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The carbohydrate response element binding protein (ChREBP) is a glucose-responsive
transcription factor that plays a critical role in glucose-mediated induction of genes
involved in hepatic glycolysis and lipogenesis. In response to fluctuating blood glucose
levels ChREBP activity is regulated mainly by nucleocytoplasmic shuttling of ChREBP.
Under high glucose ChREBP binds to importin o and importin § and translocates into the
nucleus to initiate transcription. We have previously shown that the nuclear localization
signal site (NLS) for ChREBP is bipartite with the NLS extending from Arg158 to Lys190.
Here, we report the 2.5 A crystal structure of the ChREBP-NLS peptide bound to importin
o. The structure revealed that the NLS binding is monopartite, with the amino acid resi-
dues K'"'RRI'"* from the ChREBP-NLS interacting with ARM2-ARMS5 on importin o. We
discovered that importin o also binds to the primary binding site of the 14-3-3 proteins
with high affinity, which suggests that both importin o and 14-3-3 are each competing
with the other for this broad-binding region (residues 117-196) on ChREBP. We screened
a small compound library and identified two novel compounds that inhibit the ChREBP-
NLS/importin o interaction, nuclear localization, and transcription activities of ChREBP.
These candidate molecules support developing inhibitors of ChREBP that may be useful
in treatment of obesity and the associated diseases.

Introduction
The liver is the primary site for de novo fatty acid and triglyceride synthesis from excess carbohydrate.
The carbohydrate response element binding protein (ChREBP), discovered in this laboratory in 2001,
is the glucose-responsive transcription factor responsible for the activation of the liver pyruvate kinase
gene and all lipogenesis genes in the liver. ChREBP is an insulin-independent transcription factor [1].
In response to circulating glucose levels, ChREBP is regulated at two levels, nucleus-cytoplasm local-
ization and transcription. When the glucose levels are low, inactive ChREBP mainly localizes in the
cytoplasm, and as glucose levels rise, ChREBP localizes into the nucleus to initiate transcription [2,3].
ChREBP is a large transcription factor of 96 kDa and contains several functional domains, includ-
ing two nuclear export signals, NES1 and NES2, an extended nuclear localization signal (NLS), a
proline-rich low-complexity region, and a DNA binding bHLH/ZIP domain (Figure 1A) [1,4,5].
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Figure 1. ChREBP domain organization including phosphorylation sites and subcellular localization under low and high
glucose concentrations.

(A) Domain organization and the sequences for the N-terminal glucose-responsive regulatory region of ChREBP. The ChREBP
function of residues 100-200 in the N-terminal regulatory region, including the oy, and o3 helices, and the NLS (nuclear
localization signal) site are depicted. (B) Proposed model of the regulation of ChREBP subcellular localization by 14-3-3 and
importin o binding in response to glucose. In response to high glucose, phosphorylated (inactive) ChREBP, complexed with
14-3-3 in the cytosol, is first dephosphorylated and releases 14-3-3 and CRM1. Dephosphorylated (active) ChREBP forms a
complex with importin o and B and is translocated into the nucleus. It is possible that 14-3-3 may remain bound to ChREBP
during import. A decrease in glucose results in inactivation of ChREBP by phosphorylation by PKA that occurs within the
nucleus and complex formation with 14-3-3 and CRM1 followed by translocation to the cytosol. Note that for clarity, 14-3-3
proteins (27 kD) and importin o are not presented to scale. Modified from ref. [5].

ChREBP senses and responds to changing levels of glucose, termed ‘glucose signaling’, in which glucose meta-
bolites regulate intracellular localization, and transcriptional activity [6]. Thus, ChREBP plays an essential role
in tightly coupling enhanced glycolysis and fatty acid synthesis following ingestion of high carbohydrate meals.

The N-terminal region of ChREBP (amino acid residues 1-250) is necessary and sufficient for nuclear
import and export to the cytosol (Figure 1B) [5]. The shuttling of ChREBP between nucleus and cytoplasm
requires nuclear transport factors including importin o/importin p binding to the highly conserved NLS and
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CRM-1 binding to the nuclear export signal (NES) sites for nuclear import and export, respectively. This
region contains three o-helices [2]. The a1 corresponds to NES2 (residues 85-95), and o, helix (residues 117-
137) is identified as a primary 14-3-3 binding site. We found that both NES1 and NES2 sites are essential for
binding of CRM-1 (Exportin) for ChREBP export to the cytoplasm [7]. We also determined that 14-3-3
binding is facilitated by phosphorylation of Ser196 residue. 14-3-3 proteins are a family of regulatory proteins
acting as phospho-serine, phospho-threonine binding modules and regulate the function of a large number of
different substrate proteins [8]. We have characterized the ChREBP importin o binding site, an extended o,
helix acting as a classical bipartite nuclear localization signal (NLS) that encompasses ChREBP residues 158-
190 [5] (Figure 1A).

The subcellular localization of ChREBP in response to changing levels of circulating blood glucose involves
multiple steps, and the regulation is complex. Previous studies have demonstrated that phosphorylation/depho-
sphorylation is a major mechanism by which ChREBP activity is regulated, and it is mediated through mul-
tiple phosphorylation sites, including sites for cAMP-dependent protein kinase (PKA) and AMP-dependent
kinase (AMPK) [3,9]. When glucose levels are low and glucagon is elevated, the phosphorylated inactive pool
of ChREBP (ChREBP-Ser(P)) binds to 14-3-3 proteins and CRM-1, leading to ChREBP transit out of the
nucleus and into the cytoplasm [2,3] (Figure 1B). After a meal, as the glucose levels rise, the concentration of
xylulose 5-P (Xu5P) concentration increases, activating a specific protein phosphatase (PP2AB3C), which
leads to dephosphorylation of ChREBP. The dephospho-ChREBP (active) then binds to importin o and
importin B for nuclear translocation to facilitate transcription of target genes [3,5]. 14-3-3 proteins play a dual
role under low glucose levels by binding not only to the primary binding site of ChREBP but also to the
phosphorylated Ser196 site near the NLS site, blocking importin o from binding to the NLS site [2]. The
competitive binding of 14-3-3 and importin o to the NLS region of ChREBP provides a mechanism for
glucose sensing and the role of PKA-mediated phosphorylation of Ser196 in the glucose-dependent regulation
of nuclear/cytoplasm localization of ChREBP. In this communication, we present evidence that under high
glucose levels importin o also plays a dual role by binding to both the NLS site and the primary binding site
of 14-3-3 proteins.

In mice with targeted disruption of the ChREBP gene (ChREBP™'~), de novo fatty acid synthesis and overall
adiposity are significantly decreased compared with wild type (WT) mice [10]. Liver triglyceride storage is
reduced significantly in ChREBP™'~ mice fed a high carbohydrate diet compared with WT mice fed the same
diet. We intercrossed ChREBP™~ and ob/ob mice to make ob/ob-ChREBP~'~ mice [11]. These doubly defi-
cient mice show reduced overall weight gain and adiposity, which are largely attributable to reduced food
intake. Gluconeogenesis is also reduced in the doubly deficient mice. These results suggest that inactivation of
ChREBP not only reduces fat synthesis and obesity but also improves glucose tolerance and appetite control.

There is compelling biochemical and genetic evidence that nuclear localization of ChREBP serves as an
important step in lipogenesis induction in vivo. Importantly, the disruption of the ChREBP gene is not only
safe in mice, but it also ameliorates obesity by reducing food intake and fat synthesis, as ob/ob-ChREBP ™'~
mice demonstrate [10,11]. These in vivo findings, taken together with the extensive in vitro data describing the
roles of ChREBP in carbohydrate metabolism and lipogenesis regulation, provide a strong rationale for the
development of new strategies to inhibit ChREBP activities, including nuclear localization, in order to prevent
obesity.

First, we investigated the crystal structure of the NLS site of ChREBP complexed with importin o. A major
difficulty in the investigation of ChREBP’s structure is that it is impossible to isolate full length ChREBP
protein due to its susceptibility to protease digestion. Recently, we succeeded in isolating a N-terminal fragment
of ChREBP (residues 81-196) complexed with 14-3-3f and determined the crystal structure of the
ChREBP-14-3-3p heterodimer [12]. The 3D structure revealed that the only structure visible in the crystals was
o, helix of ChREBP (residues 117-137), the primary binding site of 14-3-3, complexed with 14-3-3 in a novel
phosphate-independent manner. The dimer interface between the proteins consists of both electrostatic and
van der Waals interactions and surprisingly the binding was partially mediated by free sulfate [12].

Here, we report the crystal structure of the NLS site peptide of ChREBP bound to importin o. We discovered
that importin o not only binds to the NLS site but also interacts with the primary binding site of the 14-3-3
proteins. These results shed new light into how these two proteins compete over a much broader region of
ChREBP than previously thought and reciprocally regulate nuclear import/export of ChREBP in response to
glucose. We also report identification of small molecules that are specifically targeted towards the
ChREBP-NLS-importin o interaction.
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Materials and methods

Chemicals and vectors

All chemicals were purchased from Sigma unless otherwise indicated. Bacterial expression vector for the
human 14-3-33 was a gift from Dr. Steven L. McKnight (University of Texas Southwestern Medical Center),
and that for GST-tagged importin o was a gift from Dr. Yoshihiro Yoneda (Osaka University, Osaka, Japan).
Both 14-3-3B protein and importin o were purified as described previously [9]. Flag-tagged and GFP-fusion
ChREBP proteins were described previously [5,7,9].

Interactions of ChREBP with 14-3-38 or importin o
Isothermal titration calorimetry (ITC) experiments were carried out using a VP-ITC microcalorimeter
(MicroCal) as described previously [5].

Protein expression and purification
The procedure for the bacterial expression and purification of GST-tagged and His-tagged AIBB form of impor-
tin o were performed as described previously [13,14].

Luciferase reporter activity of ChREBP

HepG2 cells were plated in collagen-coated six-well tissue culture plates (BD Bioscience) at a density of 5 x 10°
cells/well in Dulbecco’s modified Eagle’s medium supplemented with 100 units/ml penicillin, 100 pg/ml strepto-
mycin, 10% dialyzed fetal bovine serum albumin. The cells were subjected to transfection with pGL-LPK,
pRL-TK, and wild-type or mutated FLAG-ChREBP using Lipofectamine 2000 (Life Technologies, Inc.) according
to the manufacturer procedure and incubated for 4 h. The medium containing the liposome-DNA complex was
removed and replaced with the medium containing 27.5 mM glucose (HG medium) for 20 h. Luciferase reporter
activity was measured sequentially using a Dual-Luciferase reporter assay system (Promega, Fitchburg, WI) using
a model TD-20/20 Luminometer (Turner Design, Sunnyvale, CA), as described [2].

Nuclear localization of ChREBP in HepG2 cells

HepG2 cells were placed in 35 mm glass-bottomed plates (MatTek, Ashland, MA), and 3.2 pg of expression
plasmid, encoding wild-type or mutated GFP-ChREBP, was transfected into the cells by lipofection and incu-
bated for 4 h, as described above. The medium containing the liposome-DNA complex was removed and
replaced with HG medium for 20 h. The cells were fixed with 4% paraformaldehyde at room temperature for
15 min, which was then replaced by phosphate buffered saline. The subcellular localization of GFP-ChREBP
was determined as described previously [7,15].

Fluorescence polarization

FP experiments were performed in black 384 well plates with a non-binding surface (Corning; catalog # 3655).
Rhodamine-ChREBP peptide (30 nM) and GST-Importin protein (0.3 wM) mix were added to each well from
column 2 to 24 in FP assay buffer (50 mM Tris-HCI, pH 7.5, EDTA 0.2 mM) for a final assay volume of 50 .,
and peptide with buffer only to first column using Biotek Multiflo. Small molecules were added to assay plate
by Beckman FX with the final concentration of 5 WM. Assay is incubated at room temperature for 1.5 hr. The
FP signal in millipolarization (mP) units was measured at an excitation wavelength of 531 nm and emission
wavelength of 595 nm in an Envision microplate reader (PerkinElmer).

Crystallization, data collection, structure determination of ChREBP NLS

peptides bound importin o AIBB
Crystals of the ChREBP NLS peptide (residues 158-190) bound to importin oo AIBB were grown using the
hanging drop vapor diffusion technique. The complex was prepared by mixing 50 pl of importin oo AIBB
(10 mg/ml) with ChREBP NLS peptide (50 uM) and incubated on ice for 20 min. A 1.5 pl aliquot of the
mixture was then mixed with 1.5 pl of well solution containing 500-1000 mM sodium citrate, 10 mM DTT,
and HEPES pH 6.5-7.5 at 20°C. Diffraction quality crystals were formed in 1-2 weeks, and rod-shaped crystals
grew to a maximum size of ~0.2 mm in 2-3 weeks.

Crystals were harvested, cryo protected with 2.0 M lithium sulfate, and flash-frozen in liquid nitrogen. Diffraction
data were collected at beamline 19-ID, Advanced Photon Source, Argonne National Laboratory, Argonne, IL.
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Crystals from a droplet were directly transferred to the cryo-protectant of 10% glycerol for one minute, and
then transferred to 20% glycerol. The crystals were mounted on nylon loops and flash frozen in a liquid nitro-
gen stream at 120 K before data collection. All the data were collected at beamline 19-ID, Advanced Photon
Source (APS), Argonne National Laboratory, Argonne, IL. The data was reduced using HKL3000 [16], and the
intensities were scaled with SCALEPACK from the CCP4 suite [17]. Initial phases were obtained by the
molecular replacement method using MOLREP [18]. Nucleoplasmin NLS bound mouse importin o structure
(3UL1) excluding NLS peptide was used as a search model. The extra density for the ChREBP NLS peptide was
shown after the structure was refined against the data using PHENIX [19]. The ChREBP NLS peptide including
side chains was manually built into the density using COOT [20]. The crystal data and final refinement statis-
tics are summarized in Table 1. Structure figures were generated using Chimera [21].

Table 1 Crystallographic data collection and
refinement statistics of ChREBP NLS bound
structures of importin a

PDB CODE Imp-a:ChREBP(6MJL)

Data Collection

space group P2,2424
Cell Constants
a(® 77.434
b 89.691
c 96.332
() 90.00
B 90.00
Y 90.00
Resolution (A)2 50.00-2.50 (2.54-2.50)
Rmerge (%) 0.049 (0.357)
<l/o> 13.2(1.8)
CCiso 0.750
completeness (%) 97.6 (88.6)
Redundancy 3.9 (3.5)
Refinement
RS ori/ Rl (%) 19.8/24.4
unique reflections 23621
Mean B Factor (3?)
Protein 34.15
Ligand (peptide) 41.68
Solvent 32.08
Ramachandran Plot
most favored (%) 96.7
add. allowed (%) 3.1
RMSD
bond lengths (A) 0.008
bond angles (degree) 0.967

®Values in parentheses are for the highest resolution shell;
PRimerge = Zli-|/Z/ where | is the integrated intensity of a given
reflection;

C"qwork :ZIF (Obs)’F (ca\c)I/ZF (obs)s

Riee = Z|F(obsy~Fcaio)l/EF(ons), Calculated using 5% of the data.
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Statistics

GraphPad Prism (v. 8.4) software was used for the statistical analyses except for small molecule screening
protocol (see below). Results were expressed as mean + SD. Comparisons among groups were made by factorial
analysis of variance or repeated-measure analysis of variance using Tukey-Kramer. Differences were considered
statistically significant if P value was smaller than 0.05. Significance was indicated as P < 0.05 and P < 0.01. The
Genedata Screener® software (version 13, Genedata, Inc. Basel, Switzerland) was used to process and analyze
the screening data for small molecules. For analysis of the data from the primary screen of the UTSW chemical
library, experimental results (mP values) obtained from Envision Microplate Reader were processed using the
Analyzer module of the Genedata Screener® Suite.

Results

Crystal structure of ChREBP-NLS bound to importin a

The integrated and scaled data indicated that the crystals of ChREBP-NLS peptide bound to importin o
indexed in the P212121 space group with cell dimensions a=77.43 A, b=89.69 A, c=96.33 A, alpha = beta =
gamma =and 90.0°. The model was refined to 2.50 A with Ry =19.8 and Rg.. = 24.4. The crystal data and
final refinement statistics are summarized in Table 1. The overall conformation of the ChREBP NLS bound
importin o AIBB is similar to those reported previously with differences. The ChREBP NLS motif containing a
cluster of basic residues (K171/R172/R173/1174) binds to the ARM 2-5 domains of importin o [22,23]. These
polar interactions not only orient the ChREBP NLS backbone but the NLS side chains also provide the specifi-
city [24,25] (Figure 2B,C). Figure 2C includes an unbiased omit map to reduce model bias. For example,
Lys171 of ChREBP generates hydrogen bond interactions with Thr155 (2.55 A) of importin o, and Argl72 of
ChREBP interacts with both the oxygen atom of Asn228 (3.03 A) and the aromatic ring of Trp184 (3.38 A) of

Figure 2. Overview of the structures of importin a bound with ChREBP NLS 158-190.

(A) Ribbon diagram of the ChREBP-NLS peptide (pink) bound to importin o. (B) Major interactions between ChREBP NLS 158-190 and importin o.
P2-P5 pockets of importin o were occupied by K'”'-1'"* of ChREBP NLS 158-190, and the interacting residues of importin o are all shown. (C)
Close-up view of ChREBP NLS 158-190 in the active site of importin o with omit map (F,—F.) contoured at 3¢ around ChREBP peptide. (D)
Close-up view of ChREBP NLS 158-190 in the active site of importin o with electro density map (2F,—F) contoured at 16 around ChREBP peptide.
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importin o. A number of prominent hydrogen bonding and van der Waals contacts are also observed between
the NLS site and importin o. In particular, Argl73 of ChREBP NLS has multiple interactions with the main
chain carbonyl groups of Leul04, Argl06, and Glul07 of importin . It also exhibits van der Waals interac-
tions with Glul75 (2.68 A) of the NLS. Tle174 of ChREBP interacts with the aromatic rings of Trp142 (3.01 A)
and Trp184 (3.13 A) of importin o via pi stacking interactions. Close inspection of the structure of the NLS
peptide:importin o complex reveals that the other residues of the peptide also have some hydrogen bonding
and/or van der Waals interactions. For example, Asn168 of ChREBP interacts with Asp270 (2.79 A) and the
aromatic ring of Trp273 (3.76 A) of importin c. Similar to other known nuclear localization signals, the clusters
of the basic residues surrounded by acidic and neutral residues on ChREBP position the backbone of the
peptide and enable hydrophobic interactions with non-polar regions of the side chains. The specificity is
provided by ionic interactions with charged NLS side chains.

Effect of structure-based mutation of the NLS site K171-1174 of ChREBP on

the activities

To validate the observed major binding site of ChREBP NLS for importin o, we made a series of site-directed
mutations of KI171A, RI172A, RI173A and I174A in the ChREBP. However, glucose-stimulated,
ChREBP-dependent transcriptional activity in HepG2 cells was not significantly affected by these mutations,
except for the activity of R173A, which was significantly decreased (33%) (Figure 3A). Previously, we have
demonstrated that double mutation of Lys171 and another NLS site including K159A/K171A and K171A/
K183A resulted in diminished ChREBP nuclear localization as well as transcriptional activities by ~30% to
20%, respectively, in hepatocytes [5]. It is unclear why the series of mutations failed to inactivate the transcrip-
tional activity, even when the nuclear localization activity was decreased to the same extent (~26%) as that of
the individual K171A mutation. These differences could be due to the use of the NLS site mutated peptides in
the crystallographic studies, while the full-length ChREBP proteins mutated on the same site were used in the
biological assays.

Glucose-induced nuclear localization activity of the GFP-ChREBP R173A mutant was also inhibited to the
same extent, similar to the effects on the transcription activity (Figure 3B). The Lys171 mutation only slightly
inhibited nuclear localization (20%) but had no effect on the transcriptional activity.

These results indicate that the alteration of Lys171-Ile174 results in only a modest inhibition of ChREBP
activity and furthermore suggests that there are multiple other binding sites that contribute to the importin o
binding, which are not detectable by the crystallography experiments.

Importin a binds to the primary 14-3-3 binding site

Unexpectedly, we discovered through ITC measurements that importin o binds to the o, helix peptide (residues
117-140). This sequence is also the high affinity primary binding site for the 14-3-3 protein, exhibiting Kp,
values of ~0.82 wM (SD + 0.64) (Figure 4 and Table 2). On the other hand, 14-3-3f binds to the o, peptides of
ChREBP with the Kp values of 2.8 uM as measured by ITC. These results suggest that importin o competes
effectively with 14-3-3 proteins for the primary binding site. Previously, we assumed that 14-3-3 proteins were
always bound to ChREBP, even in the nucleus, but these results suggest that is an unlikely scenario.

Primary and secondary screens for inhibitors of NLS/importin o

We have developed a fluorescence polarization (FP) assay as a tool for high throughput screening (HTS) in
order to identify compounds that disrupt the interaction between a Rhodamine-tagged ChREBP-NLS peptide
(158-190) and importin o. We performed a primary HTS with a chemical library comprising 8000 compounds
at a concentration of 10 wM in a 384-well plate format (single replicate per compound). We identified a dozen
compounds that inhibit the interaction between the NLS peptide and importin o. Those compounds were
assayed manually in a dose-response format using FP assay as the readout. Of those initial hits, compound 1
exhibited the strongest inhibition in a lower throughput version of the FP assay.

We resynthesized hit compound 1 and prepared an additional five analogs for a preliminary Structure-Activity
Relationship (SAR) study. Details of the chemical syntheses are mentioned in the Supplementary Information
section. The effect of these six compounds on ChREBP transcriptional activity, as assessed by a ChREBP-LPK
promoter driven luciferase reporter construct [1], was determined in HepG2 cells under high glucose conditions
(Table 3). Our results indicate that all six candidates (10 wM) antagonized the transcriptional activity of
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Figure 3. Effects of mutations (K'"'R'72R'7%1'74) on the major binding-site of NLS on transcriptional activity and nuclear
localization of ChREBP.

(A) Transcriptional activity of DNA constructs expressing the indicated FLAG-ChREBP proteins using firefly luciferase under
control of LPK promoter, and Renilla luciferase (an internal control) were co-transfected into HepG2 cells during a 4-h
incubation in DMEM containing 5.5 mM glucose. Fresh medium containing 27.5 mM glucose was added and the cells were
incubated for an additional 20 h. Luciferase activities were measured and expressed as firefly luciferase activity relative to
Renilla luciferase activity. The values presented are the mean + S.D. of the results of eight independent experiments. * P <0.05;
*** P <0.001. (B) Nuclear localization of ChREBP in HepG2 cells. HepG2 cells were transfected with DNA constructs
expressing GFP-WT ChREBP or indicated GFP-ChREBP mutants during a 4 h incubation in DMEM with 5.5 mM glucose. Fresh
medium containing 27.5 mM glucose was added, and the cells were incubated an additional 20 h. The values presented are
the means + S.D. of four sets of 100 fluorescent cells. * P <0.05; ** P<0.01; ** P<0.001.

ChREBP to varying degrees, with compounds 1 and 2 showing the strongest inhibition. Removal of the bottom
aromatic ring (R") as in analogs 4 and 5 slightly reduced activity, whereas replacement with the heteroaromatic
thiophene (as in analog 3) lowered activity even further. The low % inhibition with analog 6 indicates that the
top aminothiazole substituent (R*) cannot be replaced with a simple dimethylamino group.

The 8000 compound subset is a plate-based diversity subset that is representative of the chemical ‘space’
covered by the larger UT Southwestern institutional library (~200 000compounds). This subset was constructed
in collaboration with Chemical Diversity (ChemDiv, Inc.) with a proprietary algorithm. Like the larger library,
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Figure 4. ITC measurement of interaction between ChREBP-a, helix and importin a.
ITC measurement for binding of importin o (25 wM) to the primary binding site (ChREBP-a, helix) peptide. Error bars represent
the standard deviations from triplicate measurements.

the compounds in the subset satisfy a relaxed set of Lipinsky’s rules, with 99% having a molecular mass less
than 550 (average 250-300), which is optimal for drug-like starting points for developing chemical tools and/or
building lead compounds through medicinal chemistry efforts. The HTS Core has a substantial historical data
record for this subset (>100 screens), which is very useful in selecting compounds to move forward.

Small-molecule compounds inhibit the NLS-importin a interaction

Since those compounds are inhibitors of ChREBP-NLS-importin o interaction, one would expect the nuclear
localization activity of ChREBP is also inhibited. To characterize those inhibitor compounds Furthermore, we
selected the compounds 1 and 2 for a dose-dependent inhibition of the NLS peptide- importin o interaction
using the FP assay. Compound 1 exhibited a biphasic inhibition curve, suggesting a high affinity (ICso=
0.7 pM) and low affinity binding site, while compound 2 showed a hyperbolic saturation curve (ICsq = 0.6 M)
(Figure 5A).
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Table 2 Affinity constants of 14-3-3p and importin a binding
to phospho-(+P) and dephospho-(—P) a, helix and NLS
peptides of ChREBP

Kp values (nM) Kp values (M)

Peptides as (117-140) NLS (170-198)
-P -P +P

14-3-3B 2.8 6.3 0.62
Importin o 0.82 3.2 NB

ITC experiments were performed to measure the binding constant
between ChREBP peptides containing the o, helix (residues 117-140) and
the NLS (residues 170-198) to 14-3-38 [12] and importin o.

To gain insight into the mechanism of inhibition of the NLS/importin o interaction, we performed the FP
assay in varied concentrations of the compounds in the presence of constant concentrations of importin o and
the NLS peptide. Double reciprocal plots of these data showed a series of parallel lines indicating that the inhib-
ition is uncompetitive, which suggest these compounds are likely binding to a site other than the importin
o/NLS interacting site (Figure 5B,C).

Compounds 1 and 2 inhibit the nuclear localization and transcription activities
of ChREBP

To assess whether compounds 1 and 2 inhibit the glucose-stimulated nuclear localization of ChREBP, we
expressed GFP-ChREBP in HepG2 cells and determined the nuclear localization activity using a confocal
microscope. Our results indicate that, at a concentration of 3 wM, both compounds inhibited the nuclear local-
ization of GFP-ChREBP ~75% under these conditions (Figure 6A).

Next, we determined that both the compounds 1 and 2 (at 3 wM) inhibited the transcriptional activity of
ChREBP ~30% in HepG2 cells under high glucose (Figure 6B), and the dose response inhibition curves of
compound 1 and 2 showed an ICs, value of ~1 wM, comparable to the ITC binding measurement (Figure 4).

Discussion

Obesity and its associated diseases are among the most serious public health problems facing the U.S. population.
Overeating may be the single most significant cause of the current epidemic of obesity. When

Table 3 Inhibition of ChREBP transcriptional activity
with small molecules

% Inhib.
1 2 - 4
Cmp R R (10 uM)
1 0D WA 48%
R? A S\
0=8-0 2 [ w7 40%
N - .
3 . [ HN SN 16%
. )
4 Me HN SN 26%
. )\
5 H HN SN 30%
o=\ )
6 N NMe; 14%
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Figure 5. Small compounds inhibit importin a-ChREBP-NLS peptides interaction.

FP measurements were carried out as described under Experimental procedure. (A) Dose response curves of compounds 1 (blue), and 2 (red). The

double reciprocal plots of the FP reaction between importin a-ChREBP-NLS in the presence of varying concentrations (0 M (blue ), 0.6 uM(red
) and 2 pM (green A\) of compound 1 (B), and compound 2 in the presence of (0 wM (blue <>), 0.6 M (red [J) and 2 uM (green A) (C).

carbohydrate-intake exceeds short-term requirements for energy, carbohydrates are converted to long term
storage as fat. It is now firmly established that ChREBP is the major transcription factor responsible for convert-
ing excess carbohydrates to storage fat in the liver. In response to nutrients, especially carbohydrates, ChREBP
up-regulates transcription of glycolytic and all lipogenesis enzyme genes, independent of insulin. ChREBP func-
tion is regulated at two levels, nuclear localization and transcriptional activity. The first step to activate ChREBP
via nuclear localization after dephosphorylation of phospho-ChREBP is the interaction with importin o. By inhi-
biting this interaction, we may be able to block ChREBP activity, thereby limiting lipogenesis.

Crystal structure of ChREBP-NLS:importin acomplex
Previously we identified the ChREBP NLS as an extended classical bipartite NLS site minimally encompassing
residues Lys158-Lys190 (5). Replacing Lys159/Lys190 residues of ChREBP with alanines resulted in the loss of
glucose-stimulated transcriptional activity and nuclear localization. However, in the work described here, we
failed to detect any of the C-terminal residues K'*’KRLR'®* of the NLS bound to importin o in the crystal
structure, suggesting that the ChREBP NLS (158-190) interacts with importin o as a classical mono-partite
signal rather than bipartite NLS [5]. Based on the crystal structure, we suggest that the ChREBP NLS binds to
importin o in a mono-partite mode. However, we cannot rule out the possibility of a bipartite ChREBP NLS:
importin o interaction as some of the local interactions may be unstable under the crystallization conditions. In
fact, secondary structure analyses suggest that the NLS of ChREBP is a flexible and extended o helix, which
may explain why the crystal structure failed to reveal the C-terminal region binding to importin o.

Binding of ChREBP NLS to importin o in the major binding site (K'”'RRI'”*) is generally similar to analo-
gous structures reported in literature, with the highly conserved lysine on the P2 pocket, arginine/lysine resi-
dues in P3 pocket, and arginine residues in P4 pocket of the importin o. A significant difference is that Ile174
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Figure 6. Compounds 1 and 2 inhibit the nuclear localization and the transcriptional activities of ChREBP.

(A) The nuclear localization of ChREBP was determined in the reaction mixture containing GFP-ChREBP in the presence of
compound 1 (3 uM; O) and compound 2 (3 wM; <), under the conditions described under Experimental Procedure. (B) The
transcriptional activity of ChREBP was measured in the presence of varying concentrations of compound 1 and compound 2.

of ChREBP displays pi-stacking interactions with the nearby tryptophan residues (Trpl42 and Trpl84) of
importin o, which is unique to the ChREBP NLS interactions.

Among the major binding site residues (Lys171-Ile174) of ChREBP, Argl73 has the most interactions with
importin o compared with the other three residues. The guanidino group of the arginine interacts with the
main chain carbonyl groups of Leul04, Argl06, and Glul07 of importin o through four hydrogen-bonds. In
addition, Arg173 also interacts with P''® of importin o with van der Waals force.

However, mutation of the major binding site residues resulted in only a partial loss of the ChREBP activity,
suggesting that the rest of the broad N-terminal region of ChREBP seems to be interacting with importin o
in vivo.

In contrast with the ChREBP-NLS/ importin o structure, the prototypical, NLS Simian virus 40 (SV-40)
structure [26] occupies both the major and minor importin o binding sites. Both proteins bound to the major
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Figure 7. Comparison between ChREBP NLS and importin a interaction with those of SV-40 and AR.
(A) The superposed structure of importin oo bound with ChREBP NLS 158-190 (pink) and SV-40 (tan, 1EJL). (B) Hydrogen bonding interactions of
ChREBP (pink) and SV-40 (tan) at the P2-P5 pockets of major binding site of importin o. (C) Superimposed structures of AR (blue) and ChREBP
NLS158-190 (pink) bound with importin o. (D) Close-up view of the superimposed structures of AR (blue) and ChREBP NLS 158-190 (pink) in the
major site of importin .

sites very closely (Figure 7A). However, Argl72 and Ile174 of ChREBP NLS localized at the P3 and P5 pockets,
which is significantly different from that of SV-40 (Figure 7B). Unlike Argl72 of ChREBP, Lys129 of SV-40
was not positioned to enable hydrogen-bonding interactions with Asn228 of importin o. Furthermore, the
Lys131 of SV-40 interacts with the importin o GInl81 residue, which is different from ChREBP Ilel74.
According to published results [23,27], P2, P3 and P5 pockets have highly conserved preferences for long basic-
side chains, while P4 has a more diverse interaction. In contrast, the Argl73 and Ile174 residues of ChREBP
NLS are localized in the P4 and P5 pockets, respectively. Having a neutral residue in P5 rather than in P4 may
be beneficial due to the possibility of pi-stacking interactions within the Trp142.

Similar to ChREBP-NLS, the androgen receptor (AR)-NLS only binds to the major importin o site [22,28].
As shown in Figure 7C, the major importin o binding site sequences reveal that the ChREBP-NLS (KRRI) and
AR-NLS (KLKK) each contain a single hydrophobic branched chain amino acid and exhibit 10x lower affinity
(or higher Kp) than SV40 and nucleoplasmin which contains four basic residues and no hydrophobic amino
acid (Table 4). The physiological significance of the lower affinity NLS may suggest that the imported
ChREBP-importin a-importin B complex is more rapidly dissociated than the high affinity NLS site in the
nucleus in order to aid in the recycling of the import carrier proteins for next rounds of the import process.
Another explanation for the weaker affinity of ChREBP and AR is that these proteins have longer linker
regions, which are not bound to importin o, and these disordered regions likely contribute to a weaker affinity.
In contrast, the NLSs of SV40, which lacks a linker region is able to bind to both major and minor sites. These
structural differences are consistent with ChREBP NLS exhibiting a weaker affinity, because of binding only to
the major binding site, in contrast with SV40 and nucleoplasmin (Table 4).

Two novel compounds (1 and 2), identified by HTS screening of a small-subset compound library, demon-
strate the inhibition of ChREBP-NLS/importin o interaction, nuclear localization, and transcription activities of
ChREBP. These candidate small molecules support developing inhibitors of ChREBP that may be useful for the
treatment of obesity, diabetes and their associated diseases.
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Figure 8. Proposed models for competition between importin o and 14-3-3 proteins in the regulation of nuclear/cytosol localization of

ChREBP.

Under low glucose, increased glucagon and cAMP activates PKA leading to phosphorylation of ChREBP-Ser196, which leads to 14-3-3 binding
then localization of the ChREBP-14-3-3 complex to the cytoplasm (top). In response to high glucose, the phosphorylated inactive ChREBP is
dephosphorylated by Xu5P-activated PP2A, releasing 14-3-3 from the Ser196/NLS site (middle). Importin o also displaces the 14-3-3 protein from
its primary binding site at the o, helix and thereby localizes the ChREBP into the nucleus (bottom).

Importin a regulates export of ChRREBP from nucleus

We have previously shown that importin o binds to the NLS peptide (residues 158-190) of ChREBP, while
14-3-3p also binds to the adjacent phosphorylated Ser196 [5]. Based on these observations, we concluded that
under low glucose conditions, 14-3-3 proteins have a duel function in regulation of cytosol localization of
ChREBP: (a) exporting inactive ChREBP(P) out of nucleus, and (b) inhibiting nuclear import by blocking
importin o from binding to the NLS site of ChREBP. However, we discovered rather unexpectedly that

Table 4 Comparison of nuclear localization sequences

NLS Sequence

Kp (1M) (Ref.)

ChREBP 158-190 R®®KPEAVWLEGNYWKRRIEVWMREYHKWRIYYKK 90

Nucleoplasmin K5 RPAATKKAGQAKKKK 70
SV40 P120KKKRKV'%2
AR RET"KCYEAGMTLGARKLKKLS*

3.03+0.95 [5]
0.19+0.02 [23]
0.31+0.15 [26]
5+0.1[22]

Key basic residues of NLS for the major binding site are presented in red. The Kp value of ChREBP-NLS — importin

o was determined with ITC measurement.
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importin o binds to the o, helix peptide (residues 117-140) with a Kp value of 0.82 uM (Table 2), which is
the primary binding site for 14-3-3. 14-3-3p binds to the o, peptide of ChREBP with the Kp, values of 2.8 uM
(Table 2). These results suggest a new mechanism in which importin o competes effectively with 14-3-3 pro-
teins for its primary binding site (o, helix) with comparable affinity. Thus, these results also strongly suggest
that importin o and 14-3-3 proteins bind competitively to a much broader region of ChREBP than previously
thought, which includes the glucose sensing and responsive region (residues 117-196) encompassing o, and o,
helices in the N- terminal of ChREBP. Furthermore, the ITC and the FP results provide additional support to
the idea that the phosphorylation state of Ser196 of ChREBP plays the major role in regulating the subcellular
localization in response to glucose [3,29]. Under low glucose conditions, the 14-3-3 protein stimulates not only
export of inactive ChREBP into the cytosol, but also inhibits the nuclear localization of ChREBP by blocking
importin o from binding to the NLS when Ser196 is phosphorylated. Under high glucose conditions, the
current results demonstrated that importin o also plays a dual role in which it not only stimulates nuclear
import of ChREBP, but also inhibits 14-3-3 from binding to its primary binding site.

Small compounds inhibitors of nucleus importin of ChrEBP

We report finding two inhibitor compounds (1 and 2) which inhibit the interaction between a ChREBP-NLS
peptide and importin o, as demonstrated by FP measurements. However, the inhibitors did not bind to impor-
tin o alone suggesting that they bind only to the NLS-importin a-complex. The inhibition appeared to be
uncompetitive, which suggest that these compounds may be binding to a site near the interface of the NLS and
importin o. Our attempts to crystallize these compounds in an importin a-NLS-inhibitor complex did not
succeed, partly due to insolubility of these compounds in aqueous media at concentrations needed for crystal-
lization. In addition to the FP measurements, these compounds also inhibited the nuclear localization and tran-
scriptional activities of ChREBP under high glucose, and the extent of the inhibition was comparable in all
three assay methods. Based on these results, we suggest that the ChREBP-NLS is a potential target for drug dis-
covery in treatment of obesity and the associated diseases. Ahn et al. [30] recently reported that a compound
termed SBI-477 inhibits intramuscular lipid accumulation by inhibiting triacylglceride synthesis and activated
glucose uptake in human skeletal muscle. They obtained evidence that SBI-477 inhibits MondoA. MondoA is a
paralog of ChREBP and is expressed mostly in non-hepatic tissues, but its biological function is less well char-
acterized than ChREBP [31]. Since most of the functional domains including NES, NLS and bHLH are highly
conserved between those transcription factors, it is not surprising that MondoA is involved in glucose metabol-
ism and fat synthesis in non-hepatic tissues such as skeletal muscle [32]. In contrast with ChREBP, MondoA is
known to respond to insulin and suppresses glucose uptake in myocytes by up-regulating the expression of
thioredoxin interacting protein (TXNIP) and arrestin domain-containing protein (ARRDC4) [32-34]. Ahn
et al. [30] reported that SBI-477 also inhibits the nuclear localization of Mondo A in skeletal myoblasts in
response to insulin, but the precise molecular mechanism is unknown. There is no structural similarity
between SBI-477 and compounds 1 or 2. They concluded that SBI-477 inhibits MondoA leading to down-
regulation of TXNIP and ARRDC4. The subsequent increase in glucose uptake in myocytes results in increased
insulin sensitivity [30].
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