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Abstract Tumor differentiation factor (TDF) is a protein

produced by the pituitary and secreted into the blood

stream. The mechanism of its action has still not been

elucidated, although the associated protein receptor was

identified. Furthermore, the TDF protein does not have any

homology with other known proteins, and the crystal

structure of TDF also is not available at this time. To gain

some insight into the structure of this rather underexplored

protein, we have performed a molecular dynamics simu-

lation of a model TDF structure. The structural stability of

this protein is evaluated as a function of time. The time

dependent structural changes of four cysteine residues

present in this structure also are explored.
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Abbreviations

MD Molecular dynamics

TDF Tumor differentiation factor

rTDF Recombinant TDF

Cys Cysteine

Ps Picosecond

RMSD Root mean square deviation

RMSF Root mean square fluctuation

SASA Solvent accessible surface area

1 Introduction

Molecular dynamics (MD) simulations permit us to predict

and analyze the static and dynamic properties of proteins.

They also help in the determination of the structural sta-

bility and conformational changes of a protein and give

insight into a protein’s molecular structure [24]. These

simulations are evolving in their ability to convey molec-

ular information and have become highly valuable for

supplementing experimental methods. They are able to

convey molecular events and transitions that are important

for understanding the function and physiology of biological

systems [24]. MD simulations can uncover three-dimen-

sional structures and help elucidate the protein folding

process [19]. In addition to the value of MD simulations for

basic research, they are further valuable for application to

rational drug design and hold great promise for the future

of this field [20].

Tumor differentiation factor (TDF) is a protein that has

not been extensively researched and is not well-understood

[23, 27, 32]. The application of MD simulations therefore

could help to expand knowledge of TDF. TDF was origi-

nally identified as a pituitary-derived factor that causes

aggregation and differentiation of rat mammary tumor cells

[17]. TDF protein has 108 amino acids and was isolated

from a human cDNA library through expression cloning

[18]. The molecular weight of TDF protein is 17 kDa. TDF

is believed to be produced by the pituitary and secreted into

the blood, with an identified putative receptor and unknown

mechanism of action [28, 29].

Cellular localization of TDF to pituitary cells has

recently been confirmed. Such cells are likely anterior

pituitary cells, not posterior pituitary cells. TDF was also

identified in select brain neurons, not astrocytes, predom-

inantly but not exclusively in cells producing gamma
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aminobutyric acid (GABA), an inhibitory neurotransmitter

[32]. The putative receptor has been identified in both

breast cancer and prostate cells, including steroid-resistant

and steroid-responsive forms. Therefore, TDF may be a

non-steroidal novel hormone with the ability to differenti-

ate both breast and prostate cells. TDF does not have any

homologous structure in the protein database.

Our group is working to determine the 3D structure of

TDF protein however the crystal or NMR structure of TDF

protein are not available at this time. In prior work, we

overexpressed and characterized recombinant recombinant

TDF (rTDF) and investigated native, secreted TDF. We

also evaluated possible disulfide connectivities via molec-

ular modeling. We found that rTDF is mostly expressed as

insoluble, monomeric, and dimeric forms [23]. Mass

spectrometry analysis of the overexpressed rTDF identified

a peptide that is a part of TDF protein. Mass spectrometry

is a particularly useful method not only for identification of

particular peptides that are part of a specific protein (i.e.

TDF), but also for additional studies such as post-transla-

tional modification, protein–protein interactions, as well as

structural studies [2, 3, 14]. TDF contains the following

four Cys residues: Cys17, Cys70, Cys97, and Cys98.

Investigation of TDF via molecular modeling indicated that

Cys residues may form disulfide bridges between Cys17–

Cys98 and Cys70–Cys97 [23].

To further corroborate the above findings, we have

performed MD simulation of the model TDF structure.

Using MD simulation we have projected the stability of

this model protein and some time-dependent aspects of its

properties. Since this protein does not yet have a known

crystal structure, it is expected that the present study can

help to gain some insight into its structure. The structural

changes of the four Cys residues present in this model

protein are also evaluated in this work.

2 Methods

For a MD simulation model, the TDF structure was used.

This model TDF protein structure was predicted using

Iterative Threading ASSEmbly Refinement server [22, 33].

Although experimental validation is required there are

examples in which model structures are used and have been

evaluated in MD simulation when crystal structures are

unavailable [1, 4, 8, 11, 15].

Initially, the model TDF protein was solvated with water

using TIP3P model in a cubic box. We have used Chimera

software to solvate the model protein [16]. An explicit

solvation method was used. The numbers of solvent mol-

ecules were 4,199. No counter ions were added to the

system as the TDF-protein has a neutral pH. After solvation

Fig. 1 Hydrophobic surface of

the TDF-protein structure.

a Front View. b View from the

back. c The Connolly surface of

the TDF-protein. d Model TDF

protein after solvation. The TDF

protein is displayed in red

ribbon and water oxygens are

displayed in cyan (Color figure

online)
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the energy was minimized using 5000 iteration. Then MD

simulation was performed using Accelrys Discover’s MD

module. MD simulation of the system was performed using

thermodynamic canonical ensemble NVT, where the

number of molecules (N), volume (V) and temperature

(T) were fixed. The temperature was set to 298 K. The total

number of dynamic steps was set to 145,000, therefore, the

total dynamics time of MD simulation was 145 ps. The

time-step was set as 1.0 femtosecond (1 femtosec-

ond = 10-15 s). Frame output was set in every 100 steps.

This generated 1,450 trajectories or conformation frames.

These MD trajectories essentially represent the molecular

movements (dynamics) as functions of time. Using these

trajectories we determined the time dependent conforma-

tional changes of the TDF-Protein structure. The total CPU

time for this 145 ps MD simulation was approximately

12 h. As part of this simulation, we also checked the role of

protein-solvation in the overall calculated dynamics, and to

do this, we performed another set of MD simulations

without solvating the TDF protein. The CPU time used for

the unsolvated TDF protein simulation was 67 minutes.

Energy minimization and MD simulations were performed

using Accelrys Materials Studio/Discover Studio module.

Trajectory analyses were performed using Visual Molec-

ular Dynamics [7] and figures were generated by Accelrys

Materials studio and Discovery Studio Visualizer [26].

3 Results

The hydrophobic surface of model TDF-protein is displayed

in Fig. 1a and b. From Fig. 1b it is apparent that the hydro-

phobic residues are buried inside the TDF structure. The

Connolly surface of the occupied volume is 13,595.39 Å3

Fig. 2 Comparative structural analysis of model TDF protein with

time. a, b. The RMSD of TDF-protein as functions of time (with

regards to the starting trajectory structure) is depicted here. a All atom

RMSD (red). b Backbone RMSD (blue). The timescale in ps is

plotted along X axis and RMSD values are plotted along Y axis.

c Comparative RMSF in residues of initial and final TDF proteins

structure. The residue numbers are plotted along X axis and the RMSF

values are plotted along Y axis. d Regions of greater flexibility on

TDF model protein. Residues between 23–31, 48–61 and 83–96 are

displayed in green, brown and yellow respectively. e Relative solvent

accessible surface area (SASA) versus residue number from the initial

and last trajectory structures of MD simulation. The residue numbers

are plotted along X axis and the SASA values are plotted along Y axis

(Color figure online)
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and the surface area is 7,737.13 Å2. The Connolly surface of

the TDF-structure is displayed in Fig. 1c. Figure 1d displays

the secondary structure of the model TDF protein after sol-

vation. TDF-protein conformations were analyzed for

145 ps dynamic simulation time. The structural and con-

formational stability of a protein can be measured by RMSD

from its initial structure. The all atom RMSD of the simu-

lated structure with time is shown in Fig. 2a. The protein

backbone RMSD is displayed in Fig. 2b. RMSF is the

standard deviation of atomic position from its initial struc-

ture. Figure 2c depicts the RMSF of the beginning and last

trajectory structures. Figure 2d displays the regions of

greater flexibility within the model TDF. SASA of initial and

final model structures are plotted in Fig. 2e. The snapshots of

superposed structures of TDF-protein at different simulation

time with reference to its starting structure are portrayed in

Fig. 3. Four Cys residues are present in the TDF structures.

RMSD verses time for each of these Cys residues are plotted

Fig. 3 Superposition of TDF-protein structures with the initial

structure during MD simulation. The first trajectory structure is

colored in red. Super position of structures with initial structure at

time a 25 ps (green), b 50 ps (yellow), c 75 ps (pink), d 100 ps

(orange), e 125 ps (violet). f Superposition of initial structure (red)

with the last trajectory structure (blue) is displayed (Color figure

online)

Fig. 4 RMSD for the four Cys residues (17, 70, 97, and 98) with time

from the MD trajectory structures

Tumor Differentiation Factor 515

123



in Fig. 4. Figure 5a displays the comparative RMSF values

of Cys residues from initial and last trajectory. Figure 5b

shows the SASA values of four Cys residues from first and

last snapshots. Superposed Cys configurations with time are

displayed in Fig. 6. Figures 1, 2, 3, 4, 5, 6 are from the sol-

vated TDF simulations. Figure 7 displays the all atom

RMSD graph of unsolvated TDF simulation along with the

backbone results, both as functions of time.

Fig. 5 The RMSF values of Cys residues from initial and last trajectory structure during MD simulation (a). The SASA values of four Cys

residues from first and last snapshots (b)

Fig. 6 Structural superposition

of Cys residues at different

times during MD simulation.

Initial and final trajectory

structures of Cys residues are

colored in red and blue

respectively. Structures of Cys

at 25, 50, 75, 100, and 125 ps

are colored in green, yellow,

pink, orange, and violet

respectively (Color figure

online)
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4 Discussion

Tumor differentiation factor protein is a novel protein and

very little is known about its structure. In our previous

experiments we over-expressed and characterized recom-

binant TDF and described the structure of the model TDF

protein [23]. We classified four Cys residues, predicted

their disulphide connectivities, and discussed the possible

interactions between Cys residues and their neighboring

amino acids [23]. Our present study focuses on the time-

dependent structural stability of this model structure using

MD simulation. The stability of the four Cys residues

present in this protein is measured and compared using MD

simulation. In addition, we have examined the role of

protein solvation in the calculated dynamics by comparing

the stabilities of solvated and unsolvated systems.

The RMSD values of the TDF protein were calculated

and the all atom RMSD of the simulated solvated TDF

protein is displayed in Fig. 2a. For the solvated TDF, the

maximum, minimum and average values of all atom

RMSD values are 0.89, 0.19 and 0.79 Å, respectively, with

a standard deviation RMSD of 0.08 Å. The backbone

RMSD of the simulated solvated TDF structure as a

function of time is displayed in Fig. 2b. The maximum and

minimum value of backbone RMSD are 0.32 and 0.10 Å

and the average value of backbone RMSD is 0.28 Å and

standard deviation RMSD is 0.02 Å. The changes in the

RMSD values of the initial and final trajectory structures of

solvated TDF model during the MD simulation are insig-

nificant. RMSF values are used to describe the displace-

ment of the final structure from the original one. Structural

flexibility of the model structure can be assessed by ana-

lyzing RMSF. So the residues with a higher RMSF values

usually seem to be more flexible [4]. RMSF of initial and

final trajectory snapshots of the solvated TSD are displayed

in Fig. 2c. Here the RMSF values are plotted as a function

of a residue number. The final trajectory structure shows a

larger flexibility compared to the initial structure. Three

areas in the TDF protein show this increased flexibility.

These are residues between 23–31, 48–61 and 83–96.

These regions are colored differently in Fig. 2d. Figure 2e

shows illustrative representation of SASA values of sol-

vated TDF. From this SASA plot we can see that the last

trajectory SASA values are relatively higher than the initial

trajectory values but there are no extensive changes in the

SASA values during the simulation timeframe. From the

representative model structures of solvated TDF model

protein during MD simulation (Fig. 3), it is possible to

infer that, no major conformational changes between the

protein structures are observed, and that the deviations are

minimal between the initial and last trajectory structures.

For Cys17 the maximum value of all atom RMSD is

1.27 Å and the lower RMSD value is 0.08 Å. Cys70 has an

all atom RMSD maximum value 1.30 Å. The lower RMSD

value is 0.34 Å. For Cys97 the maximum value of all atom

RMSD is 0.40 Å. The lower RMSD value is 0.13 Å. For

Cys98 the maximum value of all atom RMSD is 0.95 Å.

The lower RMSD value is 0.16 Å. These values indicate

that the Cys97 is the most stable Cys residue in the TDF

model structure during the period of simulation; the order

in which the stabilities decrease is as follows:

Cys97 [ Cys98 [ Cys17 [ Cys70. Figure 5a, b display

the RMSF and SASA values for the Cys residues in sol-

vated TDF structure. RMSF values of initial and final tra-

jectories are almost same for Cys17 and Cys70. For Cys97

and Cys98 the RMSF values change marginally. Although

there is a slight increase in the SASA values for the first

three Cys residues, the SASA values for Cys98 are

decreased between the first and the last trajectory structure.

The superposed Cys residues during the time of MD sim-

ulation are displayed in Fig. 6. The stability of Cys97 is

manifested in consistently overlying residues taken from

different times. All these above analyses are based on a

solvated TDF system. To further quantify the simulation

results, we examined to what extent the protein’s solvation

would contribute to these results. As indicated in the

published literature, the standard approach for carrying out

such a test is to execute a baseline MD simulation using an

unsolvated protein system, and to compare the results with

those for the solvated system [9, 12, 13, 21, 25, 30, 31]. In

case of unsolvated TDF protein the maximum value of all

atom RMSD is 1.148 Å. The lower RMSD value is 0.25 Å.

The maximum and minimum values of unsolvated TDF

backbone RMSD are 0.55 and 0.11 Å respectively. Fig-

ure 7 shows the all-atom and backbone RMSD of the un-

solvated TDF structure as a function of time. The results

Fig. 7 The RMSD graph from unsolvated TDF simulation. Both all

atom RMSD (green) and backbone RMSD (brown) are plotted as a

function of time (Color figure online)
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are somewhat different from that of the solvated structure

and suggest that, the solvated TDF protein is slightly more

stable than the unsolvated one during the time period of

MD simulation.

5 Conclusion

As the backbone RMSD values between the initial and final

MD trajectory structures of the solvated protein do not

show any significant variation we can state that the TDF

protein structure does not change significantly with time. A

comparison of the RMSD values obtained for solvated and

unsolvated TDF proteins suggest only a moderately

increased stability in the former case. In conclusion, this

exploratory MD experiment was designed to examine the

overall trend of the simulation involving such systems. We

believe this work lays the groundwork for further future

studies for a long time run of TDF structure in a nano-

second timescale. Such longer runs of MD simulation using

various diverse systems can give additional insight into the

conformational changes (flexibility/folding-unfolding) of

the protein. The solvent effects on proteins stability and

dynamics can also be studied in more detail by extending

the simulation period [5, 6]. Furthermore, upon coupling

with docking, MD simulation can predict the ligand–

receptor interaction at the interface, and this may provide

additional useful information about ligand-induced con-

formational changes and structural reordering. Long time

dynamic studies may also help to predict protein functions

in a quantitative and systematic approach [10].
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