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Background: Protein flexibility, which has been referred as a dynamic behavior has various roles in proteins’ functions.
Furthermore, for some developed tools in bioinformatics, such as protein-protein docking software, considering the protein
flexibility, causes a higher degree of accuracy. Through undertaking the present work, we have accomplished the quantifica-
tion plus analysis of the variations in the human Cyclin Dependent Kinase 2 (hCDK2) protein flexibility without affecting a
significant change in its initial environment or the protein per se.

Objectives: The main goal of the present research was to calculate variations in the flexibility for each residue of the
hCDKZ2, analysis of their flexibility variations through clustering, and to investigate the functional aspects of the residues
with high flexibility variations.

Materials and Methods: Using Gromacs package (version 4.5.4), three independent molecular dynamics (MD) simulations
of the hCDK2 protein (PDB ID: 1HCL) was accomplished with no significant changes in their initial environments, structures,
or conformations, followed by Root Mean Square Fluctuations (RMSF) calculation of these MD trajectories. The amount of
variations in these three curves of RMSF was calculated using two formulas.

Results: More than 50% of the variation in the flexibility (the distance between the maximum and the minimum amount of the
RMSF) was found at the region of Val-154. As well, there are other major flexibility fluctuations in other residues.

These residues were mostly positioned in the vicinity of the functional residues. The subsequent works were done, as followed
by clustering all hCDK2 residues into four groups considering the amount of their variability with respect to flexibility and their
position in the RMSF curves.

Conclusions: This work has introduced a new class of flexibility aspect of the proteins’ residues. It could also help designing
and engineering proteins, with introducing a new dynamic aspect of hCDK2, and accordingly, for the other similar globular
proteins. In addition, it could provide a better computational calculation of the protein flexibility, which is, especially impor-
tant in the comparative studies of the proteins’ flexibility.

Keywords: Flexibility fluctuation, Human CDK2 (hCDK2) protein; Molecular Dynamics-Root Mean Square Fluctuation
(MD-RMSF); Molecular dynamics simulation; Protein flexibility; RMSF Standard Deviation (RMSF-SD)

1. Background

Protein flexibility probably is a phenomenon that
can make the existence of the many protein conforma-
tions possible in contrast to a limited number. Many
conformations in a protein are needed for doing many
functions. For instance, based on searching IntAct PPI
database with the UniprotKB accession number of
hCDK2: P24941, hCDK2 has at least 200 different
interactions with other proteins in addition to interac-
tions by itself (1). As a structural characteristic, protein

flexibility plays many functional roles with respect to
different aspects of the proteins as well. Examples in
this regard are enzyme catalysis and ligand-receptor
interactions, substrate and ligand orientation, the
turnover rate of the substrates, and reduction of the
free energy barrier in the active sites (2).

In structural bioinformatics tools, there are many
instances regarding protein flexibility applications and
usefulness; as an example, improvement of the small
ligand-receptor docking (3, 4). Additionally, new algo-



Taghizadeh M. et al.

rithms in the field of protein designing, as well as
modeling, have been improved by applying the flexi-
bility information (5, 6).

Also, there is no indication for introducing the
effect of permanent environmental parameters in the
protein flexibility representatives such as X-ray crys-
tallographic B-factor. In X-ray crystal structures, B-
factor is calculated as a representative of the flexibili-
ty in absence of the existing ions and enough water
molecules; the two permanent agents in a normal phys-
iological environment of the proteins. Furthermore, in
the present method of calculating X-ray B-factor, the
final quantities have not amplitude of variation for
residues, whereas, based on a number of evidences (7)
and results obtained in this work, these amplitude of
variations for a considerable number of residues is
almost unavoidable. Due to this fact, efforts regarding
prediction of the protein flexibility seem to be also in
a wrong direction to some extent, as, X-ray crystallo-
graphic B-factor has mostly been chosen as their tem-
plates (8-11).

Since 2005 and even before, fluctuation in the pro-
tein flexibility has been observed in several research-
es, such as study conducted by Lange et al. (12). In
their study, in which the two long MD simulations
have been accomplished for Bl domain of the G pro-
tein, considering or quantifying this fluctuation and
causes for the observed phenomenon could hardly be
targeted or investigated. The objective of their research
was to compare NMR driven flexibility with MD sim-
ulation ones (12). Also, there were a number of studies
which have used a method called as the Multiple
Molecular Dynamics Simulation (MMDS) (13-17).
However, MD simulations will be repeated with exact-
ly the same initial snapshots in this method, while the
initial snapshots of the repeating MD simulations have
some differences with each other in our method.

There are several reports that have studied the flex-
ibility of the hCDK2 protein, applying a comparative
approach (18-22), that is studying the flexibility of this
protein in significantly different conditions of the pro-
tein structure or environment, such as phosphoryla-
tion, ATP binding, protein binding etc. However, in our
work we have studied variations and changes in the
flexibility of hCDK2 protein with no significant
changes in its initial environment, structure or even its
conformation. In a deeper insight, the flexibility varia-
tion, while it doesn’t accompany with a significant
change in the protein environment, structure, or con-
formation has rarely been studied. It is a different con-
cept related to the low or high frequency fluctuations

in the protein structures. We believe this line of
research needs furthermore scrutiny.

2. Objectives

Our main goal, and findings through undertaking
the present study could briefly be explained and con-
sisted as summarized below:
1-Throughout the entire length of the hCDK2, there
are domains with flexibility fluctuations (RMSF as
representative of the flexibility). As well, there are sev-
eral other domains with no significant fluctuations in
the independent MD simulations as calculated with no
significant variations in the environment, structure, or
conformation of the hCDK2 protein (PDB ID: 1HCL).
Most areas of RMSF with variable forms are located
on the surface of the protein, but, there are some vari-
able parts out of hCDK2’s surface. In hCDK2 MD
simulations, this fluctuation in Val-154 could reach
more than 50% of the distance between maximum and
minimum RMSF points in all these three MD simula-
tions.
2-The second goal was to investigate the probable
functional incorporation of the residues with highly
variable flexibilities in hCDK2.
3-The third goal was to emphasize on, and introduce a bet-
ter approach for calculation of a computational parameter
in order to measure protein flexibility, mostly supporting
the comparative study of the protein flexibility.

3. Materials and Methods

3.1. Protein Models

The crystal structural model for hCDK2 protein
was downloaded as a PDB file with IHCL PDB ID
(23) from protein data bank (24). In this crystal struc-
ture model, residues from 37 to 40 are missed. To
repair this missing part, we used version 9.11 of
Modeller package (25, 26). Therefore, in this homolo-
gy modeling, IHCL PDB structure was used as the
template of the protein by itself. We generated 100
structures and based on DOPE score the best structure
was selected. Also, DOPE score profile for the pro-
tein’s residues in all points was in an acceptable
region.

3.2. MD Simulation Procedure

To accomplish molecular dynamics simulation
studies of the hCDK2 protein, three independent MD
simulations were run using Gromacs package 4.5.4
(27, 28). Amber99sb was implemented as the force
field with SPC water as selected water model (29-31).
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The distance between protein molecule and the walls
of the box was nine angstroms. 20219 water molecules
filled each simulation box and 4 Cl ions to neutralize
system’s charge positioned energetically favorable.
Then the system was minimized by the steepest
descent algorithm into 1000 steps with implementing
0.002 ps as the time step. In the next step, MD simula-
tion was run in the position-restrained condition as an
attempt to reach equilibration and relaxation of the
system with 20 ps time scale. 10 ns MD simulations
were run with 2 fs time step under NPT condition and
using of Berendsen’s coupling method to keep a con-
stant pressure and temperature. For coulombtype,
Particle Mesh-Ewald (PME) method was used.

For results depicted in Figure 2, normalization was
done using the following equation (32):

B-factoryym= (B-factoryym-1t)/o

In this equation, u is the average of the raw B-fac-
tors for backbone atoms in each residue and o is the
standard deviation obtained from the raw B-factors.

3.3. Measuring Flexibility Variation
The percent of RMSF variation for each selected
residue was calculated as follows:

PRF= (LMax'LMin)/ (GMax'GMin) x100

Where, Ly, and Ly, are the local maximum and
the local minimum of the RMSF in the three repeats of
MD trajectories for each selected residue respectively,
Gpax and Gy, are the global maximum and the glob-
al minimum in all points of the three MD simulations’
RMSFs. In our calculations, Gy, (Global Max) of
RMSF curves was 0.263 for Leu-25 from MD3 and
Gpin (Global Min) of RMSF curves was 0.034 for
Trp-187 from MD2. PRF was the percent of the RMSF
fluctuation for each selected residue. To select global
maximum and minimum we disregarded the first and
the last residues of the hCDK2 sequence due to their
extra flexibility.

As another parameter for estimating the RMSF
variations, we calculated the RMSF standard deviation
(RMSF-SD) for each residue through MD simulations
as repeated three times.

3.4. ASA Calculation and Normalization

To calculate relative ASA of the hCDK2 protein
(PDB ID: 1HCL), we have used GetArea server (33)
and the raw data were converted with the sliding win-
dow algorithm, with a window size of 9 to the final
form and then the data were normalized implementing
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the following equation in order to be compatible with
RMSF and RMSF-SD data (32):

ASANorm: (ASARaW'}’l )/ o

In the above equation, u is the average of raw ASA
data (i.e. relative form for each residue and after
implementing sliding window algorithm) and o is their
standard deviation.

3.5. 3D Structural Alignment, Structural Preparation
and Visualization

Deep view from Swiss Institute of Bioinformatics
(SIB) (34) and MUSTANG 3.2.1 software (35) was
used for 3D structural alignment and VMD 1.9 (36)
and ViewerLite 4.2 were used to visualize and prepare
the structural files.

4. Results

Human CDK2 is a typical globular protein regard-
ing with many aspects, i.e. the protein has a range of
secondary structures and also it has a highly flexible
fragment (37-48) based on its inactive free form of the
X-ray crystallographic B-factor (PDB ID = 1HCL)
(37). Functionally, this protein plays an important role
in the regulation of many cellular events in eukaryotic
(human in this context) cell cycle. Because of various
functions that this protein is involved in, there are sev-
eral levels of the regulatory mechanisms for this pro-
tein’s functions, such as activation and inactivation
through protein-protein interactions (e.g. cyclins as its
positive regulators, in addition to the interaction with
the inhibitory proteins that are involved in its negative
regulation), phosphorylation, ATP binding and sub-
cellular localization (19, 21). Each of these regulatory
mechanisms has an especial influence on its flexibili-
ty. Therefore, we have chosen this protein in our study
on the flexibility fluctuations as a representative of a
typical globular protein with many function.

4.1. Comparison Crystallographic B-factor with
RMSF of hCDK2 along with MD Trajectories

For all the three independent hCDK2 MD simula-
tions, Co.-RMSFs were calculated and for the hCDK2
X-ray crystallographic data (PDB ID = lHCL), Co.-B-
factor was extracted. The average correlation coeffi-
cients (CC) between each one of the Ca-RMSFs and
Ca-B-factor are displayed in Figure 1. The average
CC for RMSFs of the three independent MD trajecto-
ries along with 10 ns is also presented in this figure. As
could be seen the CC between the averages of Co-
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Figure 1. Correlation Coefficient (CC) between Co-MD-RMSFs
among themselves and with crystallographic Co.-B-factor (BF) of
hCDK2 during 10 ns time scale of the MD simulations. Blue curve
depicts the plot for the average CC between Ca.-RMSFs of MD1
and 2, 1 and 3, and 2 and 3 during 10 ns of the MD trajectories
time scale. The red curve is for CC between the average of three
Ca-RMSFs and Co.-B-factor during the same time for the MD tra-
jectories. The green curve shows the CC plot between Co-B-fac-
tor and Ca.-RMSF of the MD1. Purple curve depicts CC between
Ca-B-factor and Ca-RMSF of the MD2 the gray curve indicates
CC between Coa-B-factor and Co.-RMSF of the MD3

RMSFs and crystallographic Co-B-factor shows a
very mild elevated inclination during 10 ns time scale.
This parameter reaches to 0.82 in the 1-10000 ps point.
However, this CC is much higher than average CC
between these two parameters in previous reports. For
instance, a study in 2012 has reported the average for
CC of 0.68 between Co-B-factor and Co.-MD-RMSF
for almost 43 proteins (32). The average CC between
each couple of Ca-MD-RMSFs of the three independ-
ent MD trajectories during 10 ns displays a peak in 1-
8000 ps point. The amount of CC in this peak has
reached to 0.89. Although, this quantity is relatively
low for 1-500 ps and 1-1000 ps. Another characteristic
of this curve is that it is not continually increasing.
Also, CC displays a reduction in the start and final

points. Therefore, it is acceptable that similarity
between RMSFs of the independent repeats for some
MD trajectories is not perpetually additive along with
the time of the simulation, but until 2000 ps, it could
be intensively additive. Figure 1 also illustrates that an
RMSF of a single MD trajectory such as MD1 could
significantly be away from the best CC with X-ray B-
factor (i.e. the green curve). However, the best way to
reach abetter CC with X-ray B-factor is to calculate the
average RMSF from at least three independent MD
trajectories and from the point of 2000 ps, as the CC
could reach to more than 0.80, following to which it
could rise very gentle with increasing the simulation
time. Also from the timepoint of 2000 ps, similarities
between RMSFs of the independent repeats of MD tra-
jectories could be acceptable in the scale of all 10000
ps. These data nevertheless could be considered for the
most other globular proteins which are relatively sim-
ilar to hCDK2. Furthermore, these results are impor-
tant since hCDK2 is an important and popular protein
in the protein science and engineering. For instance, in
protein-protein and small ligand binding studies, in sil-
ico site directed mutations, protein modifications and
other studies of hCDK2, these data could help
researchers.

The normalized hCDK2 crystallographic Co-B-
factor and average of Ca-MD-RMSFs are plotted in
Figure 2. A highlevel of correlation between these two
representatives of the protein flexibility could be seen
in this figure. Interestingly, this feature illustrates the
robustness of a computational technique i.e. Molecular
Dynamics Simulation as well.

4.2. Co-MD-RMSFs of hCDK?2, Variable Versus Non-
variable Residues
We found that RMSF (which has been used as a

—1-10000 ps Ave.

Normalized Value

Figure 2. Normalized Crystallographic Co.-B-factor of the hCDK2 protein (PDB ID = 1HCL)
synchronized with the normalized average of RMSFs of MD1, 2, and 3 of the hCDK2 for 10 ns
time scale; red curve plotted normalized crystallographic B-factor of the hCDK2 protein and the
blue curve represent normalized average RMSF of hCDK2 MD 1, 2, and 3. In the red curve from
residue 37 till 40 are missed as these residues are missed in the crystallographic structure file
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representative for protein flexibility) of the hCDK2
protein has variable and non-variable regions within
these three independent repeats of MD simulations
(Figure 3). There are more than 10 peaks and dips in
each three RMSFs curves within all through the
sequence length of hCDK2. The differences between
these three independent MD trajectories of the hCDK2

are included of the initial positions of the explicit
water molecules and 4 Cl- as counter ions, very low
differences of the initial hCDK2 conformations of the
three simulations (as much as RMSDs = 0.30 and 0.39
angstrom of the 3D alignment of the all pairs of the
three initial conformations of hCDK2 for backbone
and the whole atoms respectively), as well as the dif-
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Figure 3. RMSF and RMSF-SDs of 1-2000, 1-8000 and
trajectories; A: depicts the curves for 1-10000 ps, B: for 1

1-10000 ps time scale of the three independent MD

-8000 ps, C: for 1-2000 ps, and D: is RMSF-SDs for

the three MD trajectories in 1-10000, 1-8000 and 1-2000 ps time scale
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ferences in the initial velocities within MD simula-
tions. We have explained more about these different
factors in the next section of the article.

Nevertheless, the illustration of these variations in
the flexibility of hCDK2 protein, as we mentioned, is
presented in Figure 3. In this figure, comparative
forms of RMSFs of the three amplitude of the time
scales are captured. It is clear in these panels, that there
are considerable variations in different regions of the
plots as well as regions with the variable RMSF (or
flexibility) have a degree of alterations even within a
change in the time scale amplitude. These changes are
much larger when comparison is done between Figure
3C (1-2000 ps time scale) and Figure 3B (1-8000 ps
time scale) versus comparison between Figure 3A and
Figure 3B (1-10000 ps time scale). In the other words,
the RMSF variations within three independent MD tra-
jectories are very similar in 1-10000 ps time scale
(Figure 3A) with 1-8000 ps time scale (Figure 3B).
However, they are very different with 1-2000 (Figure
3C). Anyhow, the amplitude of this RMSF variation
even in 1-10000 and 1-8000 time scales could reach to
53.63% of possible distance between the maximum
and minimum of the RMSF for all the three RMSF
plots in the point of Val-154 (Table 1). Figure 3D
demonstrates a comparative form of the RMSF-SDs
for the three different time scales in panel A, B, and C.
In this panel, a larger difference between RMSF-SD
curves for the time scales 1-10000 ps and 1-8000 ps
with 1-2000 ps is clear.

For a deeper analysis of these variations, we tried to
cluster the variable and non-variable regions of RMSF
plot of hCDK2 in two ways. In the first approach, we
peeked residues with RMSF-SDs higher than 0.02
(Figure 4B) and bolded them in the 3D structure of the
hCDK2 (Figure 4A) along with the most considered
functional residues of this protein which have been
indexed in UniProtKB database within the hCDK2
entry (AC = P24941). As it is clear in Figure 4A,
residues with highly variable RMSF (RMSF-SD >
0.02) which have been illustrated with red CPK model
are mostly located around the most important func-
tional residues of the hCDK2 protein. However, except
for two residues, the other 28 functional residues were
not located in the high RMSF-SD regions. Therefore,
most residues with a high RMSF-SDs have intended to
be located around the functional residues much more
than to be the functional residues by themselves.

In the second method of clustering of the residues
with either variable or non-variable RMSFs, we con-
sidered the most local minimum and maximum values,

Table 1. The local maximums and minimums as well as the glob-
als in RMSF-SD curves of the MD simulation repeats for the
hCDK2. In the first column, superscripted numbers indicate the
group of each selected residue. Group 1 is included of residues
with the high RMSF-SD in or near the RMSF peaks, group 2 is for
residues with high RMSF-SDs but in or near the dips of the RMSF
plot, group 3 indicates residues with a low RMSF-SDs and in or
near the peaks of RMSF plot, and group 4 includes residues with
low RMSF-SDs in or near the dips of RMSF plot. In the last col-
umn, the negatively charged residues are shown as “Bold” and for
positively charged residues as “Underline”. 20d column displays
percent of the RMSF for each selected residue in comparison with
the distance between between the Max and the Min of the RMSFs
for all points in the three RMSF curves. 314 column indicates the
Percent of RMSF Fluctuation (PRF) for each selected residue in
comparison with all distance between the Max and the Min of
RMSEF curves at 1-10000 ps time scale. The formula for calculat-
ing PRF has been mentioned in the methods section

hCDK2 select- Max of 3 PRF (%) Selected
ed Residues RMSFs (%) points
sequence
Asn-03' 63.42% 17.31% MENFQ
Glu-131 45.83% 15.25% GEGTY
Leu-25" 100% 34.18% NKLTG
Asp-38" 73.77% 34.61% RLDTE
Gly-432 58.09% 21.59% TEGVP
Ser-46" 59.50% 25.13% VPSTA
Leu-542 45.03% 20.02% ISLLK
Glu-73! 65.40% 18.53% HTENK
His-842 43.55% 23.78% FLHQD
Arg-1262 31.59% 16.96% LHRDL
Arg-1501 42.29% 22.25% LARAF
Val-1541 76.86% 53.63% FGVPV
Tyr-1591 65.63% 24.91% RTYTH
Glu-1621 48.99% 17.00% THEVV
Tyr-1791 52.00% 21.98% CKYYS
Ser-239" 67.00% 22.55% KPSFP
Leu-296" 63.57% 31.56% PHLRL
Lys-064 36.47% 0.92% FQKVE
Ala-214 28.78% 5.11% YKARN
Glu-283 42.33% 3.10% TGEVV
Val-304 25.12% 4.24% EVVAL
lle-35% 30.07% 8.30% KKIRL
The-413 81.00% 4.41% TETEG
lle-524 32.43% 8.13% REISL
Leu-583 38.64% 2.49% KELNH
Leu-674 21.66% 2.32% KLLDV
Lys-75° 34.41% 4.76% ENKLY
Phe-804 18.31% 1.79% LVFEF
Asp-86*4 22.69% 3.80% HQDLK
Met-914 25.31% 2.80% KFMDA
Ser-943 32.66% 1.60% DASLA
Leu-1014 21.28% 1.92% IPLPL
GIn-1104 16.18% 0.96% LFQLL
Cys-1184 22.42% 1.35% AFCHS
Val-1233 30.91% 4.41% HRVLH
Leu-1334 16.82% 1.92% QNLLI
lle-1354 18.20% 1.09% LLINT
Ala-140* 21.09% 2.53% EGAIK
Trp-1674 20.97% 3.80% TLWYR
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hCDK2 select- Max of 3 PRF (%) Selected
ed Residues RMSFs (%) points
sequence
Leu-1754 25.24% 4.50% ILLGC
Ser-1814 24.78% 3.06% YYSTA
Trp-1874 14.35% 1.66% DIWSL
Ser-1884 14.50% 0.52% IWSLG
Arg-2003 31.67% 1.70% TRRAL
Pro-2044 25.81% 2.62% LFPGD
Arg-2174 24.70% 1.35% IFRTL
Val-2264 33.73% 2.18% EVVWP
Trp-243* 30.57% 0.48% PKWAR
Leu-2554 26.76% 0.83% PPLDE
Leu-2624 16.14% 0.35% RSLLS
Ala-2804 17.28% 0.52% KAALA
Phe-2854 20.06% 0.66% HPFFQ
Asp-288°2 31.78% 0.44% FQDVT

in addition to the globals of RMSF-SD curves of 1-
10000 ps time scale (Figure 4B) and the residues in or
near the peaks and dips as summarized in Table 1.
These selected residues, which are located in or near

Standard Deviation

::i L. 1 1
‘rﬂf&‘.}wﬂ AL 7% 1 l
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Figure 4. The first form of clustering variable and non-variable
regions in RMSF plot of the hCDK2 within three independent MD
trajectories. A: Residues with red CPK model compose those
residues with a high RMSF-SD more than 0.02. Residues with
blue color in CPK model are nucleotide-binding regions of
hCDK2 and the green ones are the other functional regions such as
regions which undergo modifications and a number of other bind-
ing sites. B: Illustrates RMSF-SD plot for RMSFs of three inde-
pendent MD trajectories at 1-10000 ps time scale
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the top or bottom of the peaks and dips were clustered
in four groups. Group 1 includes residues in or near the
peaks with high RMSF-SDs, group 2 includes of
residues in or near the dips with high RMSF-SDs,
group 3 is composed of residues in or near the peaks
with low RMSF-SDs, and finaly the group 4 is com-
posed of the residues in or near the dips with low
RMSF-SDs. These selected residues in the four groups
reveal that RMSF fluctuation (as a representative of
the flexibility fluctuation) occurs in various regions of
RMSEF plot. Therefore, this phenomenon has not a sim-
ple description. Considering Table 1, we included
penta-peptide sequence around each selected residue
in this table. It is clear that residues with a high RMSF-
SD are mostly included of the group 1 and they most-
ly have at least one charged residue in the middle or in
the immediately adjacent position of the middle of the
penta-peptide. However, less number of selected
residues with high RMSF-SD are included in group 2.
In half of group 2 residues, there are no charged
residues in the middle or beside of the middle position.
Also in the other half, there is, at least, one charged
residue in the middle or beside it. In fact, there are
some exceptions in the group 1, such as Ser-46 and
Val-154, which in these positions all residues of penta-
peptides unexpectedly are uncharged and the segments
are highly hydrophobic. Based on table 1 from the
selected residues with low RMSF-SD, most of them
are located in or near the dips of RMSF plot (Figure 3)
named as group 4 and lower number of them are locat-
ed in or near the peaks of RMSF plot, named as group
3. Most of the selected residues in the group 4 are not
included of the charged residues in the middle or adja-
cent to the middle position of their penta-peptides. In a
reversed condition all members of the group 3 have at
least one charged residue in the middle or adjacent to
the middle position of their penta-peptides except for
Ser-94.

4.3. Different Initial Conditions between Three MD
Trajectories of hCDK?2

Based on the multiple structural alignments
between zero frames of the MDI1, MD2, and MD3,
RMSD for each couple of these conformations was
equally just 0.30 angstrom for backbones and 0.39 for
all atoms alignments. It means that there are very small
structural differences between each couple of these
three initial conformations of our present MD simula-
tions. However, there is a significant difference in one
of the ions positions from all the four ions (that exist in
the environment of each MD’s protein) of the initial
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snapshots (Figure 5). In addition, the initial positions
of water molecules and the initial velocities of the
whole systems in the beginning of these three inde-
pendent repeats of MD simulations of the hCDK?2 are
different. From the previous literature in this context,
there are some evidences that could tell us each of
these differences could cause a variation in RMSF of
the introduced points of hCDK2. The literature review
for these evidences are incorporated in the discussion
section. Despite the causes of these variations for some
points of RMSF of this protein, there are other aspects
related to this phenomenon, which should be consid-
ered. Firstly, what would be the nature of this phenom-
enon? Is it a technical issue or an intrinsic characteris-
tic of this protein, and even other proteins? If it is
intrinsic then it implies that protein flexibility is a very
sensitive feature of the proteins and it is not as rigid as
B-factor parameter, which can be extracted from a
crystal structure of a protein. Secondly, if these varia-
tions in the flexibilities are intrinsic, then, for studying
flexibility changes which are caused by any local
structural alterations, such as protein mutations, modi-
fications, and ligand binding, these variations must be
considered in designing of the method. For example,
regarding these type of studies which have been done
using MD simulation, there is a method called as
Multiple Molecular Dynamics (MMD) Simulation
(14-16). In this method of MD simulation for one
beginning snapshot, multiple repeats will be run with
just different initial velocities and an average of the
results will be considered or, at least, all the repeats

Figure 5. Structural alignment of the zero snapshots of three MD
simulations in the present study; Cl ions positions are considered
in this alignment. Zero snapshots of MD1, 2 and 3 are represented
by Green, red, and blue colors, respectively

will be notified. However, there are many researches
in the field of protein flexibility investigation, even in
recent years, which have done with MD simulations
without using this method, or any other procedures,
considering this possibility of flexibility variations in
proteins. Actually, the use of MMD simulation is near-
ly rare in comparison with the number of investiga-
tions in the field of MD simulation studies of the pro-
tein flexibility. As it is clear, our method of calculating
the MD-RMSF is not MMD simulation, but, addition-
ally it considers all the possible variable factors includ-
ing the initial velocities in repeating MD simulations
for calculating the RMSF as a representative for pro-
tein flexibility. There are a number of evidence for
these flexibility variations which have been obtained
from NMR technique for crambin protein (7).
Therefore, it is not only just as a computational tech-
nique, which could imply to these kinds of variations,
but also, there is an experimental technique that could
confirm this phenomenon for a protein other than the
hCDK2.

Regarding the probable effects of counter ions in
our MD simulation environments, in addition to the lit-
erature reviews, we have investigated the existed
lysozyme X-ray crystal structures with and without
ions. Also, it was monitored that their B-factors are
included of significant fluctuations in some regions.
However, in X-ray crystal structures because of other
variant conditions such as temperature, it is not possi-
ble to do a satisfactory comparison.

4.4. Correlation of RMSF and RMSF-SD with the ASA
in hCDK?2

The calculated correlation coefficient of RMSFs
average with the relative ASA (Figure 6A) and RMSF-
SD (Figure 6B) were 0.63 and 0.24 respectively,
where, the sliding window method was used for rela-
tive ASA with 9 residues as window size. RMSF-SD
had been considered as a representative of the flexibil-
ity fluctuation in our repeats of the hCDK2 MD simu-
lations. As it is illustrated in Figure 6B, this fluctuation
is placed nearly everywhere of ASA curve obtained for
hCDK2. The correlation coefficients also express that
there are some flexible regions in the partly buried
areas of the protein but most of the flexible areas are
located in near the surface of the protein. However, the
flexibility fluctuation could be located everywhere of
the ASA plot of the hCDK2 protein. Therefore, flexi-
bility is a complicated phenomenon, which its descrip-
tion, modeling, or finding of its driving force is not a
simple task. Distribution of the flexibility and its fluc-
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Figure 6. Correlation between RMSF-SD and ASA in hCDK2 in comparison with average RMSFs v.s.
ASA; in panel A, Red curve is for win-9 normalized relative ASA and the blue one is for normalized
RMSF average at 1-10000 ps. In panel B, red curve illustrates the normalized relative ASA calculated
by using sliding window method as long as nine character and the blue curve is for the normalized

RMSF-SD

tuation in both exposed and buried areas of the protein
does mainly reveal the role of both the buried and the
exposed residues in these two phenomena. However,
based on correlation coefficients and what is seen in
Figure 6, the exposed residues are mostly located at
flexible parts. Assuming that the polar and charged
residues are mostly located in the exposed areas, the
above results could imply to a more incorporated role
for these types of residues than apolar residues in the
protein flexibility and probably its fluctuations.
However, based on the presented results in Table 1
there are considerable exceptions about this conclu-
sion.

5. Discussion

In this study, we have illustrated that a single MD
simulation cannot be enough to calculate a good repre-
sentative for protein flexibility even in 10 ns time
scale. However, with our calculations for the RMSF in
different amplitudes of the simulation time scale dur-
ing our three independent repeats of 10 ns MD simula-
tions, it was confirmed that similarities between MD
simulation repeats will be remarkable from the 1-2000
ps and after that, it could get even better till 1-8000 ps.
Also, CC between crystallographic Ca-B-factor and
average Co-MD-RMSF is increasing till 1-10000 ps,
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but smoothly. Our data from the first part of results
section clearly illustrates that single MD simulations
of a protein with almost same conditions have consid-
erable differences with each other in RMSF. Thus, sin-
gle MD simulations cannot be sufficient to analyze
protein flexibility via MD simulation. Nevertheless,
even in the recent studies, the number of published
papers, which have used a single MD trajectory for
RMSF calculation, are too many when compared to
those that have applied any types of repeats. As we
previously mentioned, a procedure which is called
multiple molecular dynamics (MMD) simulation, has
been introduced almost in 1998 through studies on
crambin protein (17). This method is included of
repeating MD trajectories for exactly same initial
snapshot. In this method, just initial velocities are vari-
able for repeating MD simulation method, however, in
our presented method three additional variable factors
have been incorporated. Based on the first part of our
results RMSF average from at least three repeats of
MD trajectories with at least 2000 ps time scale could
be much better than single MD trajectory calculation
even with 10000 ps. We achieved a good correlation
between crystallographic Co-B-factor and Co-MD-
RMSF using our method even better than previous
reports.
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In this work, we have introduced some details
regarding flexibility fluctuations and bolding the non-
constant intrinsic feature of the protein flexibility in a
simple environment that just included of the water
molecules and counter ions as one of our goals. We
have calculated 10 ns MD simulations; then we proved
that average RMSF of these simulations for hCDK2
protein has a CC much higher than previously report-
ed average CC, which was calculated form single 5 ns
MD simulations for more than 40 proteins between
their RMSFs and X-ray B-factors (32). Interestingly,
our results were better even in 1-1000 ps time scale.

A recent report about the effect of ions on DNA
flexibility (38) has illustrated that these effects cannot
be simply formulated. However, it is clear that the
complexity of the protein structure is much larger than
DNA. This increase in the complexity could be most-
ly because of the distribution of the charged residues in
non-homogenous forms, whereas, DNA has relatively
homogenous distribution of charges along its structure.
However, there are not too many published research
results regarding with direct study of the effect of the
ions on protein flexibility, but, there are indirect stud-
ies in this context and some of which have been
reviewed here. An in silico research has revealed the
effect of counter ions on the stability of RMSD during
the simulation (39). Based on their results counter ions
could alter the protein structure during the simulation.
In addition, some other studies have revealed the effect
of ions on other protein structural properties, such as
stability (40, 41). Recently, the role of interfacial
waters was presented as the main driving force for the
rotein flexibility (42). In this article, the main reason
for this exposition has been referred to the correlation
between properties of the interfacial water motions and
protein motions. In another recently published
research, it was pointed out that anchoring the surface
charges of the proteins with these nearby water mole-
cules have a significant effect on protein dynamics
(43). In this paper there is more emphasis on the
importance of electrostatic interactions in the forma-
tion of the flexibility, but with inserting role of anchor-
ing of protein charges with the nearby water mole-
cules. Also, there are evidence for the effect of differ-
ent initial velocities in the MD simulations on the flex-
ibility of a protein (17). For initial velocity, we are not
sure whether it is a natural phenomenon or not.
However, it seems that getting small differences in the
initial velocities for the different copies of the same
protein in different time and space conditions within a
cell may not be an impossible event. Therefore, all fac-
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tors, which are different in our three repeated MD sim-
ulations of hCDK2, could cause differences in their
RMSFs. Consequently, variations in the protein flexi-
bility of hCDK2 nearly in the same environment with
no significant changes could be an intrinsic character-
istic of this protein, and probably most of other pro-
teins. As a further proof, it has been indicated from
NMR studies of the crambin protein that NMR-RMSF
has variations in the repeated experiments without sig-
nificant changes in the environment of the protein (7).

In various algorithms designed to predict protein
flexibility based on sequence, crystal structure B-fac-
tor has been used as a template, or, as a reference, and
their predicted results have no amplitude of variation
(11, 44). If we can accept that protein flexibility is
intrinsically very sensitive and variable; without sig-
nificant changes in the protein’s environment, there-
fore, it would be better to design algorithms for pro-
teins’ flexibility prediction with the amplitude of vari-
ation. Also the diversity of the dynamics and structures
in protein complexes in comparison with their free
forms has been illustrated before (45); which could be
another evidence for sensitivity of protein flexibility.

As another goal in the present research, we have
accomplished a deeper analysis of the flexibility fluc-
tuation of hCDK2 protein with two different
approaches for the clustering. Generally, these parts of
our results could firstly imply a probable role of
residues with variable flexibility in the functional
aspects of the proteins, and secondly it demonstrates
that the residues with variable and non-variable flexi-
bilities are distributed all over the protein structure.
Therefore, labeling a number of hCDK2 protein
residues as the variable, or non-variable in their flexi-
bilities is among our novel results achieved in this
work, which could indicate a new structure-function
relationship for a number of specific residues in the
hCDK2 protein. However, the complexity of distribu-
tion of these two kinds of residues along with hCDK2
structure reveals that finding a detailed mechanism for
this phenomenon (the flexibility fluctuation of the pro-
tein in an environment with almost no significant
change) is a complicated issue.

Somehow in this work, it has been tried to intro-
duce a new and possibly a better approach for investi-
gating protein flexibility through MD simulations.
There are several recent studies on new methods for
analyzing conformational sampling and dynamics of
proteins via MD simulations which imply the impor-
tance of this field (46-53), however, there is long pace
remains to the attainment of the perfection (54).
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As the final word, the new insight in to the struc-
ture-function relationship of residues which has been
introduced in this work for hCDK2 could help protein
designing and engineering. In addition, it could possi-
bly help a better understanding of a number of pro-
teins’ aspects in the mechanism of the protein-protein
interaction, since, the specific interaction of a protein,
such as hCDK2 with more than 200 different proteins
could become possible by some residues with variable
flexibilities. In addition, these results could help doing
comparative flexibility studies via MD simulation
more accurate than before.
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