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ABSTRACT. Nuclear factor Y (NF-Y) is a heterotrimeric, DNA-binding
transcription factor (TF) that is conserved in all eukaryotes, which consists of three
subunits, NF-YA, NF-YB, and NF-YC, and binds to the CCAAT box in the promoter
regions of its target genes to regulate their expression. AtNF-YB8, a transcription
factor from Arabidopsis thaliana, plays an important role in many biological
processes in plants. In order to understand the structure and DNA binding model of
AtNF-YBS8, the 3D structure model of AtNF-YB8 was constructed and docked with
the eleven target DNA. Also, the decomposition of the binding energy on a per-
residue basis in the AtNF-YB8/DNAO7 complex by MD simulations showed that the
residues Lys-34, Lys-96, Lys-101 and Lys-110 were probably for specific recognition
of DNA.
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1. Introduction

Transcription factors (TFs) are known as proteins that recognize specific DNA
sequences in the control regions of target genes and thus negatively or positively
regulate their expression, and different TFs can form various groups to
combinatorially and synergistically play context-dependent regulatory roles [1-3].
Nuclear factor Y (NF-Y), an evolutionarily conserved trimeric TF, is widespread in
plants, animals, and other eukaryotes [4-8], and is also termed CCAAT Binding
Factor (CBF) or Heme Activator Protein (HAP). The NF-Y complex consists of the
subunits NF-YA (CBF-B/HAP2), NF-YB (CBF-A/HAP3), and NF-YC (CBF-
C/HAPS), all of which are necessary for binding to the CCAAT box [9-10]. All
subunits contain evolutionarily-conserved DNA binding and subunit interaction
domains to form heterotrimeric complexes [11-14].

Over the past few years, NF-Y has attracted considerable interest, and multiple
lines of evidence reveals that NF-Y plays important roles in many biological
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processes both in plants and animals. Each subunit contains an evolutionarily
conserved HAP domain that is critical for subunit interactions and DNA binding [11,
15-16]. NF-Y recognizes CCAAT sequence mostly through the conserved C-
terminus of NF-YA although all three subunits are required for DNA binding activity
[17]. NF-YA and NF-YC each possess large glutamine-rich activation domains
outside of the HAP domain [18-19]. Located within the HAP domains of NF-YB
and NF-YC is a histone-fold motif that is found in all core histones and that
mediates dimerization and contributes to DNA binding [20-22]. NF-YB and NF-YC
subunits dimerize to form a complex that associates with NF-YA [11]. Once the
trimer forms, it can bind specifically to CCAAT boxes, which are cis-regulatory
elements found in either orientation in 25-30% of eukaryotic promoters, and
typically located between 60 and 100 bp upstream of the transcriptional start site
[23-24].

AtNF-YB8, a member of the NF-YB family from Arabidopsis thaliana, plays an
important role in plant development. Like other transcription factors, AtNF-YB8 is a
transcription activator consisting of a conserved N-terminal DNA binding domain
and a C-terminal activation domain [25]. To disclose the interaction between the
AtNF-YB8 with DNA was very important to understanding the regulatory
mechanism at the molecular level, however, the corresponding binding mode of
AtNF-YB8 with DNA was not clear. To date, the crystal structure of AtNF-YB8 has
not been resolved. In the study, the AtNF-YB8 protein sequence was subjected to
molecular modeling, docking and dynamics simulations in order to analyze its
structural features and interactions with DNA.

2. Materials and methods

2.1 Detect binding site of transcription factor (TFBS)

Essential genes are indispensable for maintaining the survival of all kinds of
organisms, and they can be regarded as cornerstones of synthetic biology. Because
of the important significance of essential genes, we performed a molecular
simulation between transcription factor (here we used NF-Y) of an essential gene in
Arabidopsis thaliana and its binding site (TFBS). A workflow about how we
obtained our data is show in Figure 1. AT1G01040 (Accession id in NCBI) is an
essential gene in A. thaliana, which was obtained from supplement file of reference
[26]. The gene information of AT1G01040 is further retrieved from NCBI (National
Center for Biotechnology Information). It is in chromosome NC_003070. The
nucleotide sequence of gene AT1G01040 was extracted according to the gene
position following obtained 2000 bases located in upstream of gene AT1G01040.
JASPAR (http://jaspar.genereg.net/) is a database, which comprises a curated, non-
redundant set of profiles for eukaryotes, and they can be used to define transcription
factor binding sites for eukaryotes [27]. In this work, we used JASPAR to detect and
define the binding sites of transcription factor for gene AT1G01040.
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2.2 Modeling of AtNF-YB8

The NCBI protein database (http://www.ncbi.nlm.nih.gov/protein/) was used to
search the amino acid sequence of the AtNF-YB8 protein. The BLAST server
(http://blast.ncbi.nlm.nih.gov) was used to search the template for the protein. We
applied XXXXX (PDB ID: XXXX) as the template for the AtNF-YB8 protein, and
the homology of amino acid sequence was aligned. Homology modeling of mus
musculus AtNF-YB8 protein was carried out using modeller9.20 package
(https://salilab.org/modeller/).

2.3 Molecular dynamics simulations

The AmberTools 15 program was used for MD simulations of the AtNF-YB8
structure. The forcefield “leaprc.ff14SB” was used for the DNA. The system was
placed in a rectangular box (with a 10.0 A boundry) of TIP3P water using the
“SolvateOct” command with the minimum distance between any solute atoms.
Equilibration of the solvated complex was done by carrying out a short minimization
(5000 steps of each steepest descent and conjugate gradient method), 500 ps of
heating, and 500 ps of density equilibration with weak restraints using the sander
module. At last, 20 ns of MD simulations were carried out.

2.4 Validation of model

The stereo chemical quality of AtNF-YBS8 structure was checked by inspection
of the Psi/Phi Ramachandran plot using PROCHECK [28].

2.5 Modeling of DNA

The 3D structures of the double helix DNA were built by SYBYL-X 2.0. The
nucleic acid type was selected as DNA-duplex and the DNA canonical form was
selected as B-form helix. The constructed DNA model was then subjected to MD
simulation using the same method as that used for the initial AtINF-YB8 model.

2.6 Docking of AtNF-YB8 with DNA

Molecular docking studies were performed to investigate the binding mode
between the AtNF-YB8 protein and the DNA using the ZDOCK server
(http://zdock.umassmed.edu/). For docking, the default parameters were used as
described in the ZDOCK server. The top ranked pose as judged by the docking score
was subject to visually analyze using PyMoL 1.7.6 software
(http://www.pymol.org/).

2.7 Binding free energy and energy decomposition per residue calculations
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The binding free energies (AGbind in kcal/mol) were calculated using the
Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) method,
implemented in AmberTools 15. Moreover, to identify the key protein residues
responsible for the ligands binding process, the binding free energy was decomposed
on a per-residue basis. For each complex, the binding free energy of MM/GBSA was
estimated as follows:

AGbind= Gecomplex—Gprotein—Gligand

where AGbind is the binding free energy and Gcomplex, Gprotein and Gligand
are the free energies of complex, protein, and ligand, respectively.

3. Results and discussion

3.1 Detect binding site of transcription factor

We finally obtained 11 TFBS sequences based on JASPAR database for essential
gene AT1G01040. Their detailed information was listed in the following Table 1.
There are 4 out of 11 TFBS locating on the positive strand of chromosome
NC_003070, and the remaining ones are located on the complement strand of
chromosome NC_003070. The length of TFBS is range from 12 to 15, and GC
content range from 38.4% to 66.6% in our result.

Essential genes are a subset of all genes. They are necessary for maintaining the
several for organisms, and those genes also provide fundamental functions [29]. In
addition, essential gene can also be regarded as the most basic material for
constructing minimal metabolism network [30]. Therefore, the molecular simulation
between transcription factor and its binding site can help scientific immunity make
an insight into the essential genes’ function and transcription. Essential genes in
whole-genome scale, obtained through wet-lab methods, are widely available for
dozens of prokaryotes and several eukaryotic organisms. They can be accessed from
open access database with any register such as DEG database [31] and OGEE
database [32], which provide source of essential genes from different species and
necessary information of essential genes. We can further perform more molecular
simulations based on those data in the future. There is no doubt that some union
binding model can be found via more and more molecular simulations between TF
and TFBS of essential genes.

Table 1 Detailed information of the 11 TFBS

No. Matrix Sequence ID° Sta | En | Stran Predicted
ID? | d d sequence
DNA | MA1224.| NC_003070.9:21121- | 28 | 39 - GTGACCGACTTA
01 1 23120
DNA | MA1218.| NC_003070.9:21121- | 27 | 39 + | TTAAGTCGGTCA
02 1 23120 C
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DNA | MA1217.| NC_003070.9:21121- | 27 | 41 - CAGTGACCGACT
03 1 23120 TAA

DNA | MA1224.| NC_003070.9:21121- | 153 | 154 - TGGACCGACTC
04 1 23120 8 9 G

DNA | MA1224.| NC_003070.9:21121- | 292 | 303 - GACGCCTACAAA
05 1 23120

DNA | MA1224.| NC_003070.9:21121- | 105 | 106 - AACGCCGAAAAC
06 1 23120 7 8

DNA | MA1218.| NC_003070.9:21121- | 105 | 106 | + TGTTTTCGGCGT
07 1 23120 6 8 T

DNA | MA1218.| NC_003070.9:21121- | 291 | 303 | + TTTTGTAGGCGT
08 1 23120 C

DNA | MA1218.| NC_003070.9:21121- | 637 | 649 - TAAAGTCGATCG
09 1 23120 A

DNA | MA1218.| NC_003070.9:21121- | 153 | 154 | + ACGAGTCGGTC
10 1 23120 7 9 CA

DNA | MA1224.| NC_003070.9:21121- | 107 | 108 - GCCATCGACTTT
11 1 23120 4 5

aMatrix IDs that matching TFBS in JASPAR database; bnumber 9 in
NC_003070.9 denotes the assembled version is 9 of chromosome NC_003070.

3.2 Refinement of AtNF-YB8 model

In order to assess the stability of the model and find the energetically favorable
structure for further docking study, the constructed model of AtNF-YB8 was
subjected to MD simulation. Structural stability of the constructed model during the
MD simulation was examined using RMSD. The RMSD plot for the protein
backbone atoms with reference to the initial structure, as a function of time, was
shown in Fig. 1. The first 10 ns were considered as an equilibration period followed
by a plateau where the model became stable in the RMSD range 213 A.

Distinguishing the flexible regions of the protein could help to understand the
stability of protein. To examine the flexible regions of the model, the average root
mean square fluctuation (RMSF) plot for the Ca-atoms with respect to the residues
was generated. Those residues deviating more than 2.5 A were considered as highly
flexible elements of the protein [25]. As shown in Fig. 2, the high fluctuations
mainly occurred in the loop regions (L1: residue 1-3, L2: residue 95-96, L3: residue
104-110). The low fluctuations mainly occurred in the a-helix and B-sheet regions.
The regions with RMSF values lower than 2.0 A clearly showed that the protein
structural core was well-constructed and the model was stable in the course of MD
simulation.
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Fig. 1 The root-mean-square deviations (RMSDs) of all the atoms of AtNF-YB8 with
respect to its initial structure as function of time.
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Fig. 2 RMSF of residues of the protein AtNF-YB8 during the 40 ns simulation.

3.3 Validation of AtNF-YB8 model

The stereo chemical quality of the AtNF-YB8 model was checked by
PROCHECK based on the Ramachandran plot. The results summarized in Fig. S1
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showed 96.6% of the residues in the most favored regions and only 3.4 % in
additional allowed regions.

3.4 Modeling of DNA for AtNF-YB8 binding

The eleven DNA motif for AtNF-YB8 binding was subjected to 3D structure
modeling. The B-form of the DNA conformation was selected to mimic the in vivo
conformation. MDsimulation of the DNA models were carried out to gently relax
the structures. The RMSD plots of DNA during MD simulation showed that the
RMSD increased and hovered around 2 A, indicating equilibration of the system
(Fig. S2-S12). The equilibrated structures (Fig. S13-S23) from the simulation was
selected for further docking studies.

3.5 Docking and MD simulation of AtNF-YB8 with DNA

The molecular docking studies were performed to investigate the binding mode
between the AtNF-YB8 and the eleven DNA structures using the ZDOCK server,
and the ZDOCK Scores were shown in Table 2. From the Table 2, we can see that
the score between AtNF-YBS8 and the DNAOQ7 was the hignest. The interaction
between the AtNF-YB8 (green) and the DNAQ7 (rose red) was shown in Fig. 3. One
hydrophobic interaction was observed between the residues Leu-95, Phe-98, Trp-99,
Met-103, Met-149 and Leu-157 of the AtNF-YB8 and the nucleotides DT-5, DT-6,
DC-7, DG-8, DA-22, DA-23 and DA-24 of the DNAOQ7, forming a strong
hydrophobic binding (Fig. 4). Detailed analysis showed that the residue Trp-99 of
the AtNF-YB8 formed CH-r interactions with the nucleotides DA-22 and DA-23 of
the DNAO7. Importantly, six hydrogen bond interactions were shown between the
residue Arg-21 of the AtNF-YB8 and the DG-8 of the DNAQ7 (bond length: 2.6 and
3.2 A), the Leu-95 of the AtNF-YBS8 and the DT-5 of the DNAO7 (bond length: 3.2
A), the Trp-99 of the AtNF-YB8 and the DA-23 of the DNA07 (bond length: 2.7 A),
the Lys-101 of the AtNF-YB8 and the DA-22 of the DNA07 (bond length: 3.1 A),
the Asn-106 of the AtNF-YB8 and the DC-10 of the DNAOQ7 (bond length: 2.9 A),
which were the main binding affinity between the AtNF-YB8 and the DNAO7. All
these interactions helped the DNAQ7 to anchor in the binding site of the AtINF-YB8.

In conclusion, the above molecular simulations give us rational explanation of
interaction between the AtNF-YB8 and the DNAOQ7, which provided valuable
information for further study of binding sites between the AtNF-YB8 and the
DNAO?7.

Table 2. ZDOCK Scores between the AtNF-YB8 protein and the DNA.

Complex ZDOCK Scores
AtNF-YB8/DNAO1 1689.635
AtNF-YB8/DNA02 1424.969
AtNF-YB8/DNAO3 1559.652
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AINF-YB8/DNA0O4 1631.995
AINF-YB8/DNAQ5 1493.927
AINF-YB8/DNAQG 1630.386
AtNF-YB8/DNAOQ7 1797.666
AINF-YB8/DNAOQ8 1579.085
AINF-YB8/DNAQ9 1467.120
AINF-YB8/DNA10 1601.353
AINF-YB8/DNA11 1539.807

Fig. 3 Total view of the interactions between the AtNF-YB8 (green) and DNAQ7
(rose red).

LYs-101

GLU-102

DG-17

LEU-107

Fig. 4 Detailed view of the interactions between the AtNF-YB8 (green) and DNAOQ7
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(rose red).

3.6 Molecular dynamics results

To explore the potential binding mode between DNAO7 and AtNF-YBS,
molecular docking and molecular dynamics simulations were performed using the
ZDOCK and AmberTools15 software package. The preferential binding mechanism
of AINF-YB8 with DNAO07 was determined by 40-ns molecular dynamics
simulations based on the docking results. To explore the dynamic stability of the
models and to ensure the rationality of the sampling strategy, the root-mean-square
deviation (RMSD) values of the protein backbone based on the starting structure
along the simulation time were calculated and plotted in Fig. 5. As shown in Fig. 5,
the protein structures of the two systems were stabilized during the simulation.

The root mean square fluctuations (RMSF) of the residues of the whole protein
in the AtNF-YB8/DNAOQ7 complex and in the free AtNF-YB8 were calculated to
reveal the flexibility of these residues. The RMSF of these residues are shown in
Fig. 6, clearly depicting different flexibilities in the binding site of AtNF-YB8 in the
presence and absence of DNAQ7. Most of the residues in the AtNF-YB8 binding site
that bind with DNAO7 show a small degree of flexibility with a RMSF of less than 2
A when compared with free AtNF-YBS, indicating that these residues seem to be
more rigid as a result of binding to DNAO7. However, the residues at the positions
95-110 in the DNAQ7 binding site that bind with AtNF-YB8 showed a big degree of
flexibility with the RMSF values reached to 4 A when compared with the free
protein, indicating that these residues seem to be more flexible as a result of binding
to DNAOQ7.

To gain more information about the residues surrounding the binding site and
their contribution to the whole system, the electrostatic, Van der Waals, solvation,
and total contribution of the residues to the binding free energy were calculated with
the MMGBSA method. The summations of the per residue interaction free energies
were separated into Van der Waals (AEvdw), solvation (AEsol), electrostatic (AEele)
and total contribution (AEtotal). In the AtNF-YB8/DNAO7 complex, the residues
Lys-34, Lys-96, Lys-101 and Lys-110 have strong electrostatic (AEele)
contributions, with the AEele of < -10.0 kcal/mol (Fig. 7). Detailed analysis showed
that the residues Lys-34, Lys-96, Lys-101 and Lys-110 were all close to the
phosphate group of the DNAO7, forming electrostatic interactions. Moreover, the
residues Lys-34, Lys-96, Lys-101 and Lys-110 also formed four strong hydrogen
bond interactions with the “O” atoms of the DNAOQ7, with the bond lengths of 2.0 A,
20 A, 2.0A and 2.1 A, respectively (Fig. 8). Besides, the residues Ser-16 and Ser-
100 have moderate electrostatic (AEele) contribution, with the AEele of < -7.0
kcal/mol (Figure 3). In fact, the residues Ser-16 and Ser-100 oriented the phosphate
group of the DNAQ7, forming two strong hydrogen bond interactions (bond length:
2.3 Aand 2.1 A). In addition, residues Ala-13, Arg-17, Lys-96, Lys-101 and Met-
103 with the AEvdw of < -2.5 kcal/mol, have strong Van der Waals interaction with
the ligand because of the close proximity between the residues and the DNAOQ7.
Overall, the majority of the decomposed energy interaction originated from Van der
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Waals interactions, mainly through hydrophobic interactions, such as lle-12, Ala-13,
lle-15, Leu-95, Met-103 and Leu-107. In addition, the total binding free energy for
the AtNF-YB8/DNAO7 complex calculated according to the MMGBSA approach,
and the an estimated AGbind of -37.8 kcal/mol was found for DNAQ7, suggesting
that DNAOQ7 can strongly bind to the binding site of the AtNF-YBS.

In summary, the above molecular dynamics simulations give us rational
explanation of the interactions between DNAQ7 and AtNF-YBS8, which provided
valuable information for further study of binding mode between the AtNF-YB8 and
the DNAO7.

71 —— free protein
—— AtNF-YB8/DNAO7

RMSD (A)
S

0 T T T
0 10 20 30 40

Time (ns)

Fig. 5 The root-mean-square deviations (RMSDs) of all the atoms of AtNF-
YB8/DNAO7 complex with respect to its initial structure as function of time.
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Fig. 6 RMSF of residues of the whole protein in AtNF-YB8/DNAQO7 complex and
free AtNF-YB8 during the 40 ns simulation.
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Fig. 7 Decomposition of the binding energy on a per-residue basis in the AtNF-
YB8/DNAO7 complex.
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Fig. 8 The predicted binding mode of DNAQ7 in AtNF-YB8 binding pocket obtained
from MD simulation.

Conclusions

In conclusion, despite AtNF-YB8 was shown to regulate gene expression
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involved in plant development, the corresponding regulating mechanism has not
been elucidated. In this study, the 3D structure model of AtNF-YB8 was constructed
and docked with eleven target DNA motif using the ZDOCK server. The ZDOCK
Scores between AtNF-YB8 and the DNAQO7 (5’-TGTTTTCGGCGTT-3’) was the
hignest. Decomposition of the binding energy on a per-residue basis in the AtNF-
YB8/DNAOQ7 complex showed that the residues Lys-34, Lys-96, Lys-101 and Lys-
110 were probably for specific recognition of DNA. Meanwhile, the residues Ala-13,
Arg-17, Lys-96, Lys-101 and Met-103 might be the key residues for affinity with
DNA. The study provided the in silico framework to understand the interactions of
AtNF-YB8 with DNA at the molecular level.
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