
RESEARCH ARTICLE

Berry Phenolic Compounds Increase
Expression of Hepatocyte Nuclear Factor-1α
(HNF-1α) in Caco-2 and Normal Colon Cells
Due to High Affinities with Transcription and
Dimerization Domains of HNF-1α
Luis M. Real Hernandez1,2, Junfeng Fan3, Michelle H. Johnson4, Elvira Gonzalez de
Mejia1,4*

1 Department of Food Science and Human Nutrition, University of Illinois at Urbana-Champaign, Urbana,
Illinois, 61801, United States of America, 2 Department of Chemistry, University of Illinois at Urbana-
Champaign, Urbana, Illinois, 61801, United States of America, 3 College of Bioscience and Biotechnology,
Beijing Forestry University, Beijing, 100083, China, 4 Division of Nutritional Sciences, University of Illinois at
Urbana-Champaign, Urbana, Illinois, 61801, United States of America

* edemejia@illinois.edu

Abstract
Hepatocyte nuclear factor-1α (HNF-1α) is found in the kidneys, spleen, thymus, testis, skin,

and throughout the digestive organs. It has been found to promote the transcription of various

proteins involved in the management of type II diabetes, including dipeptidyl peptidase-IV

(DPP-IV). Phenolic compounds from berries and citrus fruits are known to inhibit DPP-IV, but

have not been tested for their interactions with wild-type HNF-1α. By studying the interactions

of compounds from berries and citrus fruits have with HNF-1α, pre-transcriptional mecha-

nisms that inhibit the expression of proteins such as DPP-IV may be elucidated. In this study,

the interactions of berry phenolic compounds and citrus flavonoids with the dimerization and

transcriptional domains of HNF-1αwere characterized using the molecular docking program

AutoDock Vina. The anthocyanin delphinidin-3-O-arabinoside had the highest binding affinity

for the dimerization domain as a homodimer (-7.2 kcal/mol) and transcription domain (-8.3

kcal/mol) of HNF-1α. Anthocyanins and anthocyanidins had relatively higher affinities than

resveratrol and citrus flavonoids for both, the transcription domain and the dimerization

domain as a homodimer. The flavonoid flavone had the highest affinity for a single unit of the

dimerization domain (-6.5 kcal/mol). Nuclear expression of HNF-1αwasmeasured in Caco-2

and human normal colon cells treated with blueberry and blackberry anthocyanin extracts. All

extracts tested increased significantly (P < 0.05) the nuclear expression of HNF-1α in Caco-2

cells by 85.2 to 260% compared to a control. The extracts tested increased significantly (P <

0.02) the nuclear expression of HNF-1α in normal colon cells by 48.6 to 243%. It was con-

firmed that delphinidin-3-O-glucoside increased by 3-fold nuclear HNF-1α expression in

Caco-2 cells (P < 0.05). Anthocyanins significantly increased nuclear HNF-1α expression,

suggesting that these compounds might regulate the genes HNF-1α promotes.
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Introduction
Hepatocyte nuclear factor-1α (HNF-1α) is a transcription factor that was originally thought to
only be expressed in the liver, but has now been found to be expressed in the kidneys, pancreas,
intestines, stomach, spleen, thymus, testis, and keratinocytes and melanocytes in human skin.
It is composed of a dimerization domain (residues 1–32), a transcription domain (residues
203–276), and a transactivation domain (residues 281–631) [1]. The dimerization domain is
involved in the dimerization of HNF-1α proteins, which is critical for DNA binding, and the
dimerization domain is also the site of interaction with co-activators of HNF-1α [2]. The
dimerization coactivator of HNF-1α (DCoH), for example, binds to the dimerization domain
and stimulates HNF-1α activity [3]. The transcription domain binds to DNA, while the actions
of the transactivation domain are still not well understood. To this date, only the dimerization
domain and transcription domain of HNF-1α are well characterized, and have known crystal-
lographic structures deposited in The RCBS Protein Data Bank (PDB, http://www.rcsb.org).
Autosomal dominant mutations in HNF-1α are the cause of maturity onset diabetes of the
young 3 (MODY3), which is the most common form of MODY [4]. Mutant HNF-1α con-
structs have been shown to have dominant-negative effects on the promotion of genes [5], indi-
cating that mutations to HNF-1α can decrease expression of the genes it promotes and cause
disease. HNF-1α has been recently shown to be involved in GLUT1 and GLUT2 transporter
expression in pancreatic β-cells [6] and angiotensin-converting enzyme 2 gene expression in
pancreatic islets [7].

HNF-1α is involved in various metabolic pathways of the digestive organs, such as being a
transcriptional regulator of bile acid transporters in the intestine and kidneys [8]. Therefore,
loss of HNF-1α functionality can cause metabolic disorders such as hypercholesterolemia.
HNF-1α is also involved in the promotion of hepatic organic cation transporters which uptake
certain classes of pharmaceuticals [9], hence loss of HNF-1α functionality in the liver can lead
to drug metabolism problems. Aside from metabolic disorders, HNF-1α also regulates the
expression of acute phase proteins, such as fibrinogen and interleukin 1 receptor, which are
involved with inflammation [10]. One of the acute phase proteins HNF-1α regulates is C-reac-
tive protein (CRP), which is used to monitor inflammation and possible progression of coro-
nary heart disease.

HNF-1α has also been shown to promote the transcription of several proteins involved in
the management of type II diabetes including dipeptidyl peptidase-IV (DPP-IV/CD26) [5, 11].
Type II diabetes is characterized by the development of insulin resistance and it is estimated to
affect 90–95% of the United States diabetic population [12]. Current efforts to manage type II
diabetes include lifestyle changes [12] and administration of pharmaceuticals including
DPP-IV inhibitors [13]. DPP-IV is a serine protease that cleaves N-terminal amino acids in
polypeptides such as glucagon-like peptide 1 (GLP-1), which stimulates insulin release [5]. By
inhibiting DPP-IV, polypeptides such as GLP-1 are able to help lower blood glucose levels in
patients with type II diabetes. Mechanisms of pre-transcriptional and transcriptional regula-
tion of DPP-IV expression are still not well understood; therefore, studying the interactions of
different compounds with HNF-1α would begin to elucidate pre-transcriptional mechanisms
of DPP-IV regulation.

The stilbenoid resveratrol has been shown to closely interact with a mutated form HNF-1α
(PDB: 2GYP) using computational docking methods, and is said to be a possible regulator of
HNF-1α activity [14]. Resveratrol, along with other berry and citrus flavonoids, has also been
shown to inhibit DPP-IV using both in vitro and in silicomethods [15]. The effect of flavonoids
from berries and citrus fruits on HNF-1α has not been studied, though several of these com-
pounds have shown to have potential for positive health benefits [16–18]. In this study, the
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interactions of various berry phenolic compounds and citrus flavonoids with wild-type HNF-
1α were analyzed computationally using the molecular docking program AutoDock Vina in
order to gain insight on how these compounds might regulate HNF-1α. Wild-type HNF-1α
was studied to assess the interactions of phenolic compounds with a form of HNF-1α com-
monly present in non-diabetic individuals and non-MODY3 diabetics. We hypothesized that
the compounds tested, due to their small molecular size, would have a high affinity for HNF-
1α allowing them to make strong interactions with HNF-1α. The expression of HNF-1α was
also analyzed in Caco-2 and human normal colon cells treated with anthocyanin extracts after
anthocyanins had a high affinity for HNF-1α. The anthocyanin extracts were mixtures of dif-
ferent anthocyanins as this is how they are usually consumed from fruits and vegetables. The
anthocyanin extracts tested significantly increased expression of HNF-1α, and several of the
studied compounds had high affinities with the dimerization and transcription domains of
HNF-1α.

Materials and Methods

Molecular Docking
Ligand preparation. The structures of berry phenolic compounds and citrus flavonoids

studied are shown in Fig 1. The stilbenoid resveratrol and the citrus flavonoids luteolin, api-
genin, flavone, naringenin, and hesperetin were selected due to their low DPP-IV IC50 (μM)
values compared to diprotin A, a known DPP-IV inhibitor [15]. Compounds in the flavonoid
class of anthocyanins (cyanidin-3-O-glucoside, delphinidin-3-O-arabinoside, malvidin-3-O-
arabinoside, malvidin-3-O-galactoside, and malvidin-3-O-glucoside) were selected because
they were present in large concentrations (� 200mg cyanidin-3-O-glucoside equivalents/L) in
blueberry and blackberry fermented anthocyanin extracts [19]. The non-glycosylated forms of
anthocyanins, anthocyanidins (cyanidin, delphinidin, malvidin), were also evaluated to investi-
gate the differences between anthocyanins and anthocyanidins.

A molecular file of each compound was obtained from Chemical Book (www.chemicalbook.
com), except for delphinidin-3-O-arabinoside and malvidin-3-O-arabinoside which were
drawn using Marvin Sketch (Marvin 5.10.0, 2012, ChemAxon, http://www.chemaxon.com).
Molecular files were opened in Accelrys Discovery Studio 4.0 Visualizer (DS 4.0; Accelrys Soft-
ware Inc., Discovery Studio Modeling Environment, Release 4.0, San Diego: Accelrys Software
Inc., 2013) and had all heteroatoms removed. Ligands were added hydrogen atoms and applied
the CHARMM22 force field. The DREIDING force field was then applied to all the ligands
through the DreidingMinimize function in order to further minimize their intramolecular
energy. Ligands were opened in AutoDockTools (version 1.5.6) [20] and were added Gasteiger
charges. All rotatable bonds detected by AutoDockTools were kept rotatable for each ligand
except for bonds that would break conjugation between π-orbitals such as between carbons 2
and 1’ when a π-bond was present between carbons 2 and 3 in a flavonoid (See atom number-
ing in Fig 1).

Hepatocyte nuclear factor- 1α structure preparation. The RCBS Protein Data Bank
(http://www.rcsb.org/pdb) files for the wild-type transcription domain (PDB: 1IC8) and
dimerization domain (PDB: 1G39) of hepatocyte nuclear factor-1α (HNF-1α) were opened in
DS 4.0. Water molecules in each file were deleted and hydrogen atoms were added. Chain B
was extracted from PDB file 1IC8 and saved as the structure of the transcription domain of
HNF-1α as only one unit of the domain was needed. The dimerization domain of HNF-1α
exists as a homodimer in cells, therefore, chain B of PDB file 1G39 was saved as a single unit of
the dimerization domain in order to compare interactions between the dimerization domain as
a homodimer and as a single unit. Chains A and C from PDB file 1G39 were extracted and
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Fig 1. Molecular structures of berry and citrus compounds studied.Columns are divided by the source
of each compound. The corresponding class of each compound is identified in the right margin. Numbering of
atoms in the basic flavonoid structure is shown in the structure of flavone. Glycoside substituents are named
by the first three letters of their name when defining R groups and spelled out in each compound’s name.

doi:10.1371/journal.pone.0138768.g001
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saved as the structure of a homodimer of the dimerization domain of HNF-1α. Each structural
file was opened in AutoDockTools and residues SER19, GLY20, LEU21, and SER22 in the
dimerization domain of HNF-1α as both a homodimer and a single unit were selected as flexi-
ble residues. Flexible and rigid structural files were saved for both the dimerization domain as a
homodimer and single unit, but only a rigid structural file of the transcription domain was
saved given its lack of flexibility [1].

Molecular docking. The rigid structural file of each HNF-1α structure was opened in
AutoDockTools. A grid box that encapsulated each structure, but that was not of excessive size,
was created with dimensions set to one angstrom. The dimensions of the grid box for the tran-
scription domain (Center X = 15.618, Center Y = -15.072, Center Z = 3.754, Size X = 52, Size
Y = 56, Size Z = 68), dimerization domain as a homodimer (Center X = 9.05, Center Y =
-20.995, Center Z = 10.324, Size X = 40, Size Y = 40, Size Z = 50), and as a single unit (Center X
= -4.864, Center Y = -24.565, Center Z = 12.326, Size X = 28, Size Y = 32, Size Z = 24) were
saved in configuration files. Molecular docking experiments were conducted using AutoDock
Vina [21] using the configuration files created. An exhaustiveness value of 200 was used for
each docking run of the dimerization domain as a homodimer and as a single unit, but an
exhaustiveness value of 250 was used for DNA binding domain due to its larger size. The
exhaustiveness value of each run was proportionate to the size of the search space for each
structure, and is proportionate to the number of starting ligand poses. Therefore, a larger
exhaustiveness value decreases the chances of not finding the best binding conformation for
each ligand. The resulting ligand binding conformations were analyzed using DS 4.0. The best
conformation of each ligand was determined as the conformation that had the highest binding
affinity for each HNF-1α structure.

Validation of molecular docking methodology. AutoDock Vina has already been used to
analyze the interactions of phenolic compounds before [22], but has not been used to analyze
any of the phenolic compounds studied with the computational methodology used. In order to
test the efficiency of the molecular docking scheme, the hepatocyte nuclear factor-4α (HNF-
4α) PDB file 4IQR with myristic acid as a ligand was used as no HNF-1α structure has been
solved that includes a docked ligand to this date. The protein chains A and I in PDB 4IQR were
extracted and saved as a PDB structural file using DS 4.0, and ligand chain A (myristic acid)
was also extracted. Protein chain A and ligand chain A were used as they interact with each
other, while protein chain I was kept in the structural file due to its close interaction with pro-
tein chain A. The receptor file was opened in AutoDockTools and saved as a rigid structural
file. The extracted myristic acid ligand was added hydrogen atoms and applied the
CHARMM22 and DREIDING force fields using DS 4.0. The myristic acid ligand was then
opened in AutoDockTools and added Gasteiger charges. All rotatable bonds detected by Auto-
DockTools for the ligand were kept. The rigid PDBQT receptor file was opened in AutoDock-
Tools and had a grid encapsulating it that had the same size dimensions as those used for the
transcription domain receptor file of HNF-1α set to one angstrom. The dimensions of the grid
search space (Center X = 33.187, Center Y = -8.81, Center Z = 29.698, Size X = 52, Size Y = 56,
Size Z = 68) were saved in a configuration file that had an exhaustiveness value of 250 like the
HNF-1α transcription domain docking runs. The search space parameters of the transcription
domain were used as they were the largest. AutoDock Vina was used to perform the molecular
docking runs with the configuration file created. The resulting myristic acid conformation with
the highest binding affinity was compared to the conformation in the original crystal structure
in PDB file 4IQR using the UCSF Chimera package (version 1.9) [23]. Chimera was developed
by the Resource for Biocomputing, Visualization, and Informatics at the University of Califor-
nia, San Francisco (NIGMS grant P41-GM103311). Amino acid interactions between myristic
acid conformations were analyzed using DS 4.0.

High Affinity of Phenolic Compounds with HNF-1α

PLOSONE | DOI:10.1371/journal.pone.0138768 September 28, 2015 5 / 22



Western Blotting Materials
Human Caco-2 cells (HTB-37), human normal colon CCD-33Co cells (CRL-1539), Eagle’s
Minimum Essential Medium, and 0.25% (w/v) trypsin-0.53 mM EDTA were purchased from
American Type Culture Collection (ATCC) (Manassas, VA, USA). Penicillin-streptomycin
was purchased from Corning Inc. (Corning, NY, USA), fetal bovine serum (FBS) from Hyclone
(Thermo Scientific Hyclone, Logan, UT, USA). VitaBlue 20% anthocyanin blueberry extract
(N208.2) was provided by FutureCeuticals, Inc. (Momence, IL, USA). Primary mouse mono-
clonal antibody GADPH (sc-47724), primary rabbit polyclonal antibody GAPDH (sc-25778),
primary goat polyclonal antibody HNF-1α (N-19) (sc-6548), donkey polyclonal anti-goat IgG
horseradish conjugate secondary antibody (sc-2020), purified donkey polyclonal anti-goat IgG
horseradish conjugate secondary antibody (sc-2056), and purified goat polyclonal anti-rabbit
IgG horseradish conjugate secondary antibody (sc-2054)were purchased from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Sheep polyclonal anti-mouse IgG horseradish conjugate
secondary antibody (NXA931) was purchased from GE Healthcare Biosciences (Pittsburg,
PA). All other chemicals were purchased from Sigma-Aldrich unless otherwise stated.

Preparation of Anthocyanin Extracts from Blueberry and Blackberry
Fermented Beverages
Anthocyanin (ANC) extracts from fermented blueberry and blackberry beverages were pre-
pared as described previously [19]. In short, highbush blueberries (Vaccinium corymbosum)
and blackberry cultivars (Rubus fruticosus) were collected fromDixon Springs Agricultural Cen-
ter in Simpson, Illinois during the ripening season of 2010. The collected blueberries were frozen
and crushed to produce blueberry juice which was fermented with Saccharomyces bayanus at
23°C. Dry wine yeast Lavin EC 1118 (S. bayanus) was obtained from Presque Isle Wine Cellars
(North East, PA). Collected blackberries were fermented in a similar manner. Room tempera-
ture blueberry and blackberry wines were mixed to create a 50% blackberry: 50% blueberry wine
mixture. For this study, 100% blackberry wine was also used along with the mixture created.
Selected wines were acidified with 0.1% TFA, dealcoholized using rotoevaporation that did not
exceed 40°C, and then mixed with preconditioned amberlite XAD-7 resin to remove impurities.
Resulting sample mixtures were loaded on a column (30 X 3 cm) with the amberlite XAD-7
resin and washed with acidified methanol (0.1% TFA) to elute polyphenols from the amberlite
resin. Polyphenolic extracts were concentrated using rotoevaporation that did not exceed 40°C,
and were then reconstituted with an acidified water:methanol (80:20; 0.1% TFA) solution. The
solution was loaded on a Sephadex LH-20 column (30 X 3 cm) preconditioned with acidified
water:methanol (80:20; 0.1% TFA). Using an isocratic elution (80:20; 0.1% TFA), fractions were
collected at the moment colored material began to elute to generate ANC fractions of each origi-
nal wine mixture. Rotoevaporation was used to remove the solvent of the ANC extract mixtures.
The resulting extracts were freeze-dried and stored at -80°C until further use.

Cell Culture and Nuclear Extraction
Cells were plated at a density of 2 x 105 cells/well and allowed to grow for 24 h at 37°C. The
cells were then treated with 5 or 50 μM cyanidin-3-O-glucoside equivalents of VitaBlue com-
mercial ANC blueberry extract, ANC extract from 50% blackberry: 50% blueberry dealcoho-
lized wine, or ANC extract from 100% blackberry dealcoholized wine, or 5 μM cyandin-3-O-
glucoside (C3G,� 99%) or 5 μM delphinidin-3-O-glucoside (D3G,� 97%) for 24 h. After
treatment, the cells were harvested by washing with 1 mL PBS followed by washing with tryp-
sin-EDTA solution (1 mL, twice), and plates were incubated at 37°C for 5–10 min. Cell lysates
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were collected with 1 mL PBS and pelleted by centrifugation at 500 x g for 10 min, and the
supernatant was discarded.

Separation of nuclear extract was conducted using NE-PER nuclear and cytoplasmic extraction
kit (Thermo Scientific, Waltham, MA). After centrifugation, cell pellets were treated with 150 μL
of ice-cold cytoplasmic extraction reagent I, vortexed for 15 s, and incubated on ice for 10 min.
Ice-cold cytoplasmic extraction reagent II (8.25 μL) containing 0.5 M EDTA solution (1:100
ratio) was then added, tubes were vortexed for 5 s and then incubated on ice for 1 min. After incu-
bation, the tube was vortexed for 5 s and centrifuged at 16,000 x g for 5 min at 4°C. The superna-
tant (cytoplasmic extract) was immediately removed, and the remaining pellet was then
resuspended in 75 μL ice-cold nuclear extraction reagent, vortexed for 15 sec and incubated on
ice for 40 min with 15 s vortexing every 10 min. The mixture was centrifuged at 16,000 x g for 10
min at 4°C, and the supernatant (nuclear extract) was collected in clean pre-chilled tubes. Protein
concentrations of the nuclear extracts were determined using the DC Protein Assay (Bio-Rad Lab-
oratories, Inc., Hercules, CA). Laemmli buffer containing 5% β-mercaptoethanol was added to
the nuclear extracts (1:1). The samples were boiled for 5 min, and then stored at -80°C until use.

Western Blotting Analysis
Ten μg of nuclear protein/well was loaded in 4–20% gradient SDS-polyacrylamide gels (Bio-Rad
Laboratories, Inc.). The separated proteins were transferred to PVDF membrane and blocked
with 3% non-fat dry milk in 0.1% TBST for 1 h at room temperature if they were from Caco-2
cells, and 5% non-fat dry milk in 0.1% TBST if they were from normal colon cells. After block-
ing, the membranes were washed with 0.1% TBST (5 times, 5 min each) and incubated with pri-
mary antibodies (1:500) overnight at 4°C. Nuclear protein extracts from normal colon cells had
their appropriate horseradish peroxidase conjugate secondary antibody co-incubated with the
primary antibody overnight in order to reduce protein degradation. The membranes were
washed again and incubated with anti-mouse or anti-goat IgG horseradish peroxidase conjugate
secondary antibodies (1:2500) for 1 h at room temperature if they had not been incubated with
a secondary antibody. After incubation and repeated washing, the membranes were prepared
for detection using a 1:1 mixture of chemiluminescent reagents A (luminol solution) and B (per-
oxide solution) (GE Healthcare Biosciences). The membrane pictures were taken on a GelLogic
4000 Pro Imaging System (Carestream Health, Inc., Rochester, NY). The relative amount of
each target protein was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Statistics
Data were expressed as means of independent duplicates ± SEMwith at least three replicates. Statis-
tical analysis was performed using statistical program R (version 3.1.0) [24]. Group mean compari-
sons were conducted using a Games-Howell post hoc test and considered significant at P< 0.05
after a one-way analysis of variance (ANOVA) with α = 0.05. Outliers were determined and dis-
carded using the Median Absolute Deviation (MAD) method with a constant of 1.4826 correlated
to normality and a threshold of ± 2 times the MAD from the median as described before [25].

Results

Delphinidin-3-O-Arabinoside had the Highest Affinity for the
Transcription Domain of HNF-1α
The interactions for each compound with the highest binding affinity for the transcription
domain of HNF-1α are shown in Table 1. Delphinidin-3-O-arabinoside had the highest bind-
ing affinity of all compounds (-8.3 kcal/mol) studied and interacted with the transcription
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Table 1. Interactions of each compound’s conformation with the highest binding affinity with the transcription domain of HNF-1α.

Compound PubChem
ID

Binding
Affinity

(kcal/mol)

Total Amino
Acid

Interactions

Amino Acids with
Electrostatic Interactions

Amino Acids with van
der Waals Interactions

Total
Number of
H-bonds

π-interactions

Delphinidin-
3-O-

Arabinoside

25087690 -8.3 21 TYR122, HIS126, ASN127,
ILE128, ARG131, GLU132,
LYS169, GLU172, GLN175,
ARG201, ASN202, ARG244,
GLN252, GLY253, LEU254,
GLY255, SER256, ASN257

LEU86, PRO129, GLN176 6 -

Malvidin-3-O-
Arabinoside

25079994 -8.0 19 HIS126, ASN127, ARG131,
GLU132, LYS169, GLN175,
GLN176, ASN202, ARG244,
GLN252, GLY253, LEU254,

SER256, ASN257

ILE128, PRO129,
GLU172, ARG201,

GLY255

6 π-cation with
LYS169 &
ARG201

Cyanidin-3-
O-Glucoside

197081 -7.8 16 GLN124, ASN127, ILE128,
PRO129, GLN130, LEU148,
ASN149, ARG203, TRP206,
GLY207, PRO208, GLN211,

ASN257

LYS120, LEU123, LYS205 1 π-cation with
LYS205, π-σ
with GLN124

Delphinidin 128853 -7.8 16 HIS126, ASN127, PRO129,
ARG131, GLU132, LYS169,
GLN175, GLN176, ASN202,
ARG244, GLY253, LEU254,

SER256, ASN257

ILE128, GLU172 4 π-cation with
LYS169

Cyanidin 128861 -7.7 14 HIS126, LYS169, GLU172,
GLU175, GLN176, ARG201,
ASN202, ARG244, LEU254,

SER256, ASN257

TYR122, ILE128, GLY255 5 -

Luteolin 5280445 -7.7 13 LYS120, LEU123, GLN124,
ASN127, ILE128, PRO129,
GLN130, ASN149, ARG203,
PHE204, LYS205, ASN257

LEU148 1 π-cation with
LYS205

Apigenin 5280443 -7.4 13 LYS120, GLN124, ILE128,
GLN130, ASN149, ARG203,
PHE204, LYS205, ASN257

LEU123, ASN127,
PRO129, LEU148

2 π-cation with
LYS205

Malvidin-3-O-
Galactoside

94409 -7.4 16 TYR122, HIS126, LYS169,
GLU172, GLN175, ARG201,
ASN202, ARG244, LEU254,
GLY255, SER256, ASN257

ILE128, ARG131,
GLU132, ARG171

5 -

Malvidin-3-O-
Glucoside

443652 -7.4 17 TYR122, HIS126, LYS169,
GLU172, GLN175, ARG201,
ASN202, ARG244, GLY253,
LEU254, SER256, ASN257

ILE128, ARG131,
GLU132, ARG171,

GLY255

5 -

Naringenin 932 -7.4 17 HIS126, ARG131, GLU132,
LYS169, GLU172, GLN176,
ARG201, ASN202, ARG244,

SER256

TYR122, ILE128,
GLN175, GLY253,
LEU254, GLY255,

ASN257

2 π-cation with
ARG131

Flavone 10680 -7.3 16 LYS169, SER256 TYR122, HIS126, ILE128,
ARG131, GLY132,
GLU172, GLN175,
GLN176, ARG201,
ASN202, ARG244,
GLY253, LEU254,

GLY255

1 -

Hesperetin 72281 -7.2 13 LEU123, GLN124, ASN127,
ILE128, GLN130, ASN149,
LYS205, TRP206, PRO208,

GLN211

LYS120, LEU148,
GLY207

3 π-cation with
LYS120, π-σ
with PRO208

(Continued)
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domain of HNF-1α on the opposite face from where the domain binds to DNA (Fig 2A). The
interactions of delphinidin-3-O-arabinoside with HNF-1α (Fig 2B) and the conformation (Fig
2C) are shown for reference. The top three compounds with the highest binding affinity for the
transcription domain of HNF-1α were all anthocyanins that had electrostatic interactions with
the amino acids ASN127 and ASN257. Flavone and hesperetin were the only two compounds
to have no interactions with the amino acid ASN257, but all tested compound interacted with
the amino acid ILE128. Malvidin-3-O-arabinoside and delphinidin-3-O-arabinoside interacted
in common with 19 amino acids (HIS126, ASN127, ILE128, PRO129, ARG131, GLU132,
LYS169, GLU172, GLN175, GLN176, ARG201, ASN202, ARG244, GLN252, GLY253,
LEU254, GLY255, SER256, ASN257) and 13 of these interactions were similar (HIS126,
ASN127, PRO129, ARG131, GLU132, LYS169, GLN175, ASN202, ARG244, GLN252,
GLY253, LEU254, SER256, ASN257). Both of these conformations had the most hydrogen
bonds (6) with the amino acids of the transcription domain of HNF-1α. Delphinidin-3-O-ara-
binoside had a van der Waals interaction with the amino acid LEU86 which was seen only by
another anthocyanidin, malvidin. Malvidin-3-O-galactoside and malvidin-3-O-glucoside were
the only compounds that interacted with the amino acid ARG171, while malvidin was the only
compound to interact with the amino acid HIS179 through van der Waals interactions. Api-
genin and luteolin were the only compounds to interact with PHE204. Flavone had the most
van der Waals interactions of any other of the compounds tested for the transcription domain.
Cyanidin-3-O-glucoside and hesperetin had interactions in common with 13 amino acids
(LYS120, LEU123, GLN124, ASN127, ILE128, GLN130, LEU148, ASN149, LYS205, TRP206,
GLY207, PRO208, GLN211) in which nine were similar (LYS120, GLN124, ASN127, ILE128,
GLN130, ASN149, TRP206, PRO208, GLN211). All the flavonoids tested had higher affinity
for the transcription domain of HNF-1α than the stilbenoid resveratrol.

Anthocyanins and Anthocyanidins Interacted Most with a Homodimer of
the Dimerization Domain of HNF-1α
The interactions between the conformations with the highest binding affinity of each compound
and the dimerization domain of HNF-1α as a homodimer are shown in Table 2. Delphinidin-3-
O-arabinoside had the highest binding affinity (-7.2 kcal/mol) for the homodimer of the dimer-
ization domain. Interactions and the conformation of delphinidin-3-O-arabinoside are shown in
Fig 3. Delphinidin-3-O-arabinoside did not have the most interactions with the structure of
HNF-1α, instead malvidin, malvidin-3-O-glucoside, delphinidin, and cyanidin did. All the com-
pounds tested had electrostatic interactions with the amino acids SER6 and GLN9, except for fla-
vone, which had van der Waals interactions with these two amino acids. Every compound had

Table 1. (Continued)

Compound PubChem
ID

Binding
Affinity

(kcal/mol)

Total Amino
Acid

Interactions

Amino Acids with
Electrostatic Interactions

Amino Acids with van
der Waals Interactions

Total
Number of
H-bonds

π-interactions

Malvidin 159287 -6.9 19 TYR122, HIS126, ASN127,
ILE128, LYS169, GLU172,
GLU175, GLN176, ARG201,
ASN202, ARG244, GLY253,

SER256, ASN257

LEU86, PRO129, HIS179,
GLN252, GLY255

4 π-cation with
LYS169 &
ARG244

Resveratrol 445154 -6.9 16 HIS126, ARG131, GLU132,
LYS169, GLN176, ARG201,

ASN202, ARG244

TYR122, ILE128,
GLU172, GLY253,
LEU254, GLY255,
SER256, ASN257

2 π-cation with
ARG131

doi:10.1371/journal.pone.0138768.t001
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an electrostatic interaction with the amino acid THR10 and a van der Waals interaction with
amino acid LEU13. Cyanidin-3-O-glucoside was the only compound to have an electrostatic
interaction with amino acid LEU21, even though every other compound had a van der Waals
interaction with this amino acid. Apigenin and resveratrol were the only compounds that

Fig 2. Interactions between delphinidin-3-O-arabinoside and the transcription domain of hepatocyte nuclear factor-1α (HNF-1α). The conformation
of delphinidin-3-O-arabinoside with the highest binding affinity for the transcription domain of HNF-1α attached to a DNA construct from PDB file 1IC8 is
shown (A) with a lilac surface representing a general surface of the domain (A, C). Amino acids in the transcription domain of HNF-1α had electrostatic (pink)
and van der Waals (green) interactions with delphinidin-3-O-arabinoside (B). Hydrogen bonds are shown as one headed, dashed arrows formed with amino
acid main-chain (green) or side-chain (blue) atoms. A 3-dimensional representation of delphinidin-3-O-arabinoside interacting with the transcription domain
of HNF-1α is shown (C) with certain interacting amino acids highlighted and labeled to show their relative position.

doi:10.1371/journal.pone.0138768.g002
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interacted with the amino acid LEU17, and delphinidin and malvidin were the only compounds
to interact with amino acid LEU5. Cyanidin was the only compound that interacted with amino
acid LEU26, and flavone had the most van der Waals interactions with the homodimer. Delphi-
nidin-3-O-arabinoside only had one hydrogen bond despite having the highest affinity, while
malvidin-3-O-arabinoside had the most hydrogen bonds (6). Hesperetin, cyanidin, and delphini-
din were the only compounds to have π-interactions. All the flavonoids tested had higher binding
affinities than the stilbenoid resveratrol, similar to the transcription domain molecular dockings.

Flavone had the Highest Binding Affinity for a Single Unit of the
Dimerization Domain of HNF-1α
The binding affinities and interactions of each conformation, with the highest binding affinity
for each compound with a single unit of the dimerization domain of HNF-1α, are shown in
Table 3. Flavone had the highest binding affinity (-6.5 kcal/mol) with the dimerization domain

Table 2. Interactions of each compound’s conformation with the highest binding affinity with a homodimer of the dimerization domain of HNF-1α.

Compound PubChem
ID

Binding
Affinity

(kcal/mol)

Total Amino
Acid

Interactions

Amino Acids with
Electrostatic Interactions

Amino Acids with van
der Waals Interactions

Total
Number of
H-bonds

π-
interactions

Delphinidin-3-
O-Arabinoside

25087690 -7.2 10 SER6, GLN9, THR10,
GLU24, GLN28, ALA29

LEU13, ALA14, LEU21,
ALA25

1 -

Cyanidin 128861 -7.0 11 SER6, GLN9, THR10,
GLY20, SER22, ALA25,
LEU26,GLN28, ALA29

LEU13, LEU21 4 π-σ with
LEU21

Delphinidin 128853 -6.9 11 SER6, GLN9, THR10,
GLY20, SER22, ALA25,

ALA29

LEU5, LEU13, LEU21,
GLN28

4 π-σ with
LEU21

Malvidin-3-O-
Arabinoside

25079994 -6.9 10 SER6, GLN9, THR10,
SER22, GLU24, ALA25,

GLN28, ALA29

LEU13, LEU21 6 -

Cyanidin-3-O-
Glucoside

197081 -6.8 9 SER6, GLN9, THR10,
GLY20, LEU21, SER22,

GLU24

LEU13, ALA25 5 -

Apigenin 5280443 -6.6 9 SER6, GLN9 THR10 LEU13, ALA14, LEU17,
LEU21, ALA25, GLN28

1 -

Hesperetin 72281 -6.6 9 SER6, GLN9, THR10,
ALA14

LEU13, LEU21, ALA25,
GLN28, ALA29

1 π-σ with
THR10

Luteolin 5280445 -6.6 9 SER6, GLN9, THR10,
GLU24, GLN28

LEU13, LEU21, ALA25,
ALA29

2 -

Naringenin 932 -6.6 8 SER6, GLN9, THR10,
ALA14

LEU13, LEU21, ALA25,
ALA29

- -

Flavone 10680 -6.4 9 THR10 SER6, GLN9, LEU13,
ALA14, LEU21, ALA25,

GLN28, ALA29

- -

Malvidin 159287 -6.4 11 SER6, GLN9, THR10,
ALA25, ALA29

LEU5, LEU13, ALA14,
LEU21, SER22, GLN28

3 -

Malvidin-3-O-
Galactoside

94409 -6.4 10 SER6,GLN9, THR10,
ALA14, GLU24, GLN28,

ALA29

LEU13, LEU21, ALA25 1 -

Malvidin-3-O-
Glucoside

443652 -6.4 11 SER6, GLN9, THR10,
GLY20, SER22, GLU24,

GLN28

LEU13, LEU21, ALA25,
ALA29

5 -

Resveratrol 445154 -6.0 9 SER6, GLN9, THR10 LEU13, ALA14, LEU17,
LEU21, ALA25, GLN28

- -

doi:10.1371/journal.pone.0138768.t002
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Fig 3. Interactions between delphinidin-3-O-arabinoside and a homodimer of the dimerization domain of hepatocyte nuclear factor-1α (HNF-1α).
The conformation of delphinidin-3-O-arabinoside with the highest binding affinity for the dimerization domain of HNF-1α as a homodimer is shown (A) with a
lilac surface representing a general surface of the homodimer (A, C). Amino acids in the homodimer of the dimerization domain of HNF-1α had electrostatic
(pink) and van der Waals (green) interactions with delphinidin-3-O-arabinoside (B). A hydrogen bond between atoms in the main-chain of SER6 and
delphinidin-3-O-arabinoside is represented by a one headed, dashed green arrow. A 3-dimensional representation of delphinidin-3-O-arabinoside interacting
with the dimerization domain of HNF-1α as a homodimer is shown (C) with certain interacting amino acids highlighted and labeled to show their relative
position.

doi:10.1371/journal.pone.0138768.g003
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of HNF-1α, even though it had only van der Waals interactions (Fig 4). The conformation and
placement of flavone with this domain are also shown in Fig 4. Apigenin and flavone had inter-
actions with eight amino acids in common (GLN9, LEU12, LEU13, LEU16, LEU21, ALA25,
LEU26, ALA29), in which six of those interactions were the same with the same amino acids
(LEU12, LEU16, LEU21, ALA25, LEU26, ALA29). Malvidin-3-O-glucoside had the most inter-
actions with the dimerization domain (12), while cyanidin-3-O-glucoside had the largest num-
ber of hydrogen bonds (3). All the compounds tested had interactions with amino acids GLN9
and LEU13 except for hesperetin, which was the only compound which had interactions with
amino acids LYS4 and ALA15. Malvidin-3-O-galactoside was the only compound to have an
interaction with amino acid VAL2 and not with amino acid LEU12, and along with hesperetin,
it was one of two compounds to interact with amino acid GLN7. Hesperetin was the only
ligand to interact with amino acid GLU11. Furthermore, hesperetin and malvidin-3-O-gluco-
side were the only two ligands to interact with the amino acid LEU5. Luteolin, cyanidin, resver-
atrol, and delphinidin all had a π-σ interaction with the amino acid LEU13. The anthocyanidin
malvidin had the lowest binding affinity for this domain.

Table 3. Interactions of each compound’s conformation with the highest binding affinity with a single unit of the dimerization domain of HNF-1α.

Compound PubChem
ID

Binding
Affinity

(kcal/mol)

Total Amino
Acid

Interactions

Amino Acids with
Electrostatic
Interactions

Amino Acids with van
der Waals Interactions

Total
Number of
H-bonds

π-
interactions

Flavone 10680 -6.5 9 - LEU8, GLN9, LEU12,
LEU13, LEU16, LEU21,
ALA25, LEU26, ALA29

- -

Malvidin-3-O-
Glucoside

443652 -6.2 12 SER6, GLN9, THR10,
ALA25, LEU26,

ALA29

LEU5, LEU8, LEU12,
LEU13, LEU16, LEU21

1 -

Malvidin-3-O-
Arabinoside

25079994 -6.1 8 SER6, GLN9, THR10,
LEU26

LEU12, LEU13, LEU16,
ALA29

2 -

Apigenin 5280443 -5.9 8 GLN9, LEU13 LEU12, LEU16, LEU21,
ALA25, LEU26, ALA29

- -

Luteolin 5280445 -5.8 8 SER6, GLN9, THR10 LEU12, LEU13, LEU16,
LEU26, ALA29

2 π-σ with
LEU13

Naringenin 932 -5.8 5 GLN9, THR10 LEU12, LEU13, LEU16 1 -

Cyanidin-3-O-
Glucoside

197081 -5.7 5 SER6, GLN9, THR10 LEU12, LEU13 3 -

Delphinidin-3-
O-Arabinoside

25087690 -5.6 7 SER6, GLN9, THR10 LEU12, LEU13, ALA14,
LEU16

2 π-σ with
GLN9

Cyanidin 128861 -5.6 6 SER6, GLN9, THR10 LEU12, LEU13, LEU16 1 π-σ with
LEU13

Hesperetin 72281 -5.6 7 LYS4, GLN7, LEU8,
GLU11, LEU12

LEU5, ALA15 1 π-cation with
LYS4

Resveratrol 445154 -5.6 7 SER6, GLN9, THR10 LEU12, LEU13, LEU16,
LEU21

- π-σ with
LEU13

Delphinidin 128853 -5.5 7 SER6, GLN9, THR10,
LEU13

LEU12, LEU16, ALA29 1 π-σ with
LEU13

Malvidin-3-O-
Galactoside

94409 -5.5 8 SER6, GLN7, GLN9,
THR10, ALA14

VAL2, LEU13, LEU17 2 π-σ with
THR10

Malvidin 159287 -5.2 6 GLN9, THR10 LEU12, LEU13, ALA14,
LEU17

1 -

doi:10.1371/journal.pone.0138768.t003
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Computational Methodology Gave Similar Conformation to Crystal
Structure
The resulting root-mean-square deviation (RMSD) of all heavy atoms in the conformation of
myristic acid in the hepatocyte nuclear factor-4α (HNF-4α) crystal structure of The RCSB Pro-
tein Data Bank (PDB) file 4IQR, compared to the resulting myristic acid experimental confor-
mation from AutoDock Vina, was 1.458 angstroms using the match function from the USFC

Fig 4. Interactions between flavone and the dimerization domain of hepatocyte nuclear factor-1α (HNF-1α). The conformation of flavone with the
highest affinity for a single unit of the dimerization domain of HNF-1α is shown (A) with a lilac surface representing a general surface of the dimerization
domain of HNF-1α (A, C). Amino acids in the dimerization domain of HNF-1α only had van der Waals (green) interactions with flavone (B). A 3-dimensional
representation of flavone interacting with the dimerization domain of HNF-1α is shown (C) with certain interacting amino acids highlighted and labeled to
show their relative position.

doi:10.1371/journal.pone.0138768.g004
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Chimera package. Both conformations had nine exact amino acid interactions (Fig 5A and 5B)
(VAL178, SER181, MET182, LEU219, ALA223, ARG226, LEU236, GLY237, MET252) within
the same location of HNF-4α (Fig 5C) given the large search space parameters. The conforma-
tions can be compared visually in Fig 5D. Both conformations show myristic acid having
hydrogen bonds with HNF-4α amino acids SER181, ARG226, and GLY237 (Fig 5A and 5B).
The charged interaction between ARG226 and myristic acid in PDB file 4IQR is not observed
in the experimental conformation from AutoDock Vina, instead a second hydrogen bond with
ARG226 is observed. A van der Waals interaction with GLN185 is observed in PDB file 4IQR
while an electrostatic interaction with the same amino acid resulted in the experimental confor-
mation. Given the similarity between the known and experimental conformations of myristic

Fig 5. Validation study by re-dockingmyristic acid to hepatocyte nuclear factor-4α (HNF-4α). The interactions that myristic acid has with HNF-4α in
PDB file 4IQR are shown (A) alongside the interactions the best experimental docking conformation of myristic acid had with the same structure (B). Amino
acids from HNF-4α that interacted with myristic acid in each conformation either had electrostatic (pink) or van der Waals (green) interactions. Hydrogen
bonds are shown as one headed, dashed arrows formed with amino acid main-chain (green) or side-chain (blue) atoms, while pink double headed, dashed
arrows represent charged interactions. The area of interaction both myristic acid conformations had with HNF-4α (C) is shown alongside a comparison of
both the experimental conformation (orange) and the conformation (red) found in PDB file 4IQR (D). A lilac surface around both conformations (C, D)
represents a general surface of HNF-4α.

doi:10.1371/journal.pone.0138768.g005
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acid, the computational methodology used showed to produce conformations similar to those
found in known structures, and was therefore used in this study.

Anthocyanin Mixtures Increased Expression of Hepatocyte Nuclear
Factor-1α
HNF-1α expression was up-regulated in the nucleus of Caco-2 cells by all the anthocyanin
(ANC) containing extracts used in Western blotting (Fig 6). The 5 μM (cyanidin-3-O-glucoside
equivalents) ANC extract treatment from the 50% blueberry: 50% blackberry wine mixture
(ANC50%) significantly expressed the most HNF-1α in Caco-2 cells by increasing its expres-
sion by 260% as compared to a media only control. It was also significantly different from the
other treatments (P< 0.05) as determined by a Games-Howell post hoc test. The 5 μMANC
extract treatment from the 100% blackberry dealcoholized wine (ANC100%) increased HNF-
1α expression by 144%, the 50 μMANC50% treatment by 142%, and the 50 μM treatment of
VitaBlue blueberry ANC extract by 85.2% in Caco-2 cells. These three ANC treatments

Fig 6. Effects of anthocyanin extracts on nuclear hepatocyte nuclear factor-1α (HNF-1α) expression in
Caco-2 cells. Anthocyanin extract treatments from blueberry and blackberry fermented beverages are
named as ANC with the percentage of the beverage mixture that was derived from blackberries (ANC50% =
50% blueberry: 50% blackberry, ANC100% = 100% blackberry). VitaBlue is a commercial blueberry 20%
anthocyanin extract. Dosage (μM) is given in cyanidin-3-O-glucoside equivalents, and the media control was
from Caco-2 cells grown only in media. Relative expression of nuclear HNF-1α over GAPDH is graphed with
the mean ± SEM with different letters indicating significantly different expression values (n� 3, P < 0.05).
Western blot bands for HNF-1α (79 kDa) and GAPDH (37 kDa) are displayed directly above the respective
column of each treatment or control. Bands within the samemembrane that were not quantified were cropped
out for clarity (See supplementary S1 Fig for full membrane images). Thin bands above the HNF-1α bands
are considered to be from non-specific binding of the HNF-1α polyclonal antibody.

doi:10.1371/journal.pone.0138768.g006
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increased significantly Caco-2 nuclear HNF-1α expression compared to the media only control
(P< 0.05), but were not statistically different from each other.

There was a significantly different (P< 0.05) modulation of the relative expression of HNF-
1α by pure D3G at 5 μM of 3.19 ± 0.01 and by pure C3G at 5 μM of 1.06 ± 0.03 compared to
the control of media-only. From these results (S2 Fig), the contribution to modulate HNF-1α
expression by ANC extracts was due to higher abundance of D3G, and less of an effect due to
the C3G present.

HNF-1α expression was also up-regulated in the nucleus of normal colon cells by all the
ANC treatments studied (Fig 7). The 50 μMANC 100% treatment significantly increased
(P< 0.02) HNF-1α expression the most by 243% compared to the media only control in normal

Fig 7. Effects of anthocyanin extracts on nuclear hepatocyte nuclear factor-1α (HNF-1α) expression in
normal colon cells. Anthocyanin extract treatments from blueberry and blackberry fermented beverages are
named as ANC with the percentage of the beverage mixture that was derived from blackberries (ANC50% =
50% blueberry: 50% blackberry, ANC100% = 100% blackberry). VitaBlue is a commercial blueberry 20%
anthocyanin extract. Dosage (μM) is given in cyanidin-3-O-glucoside equivalents, and the media control was
from cells grown only in media. Relative expression of nuclear HNF-1α over GAPDH is graphed with the
mean ± SEMwith different letters indicating significantly different expression values (n� 3, P < 0.02).
Western blot bands for HNF-1α (79 kDa) and GAPDH (37 kDa) are displayed directly above the respective
column of each treatment or control.

doi:10.1371/journal.pone.0138768.g007

High Affinity of Phenolic Compounds with HNF-1α

PLOSONE | DOI:10.1371/journal.pone.0138768 September 28, 2015 17 / 22



colon cells. This increase in HNF-1α expression was also significantly different from the other
treatments (P< 0.02) as determined by a Games-Howell post hoc test. The 50 μMANC 50%
(79.4% increase) and 50 μMVitaBlue ANC extract (48.6% increase) treatments also significantly
increased (P< 0.02) in healthy colon cell HNF-1α expression compared to the media control.

Discussion
Computational molecular docking of various berry phenolic compounds and citrus flavonoids to
the dimerization domain and transcription domain of HNF-1α showed that anthocyanins and
anthocyanidins, commonly found in berries, had on average more interactions and a higher affin-
ity than resveratrol and the citrus flavonoids studied. Delphinidin-3-O-arabinoside had the high-
est affinity for the transcription domain of HNF-1α, indicating that it is most likely to interact
with this domain of HNF-1α as compared to the other compounds tested. The best conformation
of delphinidin-3-O-arabinoside binds to the opposite face of the transcription domain than where
the domain binds to DNA, indicating that delphinidin-3-O-arabinoside is predicted to interact
with this domain even if the domain is interacting with DNA. Anthocyanins with the sugar arabi-
noside at position 3 might have a higher affinity for the transcription domain of HNF-1α given
that malvidin-3-O-arabinoside had the second highest affinity for this domain and had nineteen
amino acids interactions in common with delphinidin-3-O-arabinoside. Anthocyanidins delphi-
nidin and cyanidin had high binding affinities for the transcription domain of HNF-1α, so glyco-
sylation of anthocyanidins to ANC is predicted to not be necessary to interact with this domain.

Analysis of the crystal structure (PDB: 1FG3) of a homodimer of the dimerization domain
of HNF-1α interacting with a dimer of the dimerization coactivator DCoH indicates that the
amino acids SER6, GLN7, LEU8, GLU11, ALA15, GLU18, and SER19 of the dimerization
domain of HNF-1α interact with DCoH. Of those interacting amino acids from the dimeriza-
tion domain of HNF-1α, GLN7, LEU8, GLU11, and GLU18 are said to be the most important
in the interaction between HNF-1α and DCoH [3]. DCoH stabilizes the dimerization of HNF-
1α, and it increases HNF-1α’s activity [26]. All the compounds tested in this study are pre-
dicted to interact with SER6 out of all the amino acids in the dimerization domain of HNF-1α
that interact with DCoH (Table 2). Since SER6 is not as critical for the interaction between
HNF-1α and DCoH, it is not predicted that the compounds studied will interfere between the
formation of the HNF-1α and DCoH complex.

Delphinidin-3-O-aribinoside also had the highest binding affinity for a homodimer of the
dimerization domain of HNF-1α. The dimerization domain of HNF-1α exists as a homodimer
in functional HNF-1α in cells, and the assembly of the dimerization domain as a homodimer is
important for HNF-1α binding to its dimerization coactivator [2,3]. Anthocyanins and antho-
cyanidins had the highest affinities on average for the homodimer of the dimerization domain
indicating that these compounds are likely to interact with both the dimerization and tran-
scription domains in fully functional HNF-1α. Interestingly, flavone had the highest affinity
for a single unit of the dimerization domain of HNF-1α. Resveratrol has been previously
reported to have a close interaction with a single unit of a mutated dimerization domain of
HNF-1α compared to other compounds such as aspirin and retinol [14]. The differences
observed between resveratrol and flavone having the best interactions with a single unit of the
dimerization domain of HNF-1α in these two studies, might be due to the fact that the wild-
type form of the dimerization domain was used in this study instead of a mutated version. This
study is the first to study the interactions of flavonoids with HNF-1α. Flavone had only van der
Waals interactions with the dimerization domain of HNF-1α indicating that electrostatic inter-
actions, such as hydrogen bonds, are not necessary for compounds to have a high affinity for
the dimerization domain of HNF-1α. Citrus flavonoids had high binding affinities for the
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dimerization domain of HNF-1α compared to the berry compounds studied, but binding affin-
ities of all the compounds tested to the dimerization domain of HNF-1α were relatively low
compared to the other structures of HNF-1α analyzed. Most of the compounds studied had a
wide variety of interactions and higher binding affinities to the transcription domain of HNF-
1α compared to the dimerization domain, making the transcription domain a better target for
future interaction studies of berry and citrus compounds with HNF-1α.

The large search space parameters used with this computational methodology showed to
provide good predictions of the interactions compounds would have to the HNF-1α structures
studied. The experimental and crystallographic conformations of myristic acid had a root-
mean square deviation (RMSD) value less than two angstroms (1.458 Å). An RMSD value of
less than two angstrom between a known conformation and a conformation acquired through
an experimental docking scheme is commonly used in computational molecular docking to
determine if a docking scheme can give valid predictions [21]. The differences in the experi-
mental and crystallographic conformations of myristic acid are probably due to fact that the
myristic acid ligand used to validate the computational scheme was allowed to rotate as shown
by the rotated experimental conformation in Fig 5B. Rotation of ligand bonds allows for a
more realistic simulation as compounds are rarely rigid structures in nature.

Nuclear HNF-1α expression of Caco-2 and normal colon cells treated with blackberry and
blueberry anthocyanin (ANC) extracts increased significantly for all ANC extract treatments.
Increased expression of HNF-1αmight have positive effects on cells given that HNF-1α pro-
motes expression of a variety of essential proteins such as glucose-6-phosphatase and albumin
[27] and has been regarded as essential for hepatocyte differentiation and maintenance of
hepatocyte phenotype [28]. More interestingly, a low dosage of 5 μM (cyanidin-3-O-glucoside
equivalents) of a 50% blueberry: 50% blackberry dealcoholized wine ANCmixture (ANC50%),
increased the expression of HNF-1α significantly more (260%) than a larger dosage of 50 μM
and the other treatments studied in Caco-2 cells. Interactions between ANCs in this extract at a
high concentration of 50 μMmight introduce interactions that decrease expression of HNF-
1α. The 100% blackberry ANC (ANC100%) extract is predominantly composed of delphini-
din-3-O-arabinoside [19], so no interactions between different ANCs are predicted to occur for
this treatment like they do for the ANC50% extract. When analyzing the effect of the ANC
treatments on HNF-1α expression in normal colon cells, the 50 μMANC100% extract
increased HNF-1α in a way comparable to the 5 μMANC50% extract in Caco-2 cells. Since
delphinidin-3-O-arabinoside is present significantly in both extracts [19], it is predicted that
delphinidin-3-O-arabinoside may be the key compound in increasing HNF-1α nuclear expres-
sion. It was confirmed that pure delphinidin-3-O-glucoside modulated the relative expression
of HNF-1α in more than 3-fold relative to the control in Caco-2 cells. Further evaluation of the
interaction effect of pure compounds on the modulation of HNF-1α expression in other cell
lines would be a valuable addition to the effects seen through computational modeling.

Given the difference in HNF-1α nuclear expression between the 5 and 50 μMANC50%
treatments in Caco-2 cells, accumulation of ANC other than delphinidin-3-O-arabinoside in
cells is predicted to decrease HNF-1α expression. Since the 50 μMANC100% treatment had
the greatest increase in HNF-1α expression in normal colon cells, these cells are predicted to
have absorbed large amounts of delphinidin-3-O-arabinoside compared to ANC that can
decrease HNF-1α expression. This also applies to the increase in HNF-1α from the 5 μM
ANC100% treatment in Caco-2 cells as it was not statistically different from that of the 50 μM
ANC50% treatment (Fig 6). The greater increase of HNF-1α by the 5 μMANC50% treatment
in Caco-2 cells in comparison to the 50 μMANC100% treatment in normal colon cells is
thought be due to the differences in concentration of delphinidin-3-O-arabinoside available to
the cells and the general capacity of the cells to uptake ANC.
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The 20% VitaBlue ANC extract has various organic compounds, so it is difficult to correlate
HNF-1α expression to the ANCs in this extract. That being said, the treatment of cells with the
VitaBlue ANC extract indicates that the presence of at least 20% blueberry ANCs in an extract
may increase nuclear HNF-1α expression. While an increase in nuclear expression of HNF-1α
was found, when HNF-1α is over-expressed to non-physiological conditions, its activity is only
increased 5-fold with the presence of DCoH [29]. This means that over-expression of HNF-1α
does not necessarily mean that there will be a significant increase in its activity.

In conclusion, ANCs and anthocyanidins from berries had high binding affinities for the tran-
scription domain and homodimer of the dimerization domain of HNF-1α, while citrus flavonoids
had higher affinities for the dimerization domain of HNF-1α. ANC extracts from blueberries and
blackberries significantly increased nuclear HNF-1α expression in Caco-2 cells, with delphinidin-
3-O-arabinoside being predicted as the responsible compound for the increase of nuclear HNF-
1α expression. The wide variety of interactions berry and citrus phenolic compounds have with
the known domains of HNF-1α predict that they might regulate nuclear expression of HNF-1α
directly through interactions with its domains, but the mechanisms of regulation are not yet fully
understood. This is the first study to characterize the interactions of resveratrol and flavonoids
with wild-type HNF-1α, and it is the first to report an increased expression of HNF-1α in cells
exposed to anthocyanins. Our laboratory will continue studying the activity of HNF-1α in cells
exposed to ANCs to find out if the observed increase in nuclear HNF-1α expression by these
compounds also increases the transcription of proteins such as DPP-IV and GLUT1 and GLUT2
transporters. This would allow for the observed interactions of this study to be connected to pos-
sible pre-transcriptional regulation of proteins associated with type II diabetes.

Supporting Information
S1 Fig. Western blotting membrane images for hepatocyte nuclear factor-1α (HNF-1α)
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The lanes in each membrane are
labeled by the anthocyanin treatment the cells received. Bands that were cropped out in Fig 6
are labeled as “Not Analyzed” for clarity. Anthocyanin extract treatments from blueberry and
blackberry fermented beverages are named as ANC with the percentage of the beverage mix-
ture that was derived from blackberries (ANC50% = 50% blueberry: 50% blackberry,
ANC100% = 100% blackberry). Dosage (μM) is given in cyanidin-3-O-glucoside equivalents.
Thin bands not defined as HNF-1α (79 kDa) or GAPDH (37 kDa) are thought to be from non-
specific binding of the antibodies used.
(TIFF)

S2 Fig. Effects of pure cyandin-3-O-glucoside (C3G) and delphinidin-3-O-glucoside (D3G)
on nuclear hepatocyte nuclear factor-1α (HNF-1α) expression in Caco-2 cells. Relative
expression of nuclear HNF-1α over GAPDH is presented with the mean ± SEM with different
letters indicating significantly different expression values (n� 3, P< 0.05). Western blot
bands for HNF-1α (79 kDa) and GAPDH (37 kDa) are displayed directly above the respective
column of each treatment.
(TIFF)
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