that
both the «, helix and phosphorylated Ser-140 are required for
the 14-3-3/ChREBP interaction and that neither motif alone is
sufficient.

In this study, we confirmed the observation that ChREBP
interacts with the 14-3-3 proteins by means of a pull-down
assay using FLAG-tagged full-length WT-ChREBP, the N-ter-
minal region of ChREBP (residues 1-251), or full-length
ChREBP variants containing mutations of Ser-140 and Ser-196,
expressed in HEK293T cells. The interactions of these versions
of ChREBP with 14-3-3 isoforms were confirmed by observing
changes in tryptophan fluorescence and measuring production
of heat when a short synthetic peptide containing the a, helix
and S140(p) were mixed with 14-3-3. Based on these in vitro
results we suggest that the 14-3-3 proteins bind to the «, helix
and that the binding is regulated by the phosphorylation state of
Ser-140 and possibly of Ser-196 as
well. Indeed, phosphorylation of
both of these sites resulted in signif-
icantly more binding than the singly
phosphorylated forms.

It is unclear why others have
failed to observe binding of 14-3-3
to S140D or S196D variants of
ChREBP, even though ChREBP
expressed in COS cells bound the
14-3-3 proteins (23, 32, 33) and
alkaline phosphatase treatment
abolished the binding (8). This can-
not be due to differences between
the phosphoryl residue and the
aspartate side chain, because we
observed that the biological activi-
ties of ChREBP bearing the same
mutations, including nuclear local-
ization and activation of transcrip-
tion, were inhibited in hepatocytes
and HEK293T cells (Figs. 2—4) (4).
The different assay methods and
types of cells used may have contrib-
uted to the differences in results.
Other investigators have employed

Transcription
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the two-hybrid Gal4 method using ChREBP phosphorylated at
various sites as bait (7, 8). In our study, we observed the protein-
protein interactions using pull-down assays or biophysical
measurements using short peptides; the results from these two
techniques were entirely consistent. It is clear that methods
focusing on a simple binding reaction between pure 14-3-3 pro-
teins and a short synthetic ChREBP peptide appeared to pro-
duce greater effects than methods using full-length ChREBP.
Moreover, different cell types exhibit significantly different glu-
cose responses, which may also contribute to differences
between our results and those of others. In our hands, primary
hepatocytes are the only cell-type that responds appropriately
to varying extracellular glucose concentrations.

The exciting new finding of this work is that ChREBP has a
unique 14-3-38 binding site, different from other 14-3-3 target
sites. The 14-3-33 binding site consists of the phosphorylation
site(s) and an «a-helix N-terminal to the Ser-140 (23, 32),
whereas the other 14-3-3 isoforms bind only to the phospho-
rylation site(s). The binding affinity for the a,-S140(p) peptide
to 14-3-38 is 10-fold tighter than the «,-S140(p) peptide than
that observed for other 14-3-3 isoforms (Table 1). This
increased binding affinity by 14-3-33 suggests that it may serve
as the predominate partner for ChREBP in this cytosolic com-
plex. This hypothesis is currently under investigation and will
await future experiments.

Interestingly, opposing processes such as nuclear import and
export are tightly regulated, often in a reciprocal manner. As
shown in Fig. 8, low glucose conditions result in 14-3-3 binding
to the NLS motif of ChREBP blocking importin « interactions
resulting in inhibition of nuclear import. High glucose concen-
trations then lead to the following scenarios: 1) dephosphoryl-
ated ChREBP is dissociated from 14-3-3 leading to ChREBP
binding to importin « for translocation into the nucleus and 2)
14-3-3 dissociation exposes the NLS site on ChREBP allowing
ChREBP-importin a complex formation and nuclear import. In
summary, we have shown that interaction of a specific helix of
ChREBP with the 14-3-3 proteins plays an important role in the
nuclear import and export of ChREBP, and that this interaction
is regulated by phosphorylation of residues Ser-140 and
Ser-196.
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