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Abstract Based on the chain A structures of hemoglobin
(PDB code: 1HDS, 1IBE, 1FAW, 3AT5), the three dimen-
sional (3D) structure of natural velvet antler polypeptide
(nVAP) was constructed by homology modeling and molec-
ular dynamics (MD) method. The structural rationality was
further checked by Profile-3D and Procheck, both of which
confirmed that the 3D structure of nVAP was reasonable.
The modeled structure indicates that the stable conformation
of nVAP is composed of two α-helixes. The extracellular
domains of transforming growth factor-β1 receptor I (TβRI-
ED) and II (TβRII-ED) were docked with nVAP, respective-
ly. The results show that both of TβR-EDs have high affinity
with nVAP which locates near the active center of TβRII-ED
integrating with transforming growth factor-β1 (TGF-β1).
Otherwise, nVAP can also insert near the “pre-helix exten-
sion” of TβRI-ED, which is the key domain to interact on
TGF-β1 and TβRII-ED. With the perturbation of nVAP,
TβRI-ED can not be recruited by TGF-β1:TβRII-ED com-
plex rigorously. The intracellular domain of TβRI (TβRI-
ID) is not phosphorylated and activated by TβRII. This
study shows that nVAP prefers tethering TβRI-ED which
is more crucial in TGF-β1:TβRII-ED:TβRI-ED complex.
Thus nVAP can disturb the TGF-β1 binding pattern by
interacting on TβRs (TβRI and TβRII), further intercepting
TGF-β1 pathway downstream.

Keywords Docking . Hepatic fibrosis . Molecular
dynamics . Natural velvet antler polypeptide . Transforming
growth factor-β1

Introduction

Velvet antler is a kind of valuable Chinese crude drug, which
has extensive pharmacological activities and function for
medical care. The content of protein and polypeptide is above
50%. Guan [1] extracted a monomer velvet antler polypeptide
with 32 amino acid residues from the total velvet antler
polypeptide (tVAP) by means of chromatography. The protein
content which is determined by mass spectrometry was high
up to 98.7 % and the molecular mass was 3263.4 Da. The
novel polypeptide is named natural velvet antler polypeptide
(nVAP) with characters of white, silkiness, diffluent and vis-
cousness. The residue Met32 in C terminal is oxidated. The
3D structure is significant to reveal the mechanism of
receptor-ligand interaction and the biochemical process, but
the 3D structure of nVAP has not been reported until now.

In physiological state, transforming growth factor
(TGF)-β1, -β2, and -β3 are 25 kDa polypeptides that play
crucial nonoverlapping roles in embryogenesis, cell growth,
differentiation, development, carcinogenesis and immune
response [2–4]. TGF-β1 is considered to be one of the
strongest factors promoting hepatic fibrosis during the
course of priming, progressing and forming of hepatic cir-
rhosis [5]. The TGF-β signaling pathway is initiated through
the binding of mature TGF-β to transmembrane transform
growth factor-β1 receptor II (TβRII), followed by the re-
cruitment of TβRI and subsequently the activation of TβRI
by TβRII. Intracellularly, the activated TβRI phosphorylates
the major downstream signaling molecules Smad2 and
Smad3 proteins, which then form a complex with Smad4.
This complex translocates into nucleus and regulates the
transcription of specific genes [6, 7] (Fig. 1). The extracel-
lular matrix (ECM) which causes pathological hepatic fibro-
sis is therefore generated and secreted.

A small molecule, an antibody effector and a peptide that
bind to key signaling components serve as valuable probes.
TβRI is a key molecule within the TGF-β signaling pathway.
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Therefore, it has been believed as a critical target for the
blockage of TGF-β signaling [8, 9]. Functional inhibition of
TβR-I has been shown to be able to suppress the fibrosis and
cancer in animal models [10–12]. In TGF-β1 complex, the
function of TβRII is to bind TGF-β1 correctly and trans-
phosphorylated by TβRI with low affinity [13, 14].
Specifically, both of the receptors have a common pattern of
disulfide bonds, stabilizing a structure feature named the
“three-finger toxin fold” [15]. The detailed molecular mecha-
nism involves ligand-induced receptor activation. The deter-
mination of the binding mechanism and the related thermo-
dynamic and kinetic parameters are of prime importance [16].

In TGF-β1 signaling pathway, nVAP plays a part in the
course of extracellular domain. As an exogenous material,
nVAP can bind to both TβRI-ED and TβRII-ED, weakening
the interaction between TGF-β1 and TβRs. Further, the
secretion of ECM is degraded and hepatic fibrosis thus
would be reversed. Comparing with the research progress
of small molecule inhibitor of TGF-β1, there are only a few
studies on the peptide inhibitor of TGF-β1 complex. The 3D
structure of nVAP was predicted by homology modeling, and
then we exploited the kinetic behavior of nVAP and TGF-β1
complex. Then molecular docking studies were performed
between nVAP and TGF-β1 subunits based on serial experi-
ments, pursuing the possible binding site of nVAP with
TβRII-ED and TβRI-ED. Our investigation revealed the

inhibitive mechanism of nVAP on TGF-β1 signaling path-
way. The results provide theoretical support for reversing
hepatic fibrosis.

Theoretical methods

Homology modeling

To find related proteins as the templates for homology mod-
eling, BLAST search algorithm [17] was used for the search
online (http://www.ncbi.nih.gov/). The obtained sequences
were imported into the ClustalX program (version 1.83).
Then, the Modeler module in Discovery Studio software
package (version 2.5) [18] was performed to construct the
initial 3D structure of nVAP. During the process, we built

Fig. 1 TGF-β signaling pathway. TβRII which forms non-covalent
homodimers, binds to the covalently linked TGF-β homodimer. The
TGF-β:TβRII complex then recruits two copies of TβRI. This quinary
complex enables the active TβRII to catalyze the phosphorylation
domain of TβRI. The adjacent kinase domain catalyzes the phosphor-
ylation and activation of receptor-regulated Smad2 and Smad3. Phos-
phorylated Smad2 and Smad3 bind to Smad4, and the complex trans-
locates into the nucleus. Once in the nucleus, the Smads bind to
different DNA binding partners to control gene expression

Fig. 2 Sequence alignment of nVAP and templates. The amino acid
sequence was taken as probe. In nVAP sequence, there are residues of
similar character with template sequence marked “:”. Residues have
less similarity marked “.”. Residues have no similarity marked a
“blank”. Other residues match very well (marked “*”). The dark gray
strip marks matching extent between the residue of nVAP and
corresponding residue of template

Fig. 3 3D-structure of nVAP. In the docked structure, the α-helix is
represented by red color. The β-turn is represented by green color. The
loop is represented by white color

Fig. 4 TheRamachandran plot of nVAP. The green dots represent residues
of nVAP. The dots surrounded by cyan curve indicate the residues are in the
most favored region. The only dot outside the cyan region but in the pink
region means the residue is in additional allowed region
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five homology models and adopted a high level in the opti-
mization of nVAP including the side chains. The side chain
isomerism, such as oxidizing sulphur atom of Met32, was
developed after homology modeling. The loop region of
nVAP was also refined. Through the procedure mentioned
above, an initial model was thus completed.

Molecular dynamics simulation and refinement of nVAP
structure

All the MD simulations were performed on Inspur work-
stations using the Amber10 [19] software package. The ff03
force field [20] was used for energy minimization and MD
simulations. The charge of nVAP model was neutralized by
xleap module of Amber10. An explicit solvent model TIP3P
water box [21] was used with the distance of 10 Å between
nVAP surface and water box boundary. Before the MD
simulations, a series of energy minimization (EM) was per-
formed. With restraint on nVAP, a minimization of 1000-step
steepest descent (SD) and 1000-step conjugate gradient (CG)
were carried out. The constraint force constant on peptide
bond was 500 kcal·mol−1·Å−2. After that, without any re-
straint on the whole system, a minimization of 3000-step SD
and 4000-step CG was carried out. A heating simulation was
performed steps from 0 to 300 K in 500 ps. Aweak constraint
force constant value of 10 kcal ·mol−1·Å−2 was used for
nVAP. After heating, a NPT ensemble of 1 atm and 300 K
was applied for an 8 ns equilibrium simulation without any

Fig. 5 The evaluation of the nVAP final structure by Profile-3D pro-
gram. All the scores of residues are above zero. It means the residues are
in credible positions

Fig. 6 a The RMSD plot of nVAP within 8 ns simulation. b The RMSD plots of TβRII-ED:nVAP complex, subunits of TβRI-ED and nVAP within
20 ns MD simulation. c The RMSD plots of TβRI-ED:nVAP complex, subunits of TβRI-ED and nVAP within 20 ns MD simulation figure captions
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constraint. Periodic boundary conditions were applied to the
system to obtain consistent behavior. The cutoff value of
nonbonded interaction was set to 12 Å. The particle mesh
Ewald (PME) method was employed for the computation of
long-range electrostatic forces. The integral step length was
1.0 fs. All the bonds containing hydrogen were not re-
strained. A simple Leapfrog integrator was used to propagate
the dynamics, with the collision frequency of 1 ps−1. A
Langevin thermostat was adopted. The relaxation time for
barostat bath was 2.0 ps.

After the MD simulation optimization procedure, the
structure was checked using Profile-3D [22] and Procheck
[23]. The Profile-3D method measures the compatibility of
amino acid sequence with a known 3D protein structure.
Procheck examines the reliability of the backbone torsion
angles (Φ-Ψ) of the target peptide.

Docking study

The structural information from the theoretically modeled
complex may help us to clarify the relationship between struc-
ture and function. The initial structures of TGF-β1 and TβRII-
ED were taken from Protein Data Bank (PDB code: 3KFD
chain A and E). The structure of TβRI-ED was taken from
2PJY chain C. ZDOCK module [24] of Discovery Studio 2.5
was used to perform all the protein docking simulations. The
CHARMm Polar H force field [25] was applied to depict all
the atoms except non-polar H in docking. We set the
angular step size to be 15 and adopted 10 Å distance cutoff
in docking process; 2000 top poses were generated and then
classified into 60 clusters. The cutoff value of RMSD was
6.0 Å and interface cutoff was 9.0 Å. Zrank scoring algo-
rithm was then tested on ZDOCK benchmark dataset ver-
sion 2.5 [24]. There were four steps for us to perform docking
process: First, we docked TGF-β1 and TβRII-ED to evaluate
the reliability of ZDOCK comparing with crystal structure
3KFD; Second, we built the nVAP:TβRII-ED:TGF-β1 com-
plex. The order was that nVAP was docked with TβRII-ED,
then TGF-β1 was docked to the aforesaid complex; Third,
we constructed TβRI-ED:TβRII-ED:TGF-β1 complex. That
is, TβRI-ED was docked with TβRII-ED:TGF-β1 complex;
Finally, we established nVAP:TβRI-ED:TβRII-ED:TGF-β1
complex. The order was as follows: nVAP was docked to
TβRI-ED, then the binary complex was docked with the
TβRII-ED:TGF-β1 complex. Till now, the docking jobs were
completed. We designed two cases for the docking of nVAP to
the TβRI-ED:TβRII-ED:TGF-β1 ternary complexes: 1. nVAP
was docked with TβRII-ED. After that, nVAP:TβRII-ED
complex was docked with TGF-β1, but without TβRI-ED.
The step aimed to evaluate the effect of nVAP on the binding
of TGF-β1 to TβRII-ED; 2. At first, nVAP was docked with
TβRI-ED to obtain nVAP:TβRI-ED complex. Then, the bina-
ry complex was docked with the TβRII-ED:TGF-β1 complex,

resulting in the nVAP:TβRI-ED:TβRII-ED:TGF-β1 quaterna-
ry complex. The effect of nVAP on the binding of TβRI-ED to
TβRII-ED:TGF-β1 complex could be accessed by the com-
parison of the quaternary complex with the TβRI-ED:TβRII-
ED:TGF-β1 complex. The docking and MD results were vi-
sualized and analyzed through Discovery Studio 2.5 Visualizer
[18]. The calculation for the interaction energy between ligand
and receptor was performed by the “Calculate Interaction
Energy” [18, 25, 26] module in Discovery Studio 2.5 program,
including van der Waals energy, electrostatic energy and total
energy. In the calculation, each subunit in complex was defined
as a “group” to determine the interaction of consecutive resi-
dues. For the MD results, the interaction energies were calcu-
lated by the average structure of multiple conformations in the
equilibrated trajectories. The nonbond list radius was 14 Å.
Within this cutoff distance, nonbonded interactions between
atom pairs were scaled smoothly using a switching function
from 10 to 12 Å. “Anchoring energy” was used to describe the
interaction energy among the interfacial residues in complexes,
which contribute to fix the interactional subunits in proper
locations. When the energy value increases, it indicates that
the interaction among residues is weakened. On the contrary, it
means that the interaction is strengthened.

Fig. 7 Docking result of TGF-β1 with TβRII-ED. a The superposition
of crystal structure (yellow part) and docked structure (colored part). In
the docked structure, the α-helix is represented by red color, the β-sheet
is represented by cyan color and the β-turn is represented by green
color. The Zrank score is −96.45. b The residues of TGF-β1 are present
in stick style, and the residues of TβRII-ED are present in ball-stick
style. The interactions between TGF-β1 and TβRII-ED involve five
TGF-β1 residues (Arg25, His34, Tyr91, Gly93, and Arg94) at the tips
of its fingers and four TβRII-ED residues (Asp32, Thr51, Ser52, Ile53
and Asp118)
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Twenty ns MD simulations were also performed for TβRII-
ED:nVAP and TβRI-ED:nVAP complex with Amber10 to
evaluate the stability of the complexes. The protocol settings
were the same as nVAP dynamic process.

Results and discussion

Homology modeling of nVAP

An accurate modeling structure originates from a high level of
sequence identity between the target and template sequence.
Here, we performed a multiple sequences alignment on the
basis of the template protein from different species. In the
result of the FASTA search, chain A of 1IBE from horse has
a high level of sequence identity and the sequence identity
with nVAP is 81 %. Chain A of 1FAW from goose has 62 %
identity. Chain A of 3AT5 from turtle has 53 % identity, and
a template protein from deer, chain A of 1HDS, has 78 %

identity. Besides, some experimental research shows that
nVAP is a characteristic polypeptide from Cervus nippon
Temminck [1]. Therefore, it indicates that nVAP is not sepa-
rated from cervinus hemoglobin but an independent entity
abstracted from velvet antler. All of the above evidence allows
for rather straightforward sequence alignment (Fig. 2) and
structural modeling. The sequence of nVAP shows that it is
abundant in glycine, valine, leucine and lysine, without cys-
teine. In our study, automated homology model building is
performed using a protein structure modeling program
Modeler. With this procedure, five initial models are con-
structed. Finally, the model with the highest score is chosen
and used to be the following refinement. This model is refined
by MM optimization and MD simulations, and then the final
stable structure of nVAP is obtained. The shape of nVAP looks
like a letter “V” (Fig. 3). It contains twoα-helixes. The angle of
two helixes is about 52°. One helix is composed of Asp6 to
Gly15. The other is composed of Ala21 to Ala28. The Procheck
is used to calculate the percent of backbone θ-φ angles within

Table 1 The van Der Waals (Evdw), electrostatic (Eele) and total energy (Etotal) between some important TβRII-ED residues and TGF-β1 subunit
(PDB ID:3KFD) (kcal·mol−1)

Residue Crystal structure of TβRII-ED Docking structure of TβRII-ED

Evdw Eele Etotal Evdw Eele Etotal

Pro25 −0.13 −2.33 −2.46 −0.01 −2.39 −2.40

Leu27 −4.56 2.68 −1.88 −1.00 −0.88 −1.88

Cys28 −0.24 −2.92 −3.16 −0.01 −3.32 −3.33

Phe30 −4.86 −9.59 −14.45 −0.84 −10.80 −11.64

Asp32 2.12 −123.15 −121.03 3.58 −129.03 −125.45

Val33 −0.06 −2.16 −2.22 −0.05 −1.29 −1.34

Ser46 0.00 −5.21 −5.21 0.00 −5.40 −5.40

Asn47 – – – 0.00 −2.16 −2.16

Cys48 −0.11 −14.30 −14.41 −0.15 −4.55 −4.70

Thr51 −3.80 0.43 −3.37 −0.01 −5.31 −5.32

Ser52 −5.41 −11.43 −16.84 −0.74 −9.01 −9.75

Ile53 −1.53 −33.40 −34.93 −1.10 −35.51 −36.61

Glu55 −3.89 −89.59 −93.48 −2.66 −71.57 −74.23

Glu59 −0.11 −52.59 −52.70 −0.08 −56.85 −56.93

Val60 0.00 −6.66 −6.66 0.00 −6.65 −6.65

Val62 −0.01 −1.99 −2.00 −0.34 −1.47 −1.81

Val64 – – – 0.00 −2.82 −2.82

Glu75 −0.11 −45.93 −46.04 −0.10 −40.51 −40.61

Thr76 −0.09 −6.73 −6.82 −0.02 −6.44 −6.46

Cys78 −0.29 −2.88 −3.17 −1.36 −1.72 −3.08

Asp80 0.00 −2.50 −2.50 0.00 −2.82 −2.82

Pro84 0.00 −1.24 −1.24 0.00 −2.08 −2.08

Ser95 – – – 0.00 −3.16 −3.16

Pro96 0.00 −6.00 −6.00 0.00 −4.34 −4.34

Asp118 −0.93 −79.64 −80.57 −1.06 −94.00 −95.06

Total −24.01 −497.13 −521.14 −5.95 −504.08 −510.03
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the allowed Ramachandran region. The result is that 96.9 %
of the θ-φ angles in the nVAP model lie in the core region
of the Ramachandran plot (Fig. 4). The final structure is
further checked by Profile-3D and the results are presented
in Fig. 5. When checked by Profile-3D, the self-compatibility
score for this protein is 8.13, which is higher than the low
score 6.44. Note that compatibility scores above zero corre-
spond to ‘acceptable’ side chain environment. From Fig. 5, it
is shown that all residues are reasonable. The root mean
square deviation (RMSD) of the Cα atoms between the
initial model and final model of nVAP is 0.7 Å, which keeps
stable after 4.5 ns (Fig. 6a). The above results indicate that
the homology model is reliable.

Docking studies

Evaluation of ZDOCK by the docking of TβRII-ED:TGF-β1
complex

In order to evaluate the reliability of the present docking
method, we performed the docking of TGF-β1 to TβRII-ED
in 3KFD. The docked structure TβRII-ED:TGF-β1 was
superimposed with the crystal TβRII-ED:TGF-β1 complex
[27] (Fig. 7a). The RMSD of the two structures was 1.061 Å.
In order to investigate the interaction between TβRII-ED
and TGF-β1, the binding site in TβRII-ED was defined as
a subset that contains residues in which any atom is within
10 Å from TGF-β1. Hydrogen bonds play an important role
in structure and function of TβRII-ED:TGF-β1 complex.
Seven hydrogen bonds are formed in the docked complex
of TGF-β1 to TβRII-ED (Fig. 7b, Table 1), which is consis-
tent with the crystal structure [27]. These hydrogen bonds,
which enhance the stability of the TβRII-ED:TGF-β1 com-
plex, are presented as follows:

Carboxyl O of TβRII-ED Asp32 … guanidino H of
TGF-β1 Arg94,
Hydroxyl O of TβRII-ED Thr51 … imidazole H of
TGF-β1 His34,
Amino H of TβRII-ED Ile53… carbonyl O of TGF-β1
Tyr91,
Carbonyl O of TβRII-ED Ile53 … amino H of TGF-β1
Gly93,
Two carboxyl Os of TβRII-ED Asp118 … two amino
Hs of TGF-β1 Arg25

The interaction energy on TβRII-ED and TGF-β1 is
shown in Table 1. It gives the interaction energies with total
energies lower than −1 kcal·mol−1, including the van der
Waals (Evdw), electrostatic (Eele) and total (Etotal) energies.
These interactions determine a stable binding mode for
TβRII-ED:TGF-β1 complex (Table 1). Through the residue
interaction analysis, Phe30, Asp32, Thr51, Ser52, Ile53 and

Fig. 8 a The docking conformation of nVAP:TβRII-ED complex. b The
docking conformation of nVAP:TβRII-ED:TGF-β1 ternary complex.
There is 10.5° rotation for TGF-β1 around binding site with TβRII-ED
complex forward and 30.0° rotation for TGF-β1 abscissa axial direction
backward comparing with the former Fig. 7a docking structure. c The
residues of nVAP are presented in stick style, and TβRII-ED are pre-
sented in ball-stick style. nVAP possess the binding site of TβRII-ED for
TGF-β1 partially. Lys16, Val17 and Ala21 of nVAP interact with Glu55
and His79 of TβRII-ED in four hydrogen bonds. The Zrank score of
nVAP:TβRII-ED complex is −79.489. d The residues of TβRII-ED are
presented in ball-stick style, and the residues of TGF-β1 are presented in
slender-stick style. Comparing with the former docking of TGF-β1 and
TβRII-ED, the hydrogen bonds attenuate apparently. The Zrank score of
TGF-β1 and nVAP:TβRII-ED complex is −93.911
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Asp118 are important anchoring residues for TGF-β1 [27]
(Table 1). The Etotal of crystal structure is −521.14 kcal·mol−1.
The Etotal is −510.03 kcal·mol−1 and total anchoring energy
is −283.8 kcal·mol−1. Comparing with TβRII-ED:TGF-β1
crystal structure, the docking results and energy indicate that it
is reliable for further simulations.

Interactions of nVAP and TβRII-ED:TGF-β1 complex

In order to investigate the interaction between nVAP and
TβRII-ED:TGF-β1 complex, the binding pocket is de-
fined as a subset that contains residues in which any
atoms are within 10.0 Å from TβRII-ED. The active site
is obtained using Discovery Studio 2.5/ZDOCK module
[24], and the locations of the site in the 3D structure of
TβRII-ED:TGF-β1 complex are shown in Fig. 8b. The
binding site is composed of 16 residues (Table 2). Based

on our theoretically predicted results, this site is chosen
as the more favorable binding site to dock the nVAP in
this study.

The conformational characteristics of TβRII-ED:nVAP
complex, TβRII-ED and nVAP were investigated by using
MD simulation method at 300 K with explicit water (Fig. 6b).
After 20 ns molecular dynamics simulation, the average
RMSD value of TβRII-ED:nVAP complex is 2.88 Å (stan-
dard deviation: 0.27 Å). For TβRII-ED and nVAP, the average
RMSD values are 2.44 Å (0.14 Å) and 2.68 Å (0.29 Å),
respectively, indicating the docked complex structures are
stable [28]. The interaction energy on nVAP:TβRII-ED com-
plex is −134.13 kcal·mol−1. To determine the interaction
energies between the residues of nVAP and TβRII-ED, sig-
nificant binding-site residues were identified by the total in-
teraction energy in TβRII-ED:nVAP complex. This identifi-
cation can clearly show the relative significance for every

Table 2 The van Der Waals (Evdw), electrostatic (Eele) and total energy (Etotal) between some important TβRII-ED residues and nVAP or TGF-β1
subunit in TGF-β1:TβRII-ED: nVAP complex, (kcal·mol−1)

TβRII-ED:nVAP complex TβRII-ED:TGF-β1 complex

Residue Evdw Eele Etotal Residue Evdw Eele Etotal

Leu27 −0.01 −2.85 −2.86 Val22 −0.60 −4.10 −4.70

Phe30 −0.05 −6.16 −6.21 Pro25 −2.84 −12.22 −15.06

Arg34 0.00 −1.91 −1.91 Lys29 −0.28 −10.59 −10.87

Ser52 −0.49 −3.34 −3.83 Phe30 −3.58 −2.92 −6.50

Ile53 −0.28 −2.86 −3.14 Cys31 −0.43 −5.79 −6.22

Glu55 −0.89 −7.91 −8.80 Val33 −0.06 −3.23 −3.29

Cys61 −0.05 −2.28 −2.33 Ser46 0.00 −5.39 −5.39

Val62 −0.28 −1.11 −1.39 Cys48 −0.05 −3.83 −3.88

Thr76 −0.08 −4.16 −4.24 Cys54 −0.92 −5.83 −6.75

His79 −0.36 −9.84 −10.20 Glu55 −2.29 −74.90 −77.19

Leu83 −1.64 −25.73 −27.37 Pro57 −0.16 −9.56 −9.72

Tyr85 −2.01 −11.18 −13.19 Glu59 −0.08 −42.75 −42.83

Phe88 −1.19 −11.63 −12.82 Val60 −0.01 −1.09 −1.10

Glu91 −0.01 −1.77 −1.78 Val62 0.00 −3.14 −3.14

Lys104 0.00 −3.47 −3.47 Glu75 −0.06 −33.31 −33.37

Glu108 0.00 −8.77 −8.77 Cys78 −0.15 −5.24 −5.39

Tyr85 −0.03 −2.90 −2.93

Ala93 0.00 −8.17 −8.17

Ala94 0.00 −1.65 −1.65

Ser95 0.00 −5.08 −5.08

Pro96 0.00 −3.41 −3.41

Ser116 −0.07 −20.98 −21.05

Asp118 91.89 −169.03 −77.14

Glu119 −0.94 −38.53 −39.47

Asp122 −0.01 −8.69 −8.70

Total −7.34 −104.97 −112.31 79.33 −482.33 −403.00
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residue. Table 2 lists the interaction energies including the
total, van der Waals, and electrostatic energies with the total
energies lower than −1.00 kcal mol−1. The conformation of
nVAP binding with TβRII-ED is shown in Fig. 8a and the
hydrogen bonds in the complex are shown in Fig. 8c. nVAP
forms the interaction with TβRII-ED beside the TGF-β1

Fig. 9 a The docking conformation of TGF-β1:TβRII-ED:TβRI-ED
ternary complex. b The residues of TβRII-ED are present in stick style,
and the residues of TβRI-ED are present in ball-stick style. There are
three hydrogen bonds between them. c The residues of TGF-β1 are
present in slender-stick style, and the residues of TβRI-ED are present
in ball-stick style. There are three hydrogen bonds between them

3678 J Mol Model (2013) 19:3671–3682



binding site (Fig. 8b). It indicates that the inhibiting mecha-
nism of nVAP is noncompetitive inhibition which interacts
with TβRII-ED. Phe30, Glu55, His79, Leu83, Tyr85, and
Phe88 are the anchoring residues of nVAP:TβRII-ED com-
plex and have main contribution to the complex interaction
(Table 2). In the docked conformation of nVAP:TβRII-
ED:TGF-β1 ternary complex (Fig. 8b, Table 2), the anchoring
residues of TβRII-ED are as follows: Pro25, Phe30, Glu55,
Asp118, Glu119. Compared with the former 3KFD docked
structure (Fig. 7a), the Etotal and total residue anchoring energy
of TβRII-ED is increased to −403.01 and −215.4 kcal·mol−1,
respectively. In the docked structure, Phe30 and Glu55 of
TβRII-ED have the main contribution to the stability of
nVAP:TβRII-ED complex and TGF-β1:TβRII-ED complex.

Around Phe30 of TβRII-ED, there are Cys31 and Cys78 of
TβRII-ED, andVal17, Gly18 of nVAP forming a hydrophobic
area (Table 2). Meanwhile, Glu55 of TβRII-ED and Lys16 of
nVAP form strong salt-bridge interaction (Fig. 8c). Apart from
this, the interactions of the rest residues change a lot after
nVAP docking with TβRII-ED, which have minor effect on
TGF-β1 binding with TβRII-ED. The role of TβRII-ED is to
anchor the TGF-β1 and TβRI-ED to a proper conformation
[29]. The interaction energy on TGF-β1:TβRII-ED complex
is decreased after nVAP binding with TβRII-ED, which
would have effect on TGF-β1 signaling though the down-
stream functional domains of TβRI-ED.

Identification of binding region in TβRI-ED:TGF-β1
complex and TβRI-ED:TβRII-ED complex

TβRI-ED is from TGF-β3:TβRII-ED:TβRI-ED complex
(PDB code: 2PJY chain C), which shares common structure
in TGF-β complex family signaling pathways [30]. TGF-β1
and TβRII-ED were obtained from PDB ID: 3KFD chain A
and E. First, we docked TβRII-ED and TGF-β1. Then
TβRI-ED was docked with TβRII-ED:TGF-β1 complex to
form the ternary complex (Figs. 7a, 9a). The interaction
energy on TβRI-ED is shown in Table 3. The Etotal of
TβRI-ED:TβRII-ED complex is −179.54 kcal·mol−1, and
Etotal of TβRI-ED:TGF-β1 complex is −68.61 kcal ·mol−1.

Fig. 10 a The docking result between nVAP and TβRI-ED. b The
recruitment of nVAP:TβRI-ED complex to TGF-β1:TβRII-ED. c The
residues of nVAP are present in stick style, and the residues of TβRI-ED
are present in ball-stick style. There are three hydrogen bonds between
nVAP and TβRI-ED. d The residues of TGF-β1 are presented in
slender-stick style, and the residues of TβRI-ED are presented in ball-
stick style. With hydrogen bonds participating in recruitment of
nVAP:TβRI-ED, the interacting mode of TβRI-ED is also altered
significantly rather than low-affinity with TGF-β1:TβRII-ED complex.
e The residues of TβRII-ED are present in tenuis ball-stick style, and
the residues of TβRI-ED are present in ball-stick style

Table 3 The van Der Waals (Evdw), electrostatic (Eele) and total energy (Etotal) between some important TβRI-ED residues and TβRII-ED or TGF-
β1 subunit in TGF-β1: TβRI-ED: TβRII-ED ternary complex (kcal·mol−1)

TβRI-ED:TGF-β1 complex TβRI-ED:TβRII-ED complex

Residue Evdw Eele Etotal Residue Evdw Eele Etotal

Gly28 −0.01 −6.90 −6.91 Leu29 −0.17 −4.67 −4.84

Leu29 −0.01 −5.81 −5.82 Cys30 −0.04 −8.43 −8.47

Ile51 5.93 −8.46 −2.53 Glu36 0.00 −5.40 −5.40

Leu53 −0.97 −1.08 −2.05 Ile48 −0.01 −1.43 −1.44

Pro55 3.97 −9.60 −5.63 Leu53 −0.04 −1.47 −1.51

Arg56 0.44 −2.48 −2.04 Arg58 83.00 −134.82 −51.82

Asp57 8.00 −19.09 −11.09 Phe60 −0.11 −4.55 −4.66

Pro59 −0.53 −4.91 −5.44 Ala63 −0.51 −6.16 −6.67

Phe60 −3.00 −2.46 −5.46 Ser65 −0.03 −4.08 −4.11

Val61 −0.14 −8.19 −8.33 Lys67 −1.49 −58.41 −59.90

Pro64 0.00 −3.37 −3.37 Thr68 −0.01 −2.50 −2.51

Ser66 0.00 −5.10 −5.10 Thr72 0.00 −1.44 −1.44

Thr68 −0.01 −4.83 −4.84 Thr74 −0.36 −5.75 −6.11

Asn78 −0.08 −9.56 −9.64

Cys82 −0.02 −3.03 −3.05

Lys84 0.00 −4.57 −4.57

Glu86 0.00 −3.40 −3.40

Total 13.67 −82.28 −68.61 80.13 −259.67 −179.54
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There are three hydrogen bonds between TβRI-ED and
TβRII-ED (Fig. 9b):

Two guanidino Hs of TβRI-ED Arg58 … two carboxyl
Os of TβRII-ED Asp118,
Guanidino H of TβRI-ED Arg58 … carbonyl O of
TβRII-ED Pro25,
Three hydrogen bonds also interact with TβRI-ED and
TGF-β1 (Fig. 9c):
Guanidino H of TβRI-ED Arg56 … carbonyl O of
TGF-β1 Glu99,
Peptide bond H of TβRI-ED Arg56 … phenolic O of
Tyr90,
Peptide bond H of TβRI-ED Asp57 … phenolic O of
Tyr90.

There is a “pre-helix extension” including Pro55, Arg56,
Asp57, Arg58, Pro59, which are highly conserved flanking
amino acids, forming a sharply curved, finger-like projection

[29]. It contributes recruitment to both TβRII-ED and
TGF-β1. Arg58 of TβRI-ED has −134.82 kcal·mol−1 of Eele
and −51.82 kcal·mol−1 of Etotal (Table 3). Asp118 of TβRII-
ED (Fig. 7b, Table 1) plays the important role in binding
with TβRII-ED and recruiting TβRI-ED by electrostatic
force. The total energy of Pro55, Arg56, Asp57, Pro59, is
−24.21 kcal·mol−1 recruited into TGF-β1 with low affinity.

Interactions of nVAP and TβRI-ED:TβRII-ED:TGF-β1
complex

The conformational characteristics of TβRI-ED:nVAP com-
plex, TβRI-ED and nVAP were investigated by using MD
simulation method at 300 K with explicit water. The TGF-β1
and TβRII-ED in the quaternary complex were obtained
from the TGF-β1:TβRII-ED docking structure. The distri-
butions of RMSD of TβRI-ED:nVAP, TβRI-ED, and nVAP
with respect to their initial structures are displayed in Fig. 6c.
During 20 ns simulations, the average RMSD values for all

Table 4 The van Der Waals (Evdw), electrostatic (Eele) and total energy (Etotal) between some important TβRI-ED residues and nVAP, TβRII-ED or
TGF-β1 subunit in TGF-β1:TβRI-ED: TβRII-ED: nVAP quaternary complex (kcal·mol−1)

TβRI-ED:nVAP complex TβRI-ED:TGF-β1 complex TβRI-ED:TβRII-ED complex

Residue Evdw Eele Etotal Residue Evdw Eele Etotal Residue Evdw Eele Etotal

Leu10 −0.13 −6.52 −6.65 Gly28 0.00 −4.21 −4.21 Leu29 −0.12 −4.35 −4.47

Gln11 −0.07 −1.41 −1.48 Leu29 0.00 −4.30 −4.30 Cys30 −0.03 −6.54 −6.57

Phe13 −0.18 −3.74 −3.92 Ala49 −0.02 −0.99 −1.01 Val34 −0.01 −5.88 −5.89

His15 −1.79 −4.95 −6.74 Glu50 −0.38 −11.02 −11.40 Glu36 0.00 −14.45 −14.45

Thr23 −0.25 −0.89 −1.14 Pro59 −0.31 −7.24 −7.55 Ile54 −0.10 −2.38 −2.48

Thr26 6.86 −16.73 −9.87 Val61 −0.07 −7.27 −7.34 Pro55 −0.68 −2.63 −3.31

Asp27 −1.03 −110.51 −111.54 Ala63 −0.01 −1.79 −1.80 Ala63 −1.86 −5.38 −7.24

Leu29 −0.17 −2.50 −2.67 Ser66 0.00 −5.42 −5.42 Thr73 −0.21 −3.93 −4.14

Cys30 −0.13 −12.02 −12.15 Thr68 −0.01 −3.16 −3.17 Thr74 −0.97 −8.27 −9.24

Phe31 −1.46 −8.63 −10.09 Gly69 0.00 −1.43 −1.43 Cys82 −0.01 −3.50 −3.51

Val34 −0.17 −8.24 −8.41 Lys84 0.00 −4.21 −4.21

Lys40 −0.37 −77.27 −77.64

Val41 −0.07 −4.12 −4.19

Glu50 −0.77 −35.80 −36.57

Leu53 −0.53 −10.70 −11.23

Pro55 −0.20 −0.94 −1.14

Cys62 −0.26 −0.97 −1.23

Ser65 −0.02 −2.74 −2.76

Thr68 −0.82 −12.49 −13.31

Gly69 −0.18 −8.96 −9.14

Val71 −0.14 −3.84 −3.98

Thr74 −0.19 −5.38 −5.57

Total −2.07 −339.35 −341.42 −0.80 −46.83 −47.63 −3.99 −61.52 −65.51
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proteins stay at 4.34 Å (standard deviation: 0.24 Å), 4.24 Å
(0.26 Å), and 4.33 Å (0.31 Å) for TβRI-ED:nVAP, TβRI-
ED, and nVAP, respectively. Although the average RMSD of
TβRI-ED:nVAP complex is high up to 4.14 Å, TβRI-ED
and nVAP subunits have close RMSD variation compared
with the complex. The standard deviations of the three reveal
the plots fluctuate mildly along 20 ns MD simulations. The
data above show that TβRI-ED has strong interaction with
nVAP indicating the docked structure of the complex is stable
[28]. Comparing with the RMSD trajectory of nVAP:TβRII-
ED, nVAP:TβRI-ED complex is more compatible along the
MD simulation (Fig. 6b and c). The interaction energy on
nVAP:TβRI-ED complex is −293.84 kcal·mol−1. From the
compared results of conformations and interaction energies,
nVAP shows higher affinity binding with TβRI-ED rather
than TβRII-ED (134.13 kcal ·mol−1). The docked site of
TβRI-ED is consistent with peptide:TβR binding result
[31, 32]. The docked conformation shows that the inhibiting
mechanism of nVAP is competitive inhibition which interacts
with TβRI-ED. The docked results show that nVAP generates
major inhibitory action on TβRI-ED, and minor inhibitory
action on TβRII-ED, which is common to most TβR inhib-
itors [33]. When the TβRI-ED is recruited to TβRII-
ED:TGF-β1 complex, nVAP molecule occupies the interface
of pre-helix extension which plays a central role in TGF-β and
TβRII-ED interaction (Fig. 10a and b) [29]. In TGF-β1:TβRII-
ED:TβRI-ED:nVAP quaternary structure, the interaction of
TβRI-ED:TGF-β1 and TβRI-ED:TβRII-ED complexes are
changed significantly by the insertion of nVAP on TβRI-
ED (Fig.10c, d and e). The total energy of TβRI-ED:TGF-β1
interface residues increases from −68.61 kcal ·mol−1 to
−47.65 kcal·mol−1. The total energy of TβRI-ED:TβRII-ED
interface residues increases from −179.54 kcal ·mol−1 to
−65.50 kcal·mol−1 (Tables 3, 4). The total energy of “pre-helix
extension” recruited to TGF-β1 and TβRII-ED increases from
−76.03 kcal ·mol−1 to −10.86 kcal ·mol−1. TβRI-ED and
TβRII-ED do not conform properly with the binding of
nVAP respectively. Thus, intracellular domain of TβRI can
not be correctly phosphorylated without the low-affinity of
TβRII-ED to TβRI-ED, causing the downstream intracellular
pathway to be blocked. Once the pathway is intercepted, the
TGF-β1 signaling can not be transmitted intracellularly.

TGF-β1 can obstruct cell cycle in G0 period, which
induces the G0 cells such as hepatic cells to apoptosis [34].
Otherwise, TGF-β1 comes from Kupffer cell and activates
the hepatic stellate cell (HSC). TGF-β1 is also expressed in
HSC secondarily, further promotes HSC to transform into
myofibroblast where the ECM is generated and secreted
[35–37]. nVAP facilitates proliferation of hepatic cells in cell
culture experiment [1]. Our studies indicate the mechanism
of nVAP to prevent the progress of hepatic fibrosis and
provide support for further studies in molecular levels.

Conclusions

The 3D structure of natural velvet antler polypeptide (nVAP)
has not been known before. In this investigation, the 3D
structure of nVAP was built by homology modeling, which
was based on the known crystal structures of hemoglobin
(PDB code: 1HDS, 1IBE, 1FAW, 3AT5), and then energy
minimization and molecular dynamics were used to refine
the structure. With this model, a protein-protein docking
study was performed by ZDOCK module. The docking
results of TGF-β1:TβRII-ED:TβRI-ED ternary complex
indicate that Phe30, Asp32, Thr51, Ser52, Ile53, Asp118
of TβRII-ED could stabilize the position and orientation in
the active site of TGF-β1. “Pre-helix extension” of TβRI-ED
including Pro55, Arg56, Asp57, Arg58, Pro59, is the key
domain recruited to both TβRII-ED and TGF-β1. After
docked with TβRII-ED (−112.31 kcal·mol−1) and TβRI-ED
(−341.45 kcal·mol−1), nVAP changes the binding mode of
TGF-β1 complex. The results show that nVAP has higher
affinity with TβRI-ED and lower affinity with TβRII-ED.
The interaction between TβRII-ED and TGF-β1 increases
from −510.03 kcal·mol−1 to −403.01 kcal·mol−1, TβRI-ED
and TGF-β1 augments from −68.61 kcal ·mol−1 to
−47.65 kcal·mol−1, TβRI-ED and TβRII-ED increases from
−179.54 kcal·mol−1 to −65.50 kcal·mol−1. With the binding
of nVAP, the interaction energy between TGF-β1 and TβR-
EDs decreased and the H-bond number also reduced, which
shows that nVAP might effect TGF-β1 signaling pathway.
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