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Abstract

Human glucose-6-phosphatase plays a vital role in blood glucose homeostasis and holds promise
as a therapeutic target for diabetes. Expression of its catalytic subunit gene 1 (G6PC1) is tightly
regulated by metabolic-response transcription factors such as FoxO1 and CREB. Although at least
three potential FoxO1 binding sites (insulin response elements, IRES) and one CREB binding site
(cAMP response element, CRE) within the proximal region of the G6PC1 promoter have been
identified, the interplay between FoxO1 and CREB and between FoxO1 bound at multiple IREs
has not been well characterized. Here we present the crystal structures of the FoxO1 DNA binding
domain in complex with the G6PC1 promoter. These complexes reveal the presence of a new non-
consensus FoxO1 binding site that overlaps the CRE, suggesting a mutual exclusion mechanism
for FoxO1 and CREB binding at the G6PCI promoter. Additional findings include (i) non-
canonical FoxO1 recognition sites, (ii) incomplete FoxO1 occupancies at the available IRE sites,
and (iii) FoxO1 dimeric interactions that may play a role in stabilizing DNA looping. These
findings provide insight into the regulation of G6PCI gene transcription by FoxO1, and
demonstrate a high versatility of target gene recognition by FoxO1 that correlates with its diverse
roles in biology.
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1. Introduction

Glucose homeostasis is tightly regulated and mainly controlled by regulating endogenous
glucose production in the liver and glucose uptake by peripheral tissues in response to
various hormones and nutritional signals. In the liver, de novo glucose production or
gluconeogenesis is a focal point of regulation, and is repressed during feeding conditions
and reactivated upon fasting to meet the fuel requirement of peripheral tissues (Nordlie et
al., 1999). The final step in the gluconeogenic pathway is catalyzed by the enzyme
glucose-6-phosphatase (G6Pase).

G6Pase is a membrane-bound multi-component system, composed of a catalytic unit and
transporter units for the substrate (glucose-6-phosphate) and the products (glucose and
inorganic phosphate)(van Schaftingen and Gerin, 2002). The catalytic subunit of G6Pase is
encoded by one of three genes, G6PC1, G6PCZ2and G6PC3whereas the antiporter that
catalyzes transport of glucose-6-phosphate and inorganic phosphate is encoded by the
SLC37A4 gene (Chou and Mansfield, 2014; Hutton and O’Brien, 2009). Hepatic
gluconeogenesis is regulated in part by transcription mechanisms with both G6PC1 and
SLC37A4heing targets for hormone- and nutrition-dependent modulation of expression
(Mihaylova et al., 2011; Oh et al., 2013a). In particular, GEPCI gene expression is directly
regulated by insulin and glucagon. Insulin action is mediated through a multi-component
insulin responsive unit that is composed of two regulatory regions in the proximal promoter,
designated regions A and B. Region A binds HNF1a which serves as an accessory factor
that is thought to enhance FoxO1 binding to two insulin response elements (IRES),
designated IRE1 and IRE2 within Region B (Streeper et al., 2000; Vander Kooi et al., 2005).
A third IRE, designated IRE3, is also present in Region B, but previous binding studies with
a GST-FoxO1 fusion protein suggested that it does not bind FoxO1(Vander Kooi et al., 2003;
Vander Kooi et al., 2005). On the other hand, glucagon action is mediated through CREB
that recognizes cAMP response element (CRE) within Region B (Hornbuckle et al., 2004;
Oh et al., 2013b) (Figure 1).

FoxO1, also known as FoxOla (and originally as FKHR), is a member of the O subclass of
the Forkhead transcription factor family (Huang and Tindall, 2007), while CREB is the
founding member of a group of CRE binding factors that contain a basic leucine zipper
DNA binding motif (De Cesare and Sassone-Corsi, 2000). FoxO1 is one of four FoxO
proteins in mammals (FoxO1, 3, 4, and 6), and represents the predominant FoxO isoform
(Kousteni, 2011; Wang et al., 2009) as it plays a wide range of physiological roles such as
metabolic regulation, cell cycle control, and longevity (Calnan and Brunet, 2008; Huang and
Tindall, 2007; Maiese et al., 2008). While FoxO proteins have overlapping expression
profiles and activities and share significant sequence similarities in their DNA binding
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domains, their physiological roles are unique (Arden, 2008; Hosaka et al., 2004) and their
functional modes of action are quite diverse (Lalmansingh et al., 2012).

FoxO1 and CREB play important roles in the regulation of hepatic glucose production
(HGP) and elevated HGP is a key feature of both type and type 2 diabetes (Matsumoto et al.,
2007; Oh et al., 2013b; Roden and Bernroider, 2003). A comparison of G6PCI promoter
sequences among vertebrates shows that the G6PCI IREs and CRE are highly conserved.
While multiple potential IREs and one CRE have been identified in the human G6PC1
promoter (Figure 1A), the exact mechanisms by which FoxO factors and CREB regulate
G6PC1 gene expression and the central question of how overall enhanceosome assembly
and mutual and/or specific interactions are made by these proteins have not been well
characterized.

In this work, we present the crystal structures of FoxO1 DNA binding domain (DBD) bound
to the G6PC1 promoter, which suggest that (i) the binding of FoxO1 and CREB is mutually
exclusive, (ii) FoxO1 binding sites at the G6PCI promoter involves multiple binding states
due to different binding affinities, (iii) FoxO1 displays loose DNA binding selectivity
towards target gene recognition, and (iv) FoxO1 dimeric interactions could induce DNA
bending and mediate DNA looping. These findings and ensuing analytical studies have
important implications for the regulatory mechanisms underlying HGP during fasting and in
diabetes and provide novel insights into human gene regulation.

2. Materials and methods

2.1. Protein expression, DNA oligo preparation, and complex formation

A fragment of human FoxO1 cDNA corresponding to the DNA binding domain (amino
acids 154-262) was subcloned by standard PCR into a pET41a vector (GE Healthcare). The
pET41a vector was modified to replace the existing thrombin cleavage site with a more
specific TEV (Tobacco etch virus) protease cleavage site. FoxO1-DBD was over-expressed
in Escherichia coli BL21(DE3)-Rosetta2 (Novagen) with induction of 0.5 mM IPTG at an
ODggg of 0.8-1.0 at 37°C and harvested after culturing for additional 3—4 hours at 30°C.
The cells were lysed by sonication and the expressed GST-fusion proteins were isolated in
the presence of 0.6 M NaCl to prevent nonspecific binding to bacterial DNA. FoxO1 was
released by TEV protease digestion from glutathione-agarose beads (Invitrogen) after
overnight incubation at 4°C and further purified by ion-exchange chromatography (Mono-S
FPLC). The purified protein was estimated to be at least 98% pure judged by staining with
Coomassie on 8-25% gradient SDS-PAGE gel. Fractions were pooled and stored at —80°C
as a 10% (v/v) glycerol stock.

Tritylated oligonucleotides corresponding to the G6PCI promoter sequence (20—42mers),
including the iodine-labeled DNAs, were purchased from the Midland Certified Reagent
Company (Midland, TX) and further purified by reverse phase HPLC on a C8 XTerra prep
column (Waters), using a linear 5% to 50% (v/v) acetonitrile gradient in 50mM triethyl
amine acetate buffer (pH 7.0). Excess mobile phase containing acetonitrile was removed
using HiTrapQ (GE Healthcare), and the trityl groups were removed with 80% (v/v) acetic
acid. The deprotected oligonucleotides were precipitated with 75% (v/v) ethanol, dissolved
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in water for concentration measurement by Aogp and lyophilized before storage at —80°C.
Double-stranded DNAs were generated for crystallization by heating equimolar amounts of
complementary oligonucleotides to 95°C for 10 min and slowly cooling to 4°C. The
annealing buffer was 20mM Tris (pH 8.0), 200mM NaCl, and 1mM EDTA.

2.2. Crystallization and data collection

The initial crystallization trials were carried out at 22°C in 96-well plates with the sparse
matrix (Jancarik and Kim, 1991) by the hanging-drop vapor diffusion method, utilizing the
Phenix nano-drop crystallization robot system (Art Robbins Instruments). Drops consisting
of 0.1l protein-DNA solution (after mixing the protein and DNA at a molar ratio of 2:1.2
for 21mer and 4:1.2 for 40mer DNA) were mixed with an equal volume of reservoir solution
and equilibrated against 500l of reservoir solution. Conditions yielding small crystals were
further optimized by variations of crystallization parameters and additives in 24-well plates.
Although many different DNA constructs were used for screenings, diffraction-quality
crystals were reproducibly obtained only using the over-hang 21mer (nucleotide positions
-169 to —149 of the G6PCI promoter sequence) and the blunt-end 40mer (nucleotide
positions —188 to —149). The optimized 21mer crystals were grown with well solution
containing 14-18% (v/v) PEG8000, 100mM ammonium sulfate, 20mM magnesium
chloride, 50mM MES pH5.6 and 10% glycerol, and transferred into mother liquor
containing an additional 15% (v/v) glycerol as cryoprotectant before being directly plunged
into liquid nitrogen and stored for data collection. The crystals with iodine-labeled DNAs
were grown under the same condition as the wild type. The 40mer crystals were grown
under the similar condition, but with 22-26% (v/v) PEG8000. All the native data were
collected at 100K at APS (SER-CAT 22ID) using a MAR-300 CCD detector and processed
using HKL2000 (Otwinowski and Minor, 1997). Typical crystals and the resulting
diffraction patterns are shown in supplementary Figure S1.

2.3. Structure Determination and refinement

The 21mer crystals belong to the space group P24 with unit cell dimensions a= 46.61 A, b =
79.03 A, c=48.27 Aand B =90.79 °, and diffract to 2.3 A resolution while the 40mer
crystals belong to the space group C2 with unit cell dimensions a=104.36 A, b = 251.99 A,
c=124.37 Aand B = 89.78 °, and diffract to 5.0 A resolution. There is one complex in the
asymmetric unit (46.0% solvent content) for 21mer crystals and four complexes in the
asymmetric unit (59.0% solvent content) for 40mer crystals. The structures were solved by
the molecular replacement method by use of MOLREP (Vagin and Teplyakov, 1997). As a
search model, we used a previously determined structure of the FoxO1-DNA complex (PDB
accession code 3CO6). For 21mer crystals, the best solution with two Foxol-DNA pairs had
a correlation coefficient of 38.5%, 11.4% above the second best solution. The Rgyyst Value
after molecular replacement was 0.514. After one round of rigid-body refinement, Reyyst and
Rree dropped to 0.452 and 0.408, respectively. For 40mer crystals, a similar repetitive
molecular replacement approach using the partial solution from previous job was applied
until all thirteen Foxo1-DNA pairs were found and there were no more solutions. Further
refinement was carried out with Refmacs as run by PHENIX (Adams et al., 2010)
alternating with manual fitting in COOT (Emsley and Cowtan, 2004) until convergence.
Individual atomic coordinates, group B-factors and NCS restraints were utilized for initial
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rounds of refinement. For nucleotides, Watson-Crick base pairing and global restraints were
placed on bond lengths, bond angles, nonbonded contacts, and temperature factors of
neighboring atoms. Towards the end of refinement, individual B-factors and TLS refinement
parameters were employed, with geometry and B-factor restraint weightings set to their
default values. Solvent molecules were added with phenix.refine and manually inspected in
COQT. The final model was validated with MolProbity (Chen et al., 2010) prior to
deposition in the PDB. Data and refinement statistics for 21mer crystals are provided in
Table 1. Data and refinement statistics for 40mer crystals are not provided due to low
resolution and no-confidence in individual atom parameters. However, the overall structure
and the positions/orientations of individual protein/DNAs are so apparent. Strict NCS
constraints were applied during refinement. Figures were prepared with PyMOL (The
PyMOL Molecular Graphics System).

2.3.1. Accession number—RProtein Data Bank: coordinates and structure factors for the
FoxO1-21mer DNA complex have been deposited under the accession code 5DUI.

2.4. Electrophoretic Mobility Shift Assay (EMSA)

Synthetic oligonucleotides labeled with an infrared dye (IRDye 700 phosphoramidite) were
purchased from Integrated DNA Technology (IDT), quantified and annealed to form
dsDNAs. Binding reactions of different protein/DNA molar ratios were assembled at 21°C
in a total volume of 5 pl in 25mM Tris pH 7.5, 50mM NaCl, 2mM MgCl,, ImM DTT, 100
ug/ml BSA and 10% (v/v) glycerol. Binding reactants were loaded onto an actively running
5% non-denaturing polyacrylamide gel in 0.5X TBE (45mM Tris, 45mM borate, 1ImM
EDTA, pH 8.3) that had been pre-electrophoresed for 30 min at 4°C. Electrophoresis
continued for 60 min at 4°C before the gel was analyzed with the Odyssey Infrared Imaging
System (LI-COR Biosciences). For non-labeled DNAs, ethidium bromide was used to stain
the samples.

2.5. Site-directed mutagenesis analysis

The “‘Quick change Multi site-directed mutagenesis’ kit (Stratagene) was used to generate
the constructs with each point mutation of the human G6PCI reporter gene construct
according to the manufacturer’s instructions. The plasmid template used in the mutations
was pGL3-G6PCL1 (see below). Single mutants were generated by substituting Ato T, G to
C, and vice versa. All of the generated constructs with the mutated sequences were verified
with DNA sequencing (Supplementary Figure S3).

2.6. Transient transfection and transcription assays (Luciferase reporter assays)

The full length cDNA of human FoxO1, wild type or the mutant, were subcloned into the
pCMV Sport6 vector (Life Technologies), and the reporter vector pGL3-G6PC1 containing
the region of the human G6PCI promoter encompassing the dominant region B was
constructed and used for luciferase assays. HelLa cells were cultured in DMEM medium
supplemented with 10% fetal bovine serum, 50 units/ml penicillin G, 50 ug/ml streptomycin
(Sigma), and 0.1 mM non-essential amino acids (Invitrogen). HeLa cells were transfected
using Opti-MEM and recommendations. LipofectAMINE 2000 reagent (Invitrogen)
according to the manufacturer’s Briefly, a total of 30 ng of pPCMV FoxO1 and 50 ng of
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pGL3-G6PC1 and 10 ng of pRL-TK (control renilla luciferase vector) were used for
transfection of 1 x 10° cells seeded on a 24-well plate one day before transfection. After
transfection and incubation, cells were washed with 1X PBS and lysed with luciferase lysis
buffer supplied with the Luciferase assay kit (Promega). Luciferase activity was measured
using the Dual Luciferase assay system (Promega) and Lmax Luminometer (Molecular
Devices). All values were normalized by the relative ratio of firefly luciferase activity and
renilla luciferase activity. At least four independent transfections were performed in
duplicate.

3.1. Lack of evidence for synergistic activation of the G6PC1 promoter by FoxO1 and CREB

Transcription factors often function in a combinatorial manner to regulate cellular gene
expression by recruiting the general transcriptional apparatus cooperatively to the promoter
(Panne, 2008). Based on the proximity of their binding sites, we hypothesized that FoxO1
and CREB may bind synergistically to the human G6PC1 promoter (Figures 1A-C). Thus,
the initial goal of these studies was to examine the structure of FoxO1 and CREB bound
simultaneously to the G6PCI promoter. However, in gel mobility shift assays, CREB and
FoxOl1 proteins appeared to bind independently to the G6PC1 promoter, with no evidence
for CREB/FoxO1/DNA ternary complex formation (Figure 1D).

Indirect evidence for the absence of synergistic binding was also apparent from our initial
crystallization trials. Despite the presence of all three components (CREB, FoxO1, and
21mer DNA containing the IRE3 and CRE elements) in crystallization drops, crystals
containing only FoxO1 and DNA appeared. Although the crystallization process selects only
packable species for a given crystal and the resulting crystal may not represent all of the
available species in the drops, this outcome indirectly supports the same observation made
from the gel-shift assays. Based on these findings, we subsequently set up crystal trays with
the samples containing only FoxO1 and DNA and determined the structures.

3.2. Structure determination of a FoxO1-DNA complex and the discovery of a new FoxO1
binding site on the G6PC1 promoter

The methods of crystallization and structure determination are described in the Methods
section. Typical crystals and the diffraction patterns are shown in supplementary Figure S1
and the final refinement statistics for the high resolution structure are summarized in Table
1.

For crystallization studies we initially used a double stranded DNA 21mer containing two of
the three IREs (the entire IRE3 and the majority of IRE2) as well as the CRE in the G6PC1
promoter (Figures 1A-B). Under the crystallization conditions, this self-complementary
over-hang DNA construct (Figure 1B) forms pseudo-continuous helices in the crystal
packing through end-to-end Watson Crick base-pairs and base-stacking interactions. While
the FoxO1 proteins bound to the predicted IRE sites on the G6PCI promoter should have a
head-to-tail orientation (Figures 1A-B), the two proteins found in our crystal structure
showed a head-to-head orientation (Figure 1C and Figure 2A), which hinted an unsuspected
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new binding site with an opposite orientation. FoxO1 binding sites (IREs) are known to have
the consensus sequence ‘T[G/A]TTTAC’ or ‘T[G/A]TTTTG’ (Brent et al., 2008). The only
potential FoxO1 binding site on the opposite strand with a consecutive “TTT’ sequence is
the region 3" of IRE3, which we refer to as IRE4 (Figures 1B-C). This potential FoxO1
binding site might have been overlooked in the past due to its weak correlation with the
consensus and its considerable overlap with the existing CREB binding site. Based on this
observation, we initially assigned the two protein-occupied sites as IRE3 and IRE4, rather
than IRE1 and IRE4 or IRE2 and IRE4 because the spatial separation between each binding
site matches reasonably well with the estimated value from the sequence between IRE3 and
IRE4 (Figure 2A gray dotted circle). However, the FoxO1 binding modes in this model
would be completely reversed from the ones observed in previous FoxO1/DNA complex
structures (Brent et al., 2008; Obsil and Obsilova, 2011). This contrary finding prompted us
to reexamine our initial DNA sequence assignment.

To verify the correct register of the DNA sequence, we utilized iodine-labeled DNAs during
crystallization and solved the crystal structure of the FoxO1/labeled-DNA complex. lodine
substitution was made at the methyl group of the Thy11 base (Figure 1B) and the crystals
were grown under the same conditions as wild type. By employing the electron density maps
for the position of the iodine peak and for the presence of electron density breaks at both
ends of the overhang 21mer DNA (Figures 2), we assigned the correct DNA sequence of the
pseudo-continuous helix within the crystal lattice. A strong iodine peak clearly showed up in
the Fiodine-Fnative difference map (Figure 2A-B) and DNA backbone break points were
clearly visible in the final 2F,-F. map (Figure 2C). The data show that the asymmetric unit
contains IRE2 and IRE4 (black dotted circle in Figure 2A) as opposed to IRE3 and IRE4
with non-canonical DNA binding modes as initially assigned (gray dotted circle). With the
correct register of the DNA sequence, both proteins display previously known binding
modes with a canonical orientation. The IRE3 site is vacant in this structure due to crystal
packing constraints, as a result of weaker binding (see below).

3.3. Supporting evidence for a new FoxO1 binding site and a crystal packing-induced non-
native binding site on the G6PC1 promoter

We also performed point-mutagenesis studies to evaluate the importance of this newly
discovered IRE on the G6PC1 promoter. Point mutations in IRE4 as well as IRE3 resulted in
considerably reduced FoxO1-stimulated G6PCI-luciferase fusion gene expression in
transient transfection assays (Figure 3A). The mutations within IRE4 that affected fusion
gene expression correlate very well with the base-specific interaction patterns observed in
the crystal structure (see below Detailed Protein-DNA interactions). These data strongly
support our structural findings and suggest that IRE4 has the potential to play an important
role in induction of G6PCI transcription by FoxOL1.

We next evaluated FoxO1 binding to IRE4 by gel-shift assay using oligos containing single
binding sites (Figure 3B). Consistent with the reporter studies, binding of FoxO1 to IRE4
was compatible in affinity to one of the known binding sites (IRE2). FoxO1 displays the
strongest binding to IRE2 followed by IRE4, IRE1, and IRE3. Previously, FoxO1 binding to
IRE3 was not detected in gel retardation (Vander Kooi et al., 2003) or footprinting
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experiments (Vander Kooi et al., 2005) whereas we observe FoxO1 binding to IRE3 in both
gel retardation (Figure 3B) and crystallographic analysis with a low resolution structure
(Fig. 4A) (see below 40mer Complex Structure description). We hypothesize that these
differences might be due to the nature of the proteins and DNA samples used in the studies
(cellular extract containing full-length fusion protein vs. purified DBD-only protein and/or
small oligos vs. larger PCR products, respectively), and/or concentration effects during
analysis. Nevertheless, our crystal structures and mutational analyses suggest that IRE3 is
also a functional FoxO1 binding site.

More importantly, to our surprise, FoxO1 was also bound to the IRE2 site although the
21mer DNA construct used in our crystallization did not contain the full IRE2 sequence
(Figure 1B). Apparently, a non-natural IRE2 site (referred to as IRE2") was created by
crystal packing interactions between the neighboring DNA molecules, thus completing the
non-natural binding site within a pseudo-continuous helices (Figures 1C, 2A and 2C). This
newly created IRE2” site is almost identical to the native sequence except that the 5" end
sequences were altered from TGT to TCA (Figures 1A-B and 3C). A synthetic oligo
containing this IRE2” sequence is indeed recognized by FoxO1 (with ~50% reduced binding
affinity compared to the natural IRE2 construct) as demonstrated by a gel shift assay (Figure
3B, lane 6). On the other hand, although the IRE3 site was included in our DNA construct,
this site was vacant in the 21mer complex structure although its binding was observed in two
of the four complexes in the 40mer complex structure (see below). This is consistent with
the previous DNA binding studies indicating that the IRE3 site has the weakest binding
affinity for FoxO1 (Vander Kooi et al., 2003; Vander Kooi et al., 2005), although slightly
stronger than the non-native IRE2” site when tested by gel shift assays (Figure 3B lane 4
and 6).

3.4. Additional supporting evidence from a 40mer complex structure and multiple
variations in FoxO1 occupancy on G6PC1 promoter

Under similar crystallization conditions, we also generated a FoxO1-DBD-DNA complex
with a 40mer blunt end DNA containing all four potential FoxO1 binding sites. Crystals
weakly diffracted (supplementary Figure S1) and produced the best synchrotron data set at 5
A resolution (C, space group with a=104.36, b=251.99, c=124.37 A, and p=89.78°).
Molecular replacement solution and the subsequent rigid-body refinement indicate that each
asymmetric unit contains four protein/DNA complexes with different FoxO1 protein
occupancies (Figure 4A). Although some of the protein electron densities are poorly defined
due to low resolution and partial occupancy at each binding site (when a protein is missing
at a certain position in this crystal packing, the crystal lattice can still be maintained by
additional packing interactions at the neighboring sites), the currently refined structure
(Rwork=27% and R¢e=36% after reference structure-based and strictly restricted
refinement) reveals that the asymmetric unit contains two complexes with FoxO1 bound to
all four IREs, one with FoxO1 bound to IRE1, IRE2, and IRE4, and one with FoxO1 bound
to only IRE1 and IRE2. The makeup of each complex and its electron density map are
shown in Figures 4B—E. Although correct DNA sequence assignment for pseudo-continuous
helices in this crystal form could have been difficult, if not impossible at this resolution,
recognition of relative spacing between each binding site enabled correct identification of
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each binding site. These findings suggest that there exits an inhomogeneous population of
FoxO1 binding to this promoter region and that the delicate balance between FoxO1 binding
at specific sites in conjunction with other site-specific DNA-binding proteins may contribute
to combinatorial gene regulation (Moss and Hager, 2014; Weingarten-Gabbay and Segal,
2014). These findings are also in good agreement with the relative binding affinity
estimations for each IRE site (Fig. 35). Although there are no protein-protein interactions
between the adjacent FoxO1 DNA binding domains on the DNA duplex, the FoxO1 dimeric
interactions between the neighboring DNA strands for crystal packing observed in the 21mer
structure are also observed in the 40mer structure (see below Foxol Dimeric Interactions).

3.5. Overall description of the high resolution FoxO1-DBD-DNA complex structure

FoxO family members possess a conserved winged-helix DBD known as the ‘Forkhead box’
or Fox (Kaestner et al., 2000; Wang et al., 2009). Several crystal structures of FoxO family
members have been determined, including FoxO1-DBD in complex with two variants of
DNA target sequences (Obsil and Obsilova, 2008; Obsil and Obsilova, 2011). They share
similar overall folding and DNA binding modes.

The FoxO1-DBD presented herein adopts the expected forkhead winged-helix fold made of
three a-helices (H1, H2 and H3), three B-strands (S1, S2 and S3) and two wing-like loops
(W1 and W2) (Fig 1Cand supplementary Fig. S3). The helix H3 is positioned into the major
groove roughly perpendicular to the DNA axis and provides the majority of protein-DNA
interactions. However, as seen in the previous FoxO1-DBD-DNA complex structures (Brent
et al., 2008; Obsil and Obsilova, 2011), the lack of electron density at the C-terminal second
wing (W2) indicates its flexibility and disorderness in FoxO1. Although we used the entire
FoxO1-DBD (amino acids 154-262) in crystallization, the final electron density was only
visible for the regions between amino acid 160 and 245 for both monomers. The current
structure superimposes very well with the previous FoxO1-DNA complex structures, with an
overall root mean square deviation of 0.442 A or less for Ca atoms (supplementary Fig. S2).
One noticeable difference at the DNA binding interface among structures is the slightly
altered conformation of the loop between helices H2 and H3 in our crystal structure, which
provides additional non-specific backbone interactions with the major groove through
Asn204 and Ser205.

3.6. Detailed protein-DNA interactions and loose FoxO1 DNA target selectivity

Although FoxO family members share similar overall folding and DNA binding modes, each
FoxO member and its target sites pose unique recognition modes and regulatory mechanisms
(Obsil and Obsilova, 2011). The mechanism by which different classes of FoxO proteins
recognize diverse DNA sequences adjacent to the core sequence is still not fully understood
(Obsil and Obsilova, 2011), although all FoxO proteins are known to recognize two
consensus sequences: 5'-T[G/AJTTTTG-3’, known as the insulin response element (IRE);
and 5"-T[G/A]TTTAC-3’, known as the Daf-16 family member-binding element (DBE)
(Brent et al., 2008; Furuyama et al., 2000) (Figure 3C). Brent and colleagues have
previously reported FoxO1 structures with two distinctive DNA target sequences (IRE and
DBE), revealing a substantial degree of plasticity and different binding affinities (Brent et
al., 2008). A comparison of these structures with our structures in complex with non-
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canonical recognition sites in the G6PCI promoter further highlights the intriguing plasticity
of molecular recognition by FoxO1.

For each monomer, schematic drawings of FoxO1-DNA interactions observed in our high
resolution crystal structure are shown in Figure 5. At each binding site, the FoxO1-DBD
binds to the DNA duplex in a similar manner as observed in other FoxO-DBD-DNA
complex structures, with the recognition helix H3 docked into the major groove of the DNA
providing all of the base-specific interactions. Additional DNA backbone interactions are
made by the wing W1 and a few other residues from helix H2, the H2-H3 loop and the N-
terminus. These interactions are made by a combination of direct and water-mediated
interactions (Figures 5). Base-specific interactions are made by the invariant residues N211
and H215 at both binding sites, and additionally R214 for IRE4 and S212 for the IRE2’
binding site. Additional weak van der Waals contacts are observed between helix H3 side
chains (R214, H215, S218, and L219) and the DNA base methyl groups of the core
recognition sequence for base-specific interactions.

Surprisingly, these new FoxO1 structures reveal loose selectivity and plasticity in DNA
target sequence recognition. While extensive base-specific interactions are made at the IRE4
site, only minimal base-specific interactions are made at the IRE2” site. Base-specific
recognition occurs through only 2 base pairs at IRE2” (Figures 5C-D). Moreover, the non-
canonical IRE sites in the G6PCI promoter that are physically recognized by FoxO1 all
contain one extra base pair at the core of the recognition sequence compared to the known
FoxO consensus binding sequences (Figure 3C). Interestingly, the IRE3 and IRE4 sites
contain the 3" end sequence defined as DBE rather than IRE (AC instead of TG). These
findings suggest that perhaps the FoxO recognition sequence needs to be expanded and that
many more FoxO target genes may exist that are yet to be identified in human genome.

3.7. FoxO1 dimeric interactions and potential DNA looping

While the vertical crystal packing interactions in our crystals are provided by DNA stacking
interactions that result in pseudo-continuous helices, the horizontal crystal packing
interactions are solely provided by identical symmetric protein-protein interactions
throughout the crystal lattice (Figure 3D). The same dimeric interactions are observed in
both 21mer and 40mer crystals. Moreover, similar FoxO homo-dimers have been observed
in previous FoxO1-DNA(Brent et al., 2008) and FoxO3a-DNA complex structures (Tsai et
al., 2007). Although no biological functions have been ascribed for such a dimer, these
interactions could be involved in physiological long-range interactions within gene
promoters, such as stabilization of DNA-loops (Nolis et al., 2009; Sanyal et al., 2012). The
individual dsDNA molecules in the crystals are bent about 25.84° due to FoxO1 binding at
IRE4 as calculated with the program CURVES+ (Lavery et al., 2009), with a slight increase
in the width of the major groove in the core-sequence region. Although the observed
bending is compensated for by FoxO1 binding at the adjacent IRE site, resulting in a
relatively straight orientation of DNAs in the crystal packings of both crystal forms, a
considerable degree of DNA bending upon FoxO1 binding suggests that potential
interactions between FoxO1 monomers may contribute to long-range DNA looping.
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4. Discussion

Controlled gene expression is a central element for all living systems and is often
combinatorial in nature. A typical gene promoter contains multiple transcription factor
binding sites whose synergistic activities in a time- and signal-dependent manner account for
well-coordinated programs of cellular responses (Merika and Thanos, 2001; Weingarten-
Gabbay and Segal, 2014). Moreover, clustering of multiple binding sites for the same
transcription factors (homotypic clustering) is widespread in vertebrate genomes and
predominantly found in promoter and enhancer regions (Gotea et al., 2010; He et al., 2012;
Kazemian et al., 2013). However, the exact roles of such homotypic clustering and the
interplay among various transcription factors have not been well characterized. We have
investigated the molecular basis of target recognition by FoxO1 on the human G6PC1
promoter whose gene product performs a key role in the control of blood glucose
homeostasis. Here we report several novel and unexpected findings which include (i) a
discovery of a new FoxOl1 binding site that suggests mutual exclusion of FoxO1 and CREB
binding to the G6PC1 promoter, (ii) a demonstration that homotypic clustering of multiple
FoxO1 binding sites at the G6PCI promoter involves FoxO1 binding with widely different
binding affinities, (iii) a discovery of loose DNA selectivity by FoxO1, and (iv) potential
DNA looping mediated by FoxO1 dimeric interactions.

Multiple transcription factors including FoxO1, CREB, and hepatocyte nuclear factors
(HNFs) are involved in G6PCI gene regulation and distinctive roles for these transcription
factors have been reported (Hirota et al., 2008; Onuma et al., 2009; Vander Kooi et al.,
2005). Current evidence suggests considerable cross-talk between FoxO1 and CREB
pathways on hormone-responsive gluconeogenic genes including G6PCI (Gross et al., 2008;
Herzig et al., 2001; Oh et al., 2013b). Although FoxO1 and CREB are regulated by
independent signal-transduction pathways and by multiple mechanisms involving change in
phosphorylation/acetylation/ubiquitination, these two pathways coordinately regulate
gluconeogenesis (Gross et al., 2008; Herzig et al., 2001; Oh et al., 2013b; Ravnskjaer et al.,
2016). However, whether G6PCI gene expression is regulated independently by these two
pathways upon binding of FoxO1 and CREB to their respective binding sites or whether
FoxO1 and CREB interact synergistically on the G6PCI promoter had not been studied.

Our data suggest that although the conserved IRE4/CRE elements on the G6PCI promoter
accommodates both FoxO1 and CREB, their binding is likely mutually exclusive such that
they cannot occupy the G6PC1 promoter at the same time. Our crystal structures reveal a
new FoxO1 binding site and this newly discovered IRE site (IRE4) exhibits considerable
overlap with the CREB binding site, which is in good agreement with the results of gel-shift
assay using CREB and FoxO1 proteins in combination (Figure 1D). This conclusion was
further supported by the results from transcriptional assays using mutant G6PCI fusion
genes and binding assays using oligos containing individual IRE elements within the G6PC1
promoter. While FoxO1 and CREB cannot occupy the IRE4/CRE site at the same time we
think it is unlikely that they compete for binding to this overlapping site. Instead, previous
discoveries that CREB and FoxO1 are sequentially involved in gluconeogenic gene
expression via activator/coactivator exchange during fasting suggest that FoxO1 and CREB
share this site (Liu et al., 2008; Oh et al., 2013b). Thus, we think FoxO1 and CREB
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stimulate G6PCI gene expression during fasting by sequentially occupying the IRE4/CRE
site, in addition to FoxO1 binding the other three IREs. In the fasted state, increases in
circulating glucagon first stimulate hepatic gluconeogenesis via the PKA-mediated
phosphorylation of CREB and the promotion of the CREB-CRTC2 axis (Liu et al., 2008),
which is repressed by AMPK(Lee et al., 2010), while decreases in circulating insulin then
increase gluconeogenic gene expression via the de-phosphorylation of the forkhead
transcription factor FoxO1 reversing the repression of FoxO1 by Akt upon insulin
activation(Gross et al., 2009; Park et al., 2010). Our findings therefore support this
sequential utilization of the CREB and FoxO1 pathways during the early (short-term) and
late (prolonged) fasting stages, illustrating how the exchange of two gluconeogenic
regulators during fasting maintains energy balance (Liu et al., 2008; Oh et al., 2013b). It is
worth noting that the IRE4 site also constitutes one of the two half-sites of a glucocorticoid
response element within the G6PCI promoter (Vander Kooi et al., 2005), making this region
a potential hotspot for integration of hormonal responses.

Our crystal structures also represent a new class of FoxO-DNA interactions. Although FoxO
proteins display a conserved mode of DNA docking, their sequence recognition modes vary
considerably (Obsil and Obsilova, 2008). The G6PC1 promoter contains multiple non-
canonical FoxO binding sites, and surprisingly, they all contain one additional base pair
within the core recognition sequence. The presence of novel FoxO binding sites on the
G6PC1 promoter suggests the existence of versatile DNA recognition by FoxO1, and our
structures provide new insights into how non-canonical DNA target sites are recognized. Our
high resolution crystal structure also reveals a non-native binding site created by DNA
stacking within crystal lattice. Despite weaker interactions, the IRE2"-FoxO1 interactions
were captured in our crystal structure. Surprisingly, this recognition requires only two base-
pair specific interactions and DNA backbone interactions using the same protein structural
elements and residues. Our structure unexpectedly reveals loose selectivity and high
versatility of DNA recognition by a FoxO family member. These finding, therefore, expand
the repertoire of the FoxO recognition sequences and suggest that many more FoxO target
genes will be found in the human genome.

FoxO1 has been known to bind cooperatively to G6PCI IREs (Onuma et al., 2006).
However, no physical protein-protein interactions are observed between the FoxO1 DNA
binding domains although interactions between the full-length proteins cannot be ruled out.
Transcriptional activity of FoxO proteins are also tightly controlled by various post-
translational modifications such as phosphorylation, acetylation, methylation and
ubiquitination, as well as subcellular localization and direct protein-protein interaction
(Calnan and Brunet, 2008; Huang and Tindall, 2007). These modification sites include S249,
S256, R251, R253, K245, K248, and K262 within the FoxO1-DBD and their potential
molecular effects are well described in earlier publications (Brent et al., 2008; Obsil and
Obsilova, 2008; Obsil and Obsilova, 2011; Tsai et al., 2007). Also, additional FoxO family
members are known to act on the G6PCI promoter (Haeusler et al., 2010; Kim et al., 2011,
Onuma et al., 2006). FoxO1 orthologs, such as FoxO3 and FoxO4, are known to bind to the
same IRE sites and the integrated control of insulin-responsive G6PCI gene expression by
FoxO family members has been reported (Haeusler et al., 2014; Onuma et al., 2006).
Furthermore, interdependent binding of Fox family members, i.e. FoxO1 and FoxA1/A2, to
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insulin-sensitive genes including G6PCI is known to nucleate transcriptional events in
chromatin in response to signaling events leading to regulation of hepatic glucose
metabolism (Yalley et al., 2016). Therefore, whether or not other members of the FoxO
family bind to all IRE sites and how these multiple IRE sites on the G6PCI promoter are
synergistically utilized for coactivator recruitment and chromatin remodeling warrant further
investigation.

Finally, there is a growing interest in developing agents that specifically modulate hepatic
glucose production by targeting FoxO1 and/or G6PC1. Since excessive hepatic glucose
production is a contributing factor to fasting hyperglycemia in diabetes, G6PC1/FoxO1
continues to be an attractive therapeutic target for the treatment of type 2 diabetes mellitus
and has proven very effective (Nagashima et al., 2010; Pandey et al., 2016; Samuel et al.,
2006). Even though the structures of individual FoxO family proteins in complex with DNA
have been already determined, our new crystal structures and the molecular basis of novel
DNA recognition of the G6PCI promoter by FoxO1 provide additional insights into the
molecular functions of FoxO1 which can potentially be specifically targeted for modulating
G6PC1 expression and glucose production as a potential diabetes therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Predicted Foxo1/CREB binding sites

FoxO1 FoxO1 Fox01 CRE
(IRE1) (RE2)  (IRE3) (CREB)
-195 CGATCAGGCTGTTTTT GTGCiGTTTTT ATTTTACGTAAATCACCC -146
GCTAGTCCGA CACG TAAAATGCATTITAGTGGG
—

B 21mer DNA construct used in crystallization

FoxO1
(IRE2) —
5’ TTTTCTATTTTACGTAAATCA| 3’
3’ AAAGATAAAATGCATTTAGTA 5’
E— * T (IRE4)
FoxO1
C Crystal structure of the complex “

CREB/DNA complex
« FoxO1/DNA complex
« Free DNA

DNA + + o+ o+ o+ o+ o+ 4

FoxO1 - + ++ - - + ++

CREB I R = 2 = a4

Figure 1. Sequence of the human G6PC1 promoter Region B and its composite binding site for
FoxO1 and CREB

(A) Region B contains the insulin-responsive elements (IRE: FoxO1 binding sites) and
CAMP responsive element (CRE: CREB bhinding site). Multiple FoxO1 binding sites (IREs)
and the adjacent palindromic CREB binding site (CRE) are shown. DNA sequence in this
region is strictly conserved among vertebrates. (B) 21mer overhang dsDNA used in
crystallization which contains the majority of IRE2 and the entire IRE3 and IRE4. Crystal
packing-mediated pseudo-continuous helix formation creates a non-natural IRE2 site
(IRE2"). The iodine-labeled thymidine nucleotide position (Thy11) is highlighted by a red
asterisk. (C) Surface and ribbon representation of the FoxO1-DBD-21mer DNA complex
structure. Two proteins (turquoise: IRE2” site and green: IRE4 site) are bound to dsDNA,
and one entire DNA construct and a portion of the neighboring DNA used in crystallization
are shown in gold and gray, respectively. (D) Gel shift assay (EMSA) of FoxO1 and CREB
binding to the same 21mer overhang dsDNA used in crystallization. FoxO1 and CREB can
only bind individually and cannot bind at the same time for synergistic activation (lanes 6-
8). The same amount of DNA was used for each lane while the protein amounts varied
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indicated by plus signs. Our newly determined crystal structures reveal considerable overlap
of their binding sites, thus preventing co-occupancy, consistent with this biochemical data.
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Figure 2. Overall structures of the FoxO1-DBD-21mer DNA complex and verification of DNA
sequence assignment of the pseudo-continuous helix within the crystal lattice

(A) Overall electron density maps of the 21mer structure at 2.3 A resolution (the final 2F-
F. map (gray mesh) contoured at 1o calculated with the phases from the final model and the
difference map (red mesh) contoured at 3o calculated with iodine-labeled crystals using the
coefficient Figgine-Fnative and the phases from the final native model). (B) A zoomed-up view
of the difference map, together with the final 2F,-F; map, clearly displaying a strong peak at
the expected position of CH3 group of Thy11 nucleotide. This difference map unequivocally
highlights the correct position of iodine. (C) A zoomed-up view of the electron density
breaks at the ends of the overhang DNA construct used in crystallization. Break points are
indicated by black arrows.

J Struct Biol. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Singh et al.

FoxO1
A

(IRE3)

FoxO1
(IRE4)

Luciferase Activity
(Fold of Control)

hG6Pase-luc ’5'.1 (%,
+ pCMV FoxO1 55&$§§§

.......

Consensus g

Binding

Sequence
IRE1l
IRE2
IRE3
IRE4
IRE2’

.........

TG-TTTAC3’
A TG

TGITTTTG
TGITTTTTC
TATTTTAC
TGATTTAC
TCATTTTC

Complexes

Free DNA

Relative
Binding (%

Page 20

FoxO1-DBD

IRE1 IRE2 IRE3 IRE4 IRE2’
1 2 3 4 5 6 7

) [0 75 100 60 90 50 O |

Figure 3. Functional features of IRE3/IRE4 point mutations within the GGPC1 promoter
(A) Overall transcriptional activity measured by standard luciferase-based transcriptional

reporter assays with the G6PC1 promoter mutants. The first lane (control) refers to an empty
vector without FoxOl1 transfection, and all data have been normalized against firefly Renilla
luciferase activity. Data represent the mean+SE (n=4). Each nucleotide position is indicated
by the position numbers shown in Fig. 1A. The sequence of individual mutations have been
confirmed (supplementary Fig. S3). (B) Gel shift assays with individual IRE sites (14mer
dsDNA containing single IRE site in the middle with natural flanking sequences). Lane
assignments are shown on top. The first lane refers to IRE1 without FoxO1-DBD protein
loading while the last lane refers to a 14mer dsDNA of unrelated sequence with FoxO1-
DBD protein loading. The same amount of protein loading was ensured for each lane and
the 1:1 protein-DNA molar ratio was used. DNA binding affinity of FoxO1 was estimated by
quantification of each shifted band (complex) using Gel Logic 212 Pro (Carestream
Molecular Imaging) and its software, which is shown at the bottom by relative binding (%)
values. (C) The consensus FoxO recognition sequence and the novel IRE sites on the G6PC1
promoter. One extra base in each IRE site is indicated by italicized font. (D) FoxO1 dimeric
interactions that mediates crystal packing in a horizontal direction. Vertical direction crystal
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contacts are solely made by the end-to-end interactions of neighboring DNA strands. The
same FoxO1 dimeric interactions are observed for both proteins present in the 21mer crystal
lattice as well as 40mer crystals. FoxO1 binding induces about 25.84° bending of individual
dsDNA molecules in the crystal, shown by black lines.
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Figure 4. Low resolution crystal structure of the FoxO1-DBD-40mer DNA and the makeup of
each complex within the asymmetric unit

(A) Low resolution (5.0 A) crystal structure of the 40mer complex. The entire asymmetric
unit content with four independent complexes is shown in which each complex contains a
different number of FoxO1 proteins bound to DNA containing all four IRE sites. (B-E)
Makeup of each complex. Two complexes had all IRE sites occupied (B—C) while two other
complexes had partially occupied IRE sites (D: 3 sites and E: 2 sites). Foxol-bound IRE
sites in each complex are labeled. Electron density maps were contoured at 0.8c.
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Figure 5. Schematic diagram and detailed protein-DNA interactions between FoxO1-DBD at the
downstream binding site (IRE4) (A and B) and at the upstream non-native binding site (IRE2")
(C and D)

Direct interactions are indicated by solid arrows while water-mediated interactions are
indicated by dotted lines. Water molecules are omitted in schematic diagram for clarity (A
and C), but they are shown in actual structure presentations (B and D). Base-specific
interactions are shown with pink arrows (solid or dotted) and color-filled rectangles for
interacting DNAs. Non-specific DNA backbone interactions are shown with black arrows
(solid or dotted). Van der Waals contacts are not included in the figures. Gray boxed-DNAs
come from the neighboring molecule in the crystal lattice. Individual amino acids and their
secondary structure elements are indicated.
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Table 1

Statistics of 21mer complex crystallographic analysis
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Data collection

Wavelength (A)

Space group

Unit-cell parameters
a b cA)

a, B,y ()
Resolution (A)

1.000
P2;

46.61, 79.03, 48.27
90.00, 90.79, 90.00

40.15-2.30 (2.34-2.30)4

Completeness (%) 94.5 (85.5)4
Average multiplicity 45 (2,6)2
<fa())> 16.5 (1.84)2
Rinerge (%) 8.0 (46.5)4
Refinement
Resolution (A) 40.15-2.30
Number of reflections 12191
Ruyork 0.208
Rfree§ 0.245
Number of atoms

Protein 1368

DNA 855

Solvent 51
Average B-factor (A2?)

Protein atoms 68.1

DNA 73.0

Solvent 45.2

R.M.S.D. from ideal geometry

Bond lengths (A) 0.002

Bond angles (°) 0.758
Ramchandran Plot

Favored (%) 94.6

Allowed (%) 5.4

Outliers (%) 0
Rotamer outliers (%)  1.34

a\/alues in parentheses are for the highest-resolution shell

§5% of the reflection data excluded from refinement
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