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Combining Ramachandran plot and molecular dynamics simulation
for structural-based variant classification: Using TP53 variants as model
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The wide application of new DNA sequencing technologies is generating vast quantities of genetic vari-
ation data at unprecedented speed. Developing methodologies to decode the pathogenicity of the vari-
ants is imperatively demanding. We hypothesized that as deleterious variants may function through
disturbing structural stability of their affected proteins, information from structural change caused by
genetic variants can be used to identify the variants with deleterious effects. In order to measure the
structural change for proteins with large size, we designed a method named RP-MDS composed of
Ramachandran plot (RP) and Molecular Dynamics Simulation (MDS). Ramachandran plot captures the
variant-caused secondary structural change, whereas MDS provides a quantitative measure for the
variant-caused globular structural change. We tested the method using variants in TP53 DNA binding
domain of 219 residues as the model. In total, RP-MDS identified 23 of 38 (60.5%) TP53 known
Pathogenic variants and 17 of 42 (41%) TP53 VUS that caused significant changes of P53 structure. Our
study demonstrates that RP-MDS method provides a powerful protein structure-based tool to screen
deleterious genetic variants affecting large-size proteins.

� 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Clarification of the pathogenic impact of genetic variants is very
challenging, as it relies on the combinational evidence derived
from clinic, biostatistics, molecules and experiments [1,2]. Recent
application of new DNA sequencing technologies has drastically
increased the power for genetic study, resulting in the accumula-
tion of massive genetic variation data at population level. The vast
quantity of accumulated variation data has far surpassed the
capacity of the current annotation system [3]. The situation is well
exemplified by the genetic variants collected from the cancer pre-
disposition gene BRCA1 and BRCA2: 80% of the over 40,000 genetic
variants identified from these two genes remain uncharacterized
(https://brcaexchange.org/factsheet); of the characterized ones,
over 30% of the BRCA1 and 40% of BRCA2 variants are classified as
Variant of Uncertain Significance (VUS) due to the lack of func-
tional evidence to determine their pathogenicity (https://www.
ncbi.nlm.nih.gov/clinvar/). Therefore, developing new approaches
to ease the challenge is urgently demanding.
Protein structure is stabilized by intramolecular interactions of
hydrophobic, electrostatic, hydrogen bonding, and Van der Waals
interactions. Depending on the position in a protein, a residue
modified by a genetic variant can have no, mild, or severe influ-
ences on protein structure till inactivation of the affected protein
[4–7]. Therefore, we reasoned that protein structure could be used
to identify the variants with deleterious effects [8]. Here, we
defined deleterious variants as single amino acid substitution that
causes overall structural deviation and impedes functionality. We
also postulated that the structure-based methodologies should
have these essential features: the targeted protein should have
known protein structure in order to be used as the reference to
judge the structural change caused by the variants, the methods
should have high-throughput capacity, therefore, should be
computational-based, in order to characterize a large number of
variants simultaneously at low cost, and the results should be val-
idatable by existing well-classified variants to confirm their
reliablity.

Ramachandran plot is a graphical illustration for visualizing
protein backbone energetic position in terms of torsion angles
[9]. Ramachandran plot is one of the best theories in protein struc-
ture study with minimal discrepancy between experiments and
simulations. The concept is based on the rigidity of the N-C peptide
bond, in which the torsion angle / and W, representing
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X�N� Ca� X and X� Ca� C� O bonded atoms, are restricted by
sterically unfavorable structure conformation due to collusion
between non-bonded atoms. These physical limits are embedded
with conformation information and deciphering the data provides
essential insight for the protein structure. The essence of
Ramachandran plot remains unchanged since it was developed
but its reliability has been significantly improved in recent years
[9–11]. Through capturing the distortion caused by genetic vari-
ants, we reasoned that the Ramachandran plot can be applied to
study the influence of genetic variants on protein structure
although this has not been tested in analyzing genetic variants
[9,10,12–14]. Molecular Dynamics Simulation (MDS) is a
computation-based atomistic simulation method. It analyzes phys-
ical movement of atoms and molecules after interacting for a fixed
time period, and the trajectories are used to determine macro-
scopic thermodynamics properties of the targeted molecular struc-
ture. MDS has been widely used to analyze protein structural
dynamics [15–17], and we also successfully applied MDS to char-
acterize the genetic variants in BRCA1 BRCT domain [18]. Although
MDS or Ramachandran plot alone provides an independent mea-
sure in protein structure, we reasoned that combination of
Ramachandran Plot and MDS, we named it RP-MDS, could enhance
the capacity of detecting the impact of genetic variants on protein
structure.

TP53 is a tumor suppressor gene. It plays a key role in maintain-
ing genome stability. Germline mutation in TP53 predisposes to a
wide spectrum of early-onset cancers as exemplified by Li-
Fraumeni syndrome [19,20]. Three decades’ studies have identified
over 1845 germline variants in TP53, 66% are located at the DNA
binding domain (DBD) [21–25]. Despite extensive efforts made so
far, over 60% of the germline variants in TP53 still remain as VUS
due to the lack of functional evidence [24,26]. In this study, we
used TP53 germline variants as the model to test the use of RP-
MDS method for genetic variant analysis. We observed that RP-
MDS was able to identify 23 of the 38 known Pathogenic variants,
and 17 of the 42 coding-change VUS, demonstrating that RP-MDS
can effectively identify the deleterious genetic variants.
2. Materials and methods

2.1. Source of variants and modelling P53 mutant structure

We selected a total of 88 TP53 variants from ClinVar database,
consisting of 38 Pathogenic, 8 Benign/Likely Benign, and 42 VUS
variants (Supplementary Table 1). Single crystal DBD structure (na-
tive) of P53 were retrieved from the PDB database (PDB ID:2OCJ, at
2.05 Å) and the sequence numbering starts from 94 to 313 [27].
The structure was used as the template to build each P53 mutant
structure using the UCSF Chimera software [28] and Modeller
package [29]. The process was illustrated in Fig. 1.
Fig. 1. Scheme of the study. Starting with the structures of native and mutant
protein, each structure was submitted to GROMACS and simulated by MDS. The
trajectories from MDS were utilized to create Ramachandran Plot and transformed
into density plots by 2D Kernel Density Method. The average deviation of Benign,
Likely Benign and native P53 was used as a trained data and compared with
Pathogenic variants and VUS. Pathogenic variants were used to create criteria to
classify VUS into deleterious and undefined groups.
2.2. Molecular dynamics simulations

Each mutant P53 DBD and wild-type P53 DBD structure was
simulated using GROMACS molecular dynamics software, version
2020 [30]. A forcefield comparative simulation was performed
between OPLS/AA and AMBER03, showing a comparable
intramolecular number of Hydrogen bond (H bond) and Solvent-
Accessible Surface Area (Supplementary Fig. S1). Thus, AMBER03
was chosen to model the protein complex. Zinc ion was described
by a non-bonded model, which mimics the 4s4p3 vacant orbitals
[31]. The protein structure was situated in the 10 � 10 � 10 nm
simulation box, solvated with SPC/E water and neutralized with
Cl– ions. The system was optimized with steep descent algorithm
before 1 ns equilibration run at 298 K and 1 bar in the NPT
4034
ensemble using Berendsen thermostat and barostat. Forty ns pro-
duction run was simulated for the system at 298 K and 1 bar in
the NPT ensemble using V-rescale thermostat and Parrinello-
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Rahman barostat [32]. Verlet velocity algorithm was employed to
integrate Newton’s equation of motion with a time step of 2 fs. Par-
ticle Mesh Ewald method was used to treat the long-range electro-
static interactions with the cut-off distance set at 1.0 nm. LINC
algorithm was applied to constrain the hydrogen bond at equilib-
rium lengths and the trajectory frame of MD was saved every
15 ps [33].
2.3. Ramachandran plot analysis

Ramachandran plot for each mutant and native P53 was divided
into various sub-regions following the established procedures [13]:
a – helices [/, w = (�63, �43)], b-strands [/, w = (�130, 140)], PII –
spirals [/, w = (�45, +135)], c0 – turns [/, w = (�80, +80)], d region
[/, w = (�63, �43)], and e – region [/, w = (+135, +135)]. The last
10 ns of the trajectory generated from MDS was utilized to create a
Ramachandran plot. Each plot was transformed to density plot by
Kernel density estimation using in-house python code with a grid
dimension of 32 � 32 [34,35].

The average density of the Benign, Likely Benign variants and
wild type P53 was taken as a ‘‘trained data”, and standard devia-
tion for each grid point was calculated. For each grid point, the
Pathogenic variants were compared to the trained data. If the
known variant was beyond the standard deviation, the grid point
was marked as a significant ‘‘density deviation”. Subsequently,
the percentage of the density-deviated grid points was calculated
for each variant. The results were plotted against a lognormal dis-
tribution and passed the Anderson-Darling and Kolmogorov-
Smirnov goodness of fit tests [36,37]. Pathogenic variants gener-
ated a logarithmic mean of 3.452, with a scale sigma of 0.241,
and upper and lower 95% boundaries at 3.529 and 3.376. (Table 1).
Variants higher than 3.376 were set as the cut-off for deleterious,
lower than 3.376 as ‘undefined’ [18].
3. Results

3.1. Generating mutant protein structure

From the ClinVar database, we selected 88 variants including 38
Pathogenic, 8 Benign/Likely Benign (all available), and 42 coding-
change VUS (Supplementary Table S1). These variants were located
at 61 residue positions in P53 DBD region [21]: Y107, H115, S127,
A129, M133, V143, D148, P151, P152, G154, V157, Y163, Q165,
T170, V173, R175, C176, R181, G187, Q192, H193, I195, R202,
R213, S215, V218, Y220, G226, C229, H233, N235, C238, C242,
G244, G245, M246, R248, R249, L252, I254, I255, S260, N263,
L264, L265, R267, V272, R273, A276, P278, G279, D281, R282,
E285, L289, K292, G293, H296, G302, S303 and N310. For each
changed residue, we built its P53 mutant structure and used
MDS to measure the impact of the changed residue on protein
structure. Fig. 2 shows typical examples of different impacts of
the Pathogenic variant R175H and Benign variant N235S on P53
structure.
Table 1
Log-normal distributions for 38 pathogenic variant and goodness of fit test for the lognor

Μ, mean r, scale sigma Lower 95% Upper 9

Pathogenic 3.452 0.241 3.376 3.526

*K-S:Kolmogorov-Smirnov test (36); A-D: Anderson-Darling test (37).
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3.2. MDS measurements

The dynamic effects of the variants on P53 DBD were investi-
gated by MDS. The results showed that the RMSD of Ca atoms
value was 0.313 ± 0.015 nm and Root Mean Square Fluctuation
(RMSF) of the Ca atoms have a similar fluctuation at the residue
Ca atoms 112–124, 178–190, 206–214, 221–232, 239–250, 289–
301, which were consistent with the literature [15] which R, which
used RMSD, RMSF, and H bond to analyze the impact of Pathogenic,
Benign/Likely Benign and VUS variants on P53 structure [15].

Benign/Likely Benign mutants had average numbers of
intramolecular H bond and RMSD of the protein backbone
135 ± 4.37 and 0.348 ± 0.045 nm, respectively (Supplementary
Figs. S2a and S3a). Pathogenic mutants were separated into 2
regions: the lower bound regions occupied by Y163C, R175H,
Y220C, G245D, G245S, R248Q, R273C, R282W, and the higher
bound regions occupied by the remaining variants (Supplementary
Figs. S2b and S3b) [21], with the average H bond in the lower and
higher regions 98 ± 8.38 and 134 ± 4.66, respectively (Supplemen-
tary Fig. 2b). Similarly, RMSD showed two regions of displacement.
VUS maintained the dynamics alike the native protein and Benign/
Likely Benign mutants, with on average 133.8 and 0.335 nm for
H bond and RMSD, except R249S with deviates of 103.9 and
0.668 nm for H bond and RMSD (Supplementary Figs. S2c and
S3c). RMSF showed no significant structural deviation in compar-
ison to Benign/Likely Benign (Supplementary Fig. S4c). The major-
ity of variants (inclusive of Pathogenic, Benign/Likely Benign and
VUS) fluctuated at 0.348 ± 0.045 nm and 135 ± 3.65 for RMSD
and H bond. The results showed that the majority of P53 variants
had similar structure dynamics for VUS. Using the cut-offs (H
bond < 300, RMSD > 0.3 nm, RMSF > 0.25 nm, Gyration
(Rg) > 1.7, SASA > 100 nm3) that successfully differentiated
between deleterious and non-deleterious variants in BRCA1 BRCT
domain [18], we observed that all except RMSF classified P53 vari-
ants into deleterious variants (Supplementary Table S2). In total,
MDS (H Bond and RMSD only) was about to identify 8 Pathogenic
variants with structural impact. Thus, MDS alone composed of
H bond, RMSD, Gyration (Rg) and SASA were insufficient to differ-
entiate a clear boundary between non-deleterious and deleterious
VUS, reflecting the limited power of MDS for P53 DBD due likely to
its much larger size (198 residues) than BRCA1 BRCT (95 residues)
analyzed by MDS in our previous study.
3.3. Ramachandran plot

For each step of simulations, the torsion angle / andW for each
residue were calculated and plotted (Fig. 3a) and converted into
relative density graphs through Kernel density estimation
(Fig. 3b). Native P53 had a high-density peak occupied at P-II
region, b sheet region and a-helical region and a gentle peak at
the d0 (Fig. 3b). The bridge at c0 indicated that there was a collec-
tively strong NHi+2 to Oi backbone hydrogen bond. Notably, these
deviations were unique to each variant. Analyzing the overall dis-
tribution of Pathogenic variants showed that the distribution of
structural deviation lay at 28.0%, 38.2% and 33.4% for the 1st, 3rd
quartiles, and the mean, respectively. These data were fitted
mal distribution.

5% Goodness of Fit tests* P-value Decision at level (5%)

K-S test 1 Can’t reject Lognormal
A-D test 0.798 Can’t reject Lognormal



Fig. 2. Examples of native P53 DBD structure and the variant-affected structure after 40 ns simulation. The well-determined Pathogenic variant R175H unbounded L1, L2 and
L3 loops, in contrast to the intact core in the well-determined Benign variant N235S. Red colour shows the variants. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. Ramachandran plots for native p53. a) Ramachandran scatter plot for native P53. A torsional angleW and /were plotted for all residues. The fluctuation densities were
concentrated at a helix (red), b strand (blue), c (teal), d (green), d0 (purple) and PII strand (orange) regions. There was a minor fluctuation concentration at d0 regions. The axis
is represented at the top right side of the figure. b) 2D Kernel density plot for native P53 transformed from Ramachandran plot. Red to purple colours represent the degree of
intensity from high to low. c) Ramachandran plots of native (black), Pathogenic (R175H, G245D, G245S, R248Q, R273C) and Benign (N235S) variants (Red). d) 2D Kernel
density plot for the Pathogenic variants. The table shows the structural deviation from Ramachandran plot and the H bond for each variant. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
TP53 variants with deleterious effects on P53 structure.

*The ones identified by H bond and RMSD highlighted in grey, by RP- MDS but not by H bond and RMSD in bold.
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against log-normal distribution and the bottom 95% tiles (3.376)
were used to categorize deleterious regions. Deviation by patho-
genic variants <95% tiles was considered as independent of confor-
mation alteration, such as these associated with the disruption of
protein-DNA or protein-protein interaction but not caused by
P53 conformation change, therefore were excluded from further
examination. Testing in the 38 Pathogenic variants showed that
besides the 8 Pathogenic variants identified by MDS, Ramachan-
dran plot was able to detect additional 15 variants with milder
structural deviation that H bond, RMSD, and RMSF were unable
to detect (Table 2).

Fig. 3c, d exhibited examples of Ramachandra plots for the well-
determined Pathogenic mutations. The Pathogenic variants had
shifted from the native position (Fig. 3d) The polyproline-II (P-II)
4037
and b region peaks showed a noticeable modification in density
implying a structural change. In particular, the torsional density
for R175H, G245S and R248Q dissipated at b region and higher den-
sity at the P-II region, suggesting a weaken b strand formation and
the strengthen P-II formation at the protein backbone. The substi-
tuted residue (red) fluctuated at a different torsional angle in com-
parison to the native residue (black) (Fig. 3c). This torsional angular
change illustrated that the substituted residue interacted with a
different part of the protein. Fig. 3c and d listed examples of the glo-
bal torsional density deviation for the strong Pathogenic variants
(R175H, G245D, G245S, R248Q, R273C), with the deviation of
43.8%, 38.7%, 49.4%, 43.6% and 46.3%, respectively, consistent with
the results in H bond. Thus, Ramachandran plot provided a sensitive
measure for the variants with deleterious effects on P53 structure.
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3.4. Searching VUS with deleterious effects

Using the parameters determined from known Benign/Likely
Benign and Pathogenic variants, we tested RP-MDS in 42 coding-
change VUS variants to identify these with deleterious impact.
Supplementary Fig. S5 illustrated the Ramachandran density plot
for each of the 42 VUS variants. Under the deleterious >3.376 gen-
erated from known Pathogenic variants, Ramachandran plot iden-
tified 17 of 42 (41%) VUS (V143L, D148A, G154D, V157I, Q192R,
V218G, C229Y, R249S, I254V, I255N, L264P, V272M, P278R,
G293R, G293W, H296Y, G302E) causing apparent structural devia-
tion. Thus, we classified these 17 VUS as deleterious variants
(Table 2).

We tested the known 38 pathogenic variants, 8 Benign/Likely
Benign variants and42VUSwithmissense3Dand SuSPect programs
[38,39]. Missense 3D was able to detect 13 pathogenic variants
(R175G, R175H, C176Y, H193P, R213Q, Y220C, C238R, C242Y,
G245D, G245S, G245V, L265P, R273P) and 8 VUS (C176W, G187D,
S215R, V218G, L252P, I255N, P278R, G279R) with potential struc-
turaldamageandallbenignvariantswithnostructuraldamage. SuS-
Pect was able to detect all pathogenic variants, however, it failed to
differentiate Benign/Likely Benign variants and classified all VUS as
disease-associated variants. Here, our RP-MDS method was able to
significantly increase the detection of deleterious variants.

4. Discussion

The conventional approaches for determining the pathogenicity
of genetic variants rely on the evidence from experiment-based
functional assays, biostatistics-based methods, evolution
conservation-based algorithms, and clinical data. Previously, we
developed an protein structure-based MDS approach to identify
the deleterious variants and successfully applied it in classifying
the variants in smaller-size BRCA1 BRCT domain. In this study,
we further developed the MDS-based approach into RP-MDS
approach in order to identify the deleterious variants in large-
size functional domains. By using P53 DNA binding domain as
the model, our study showed that RP-MDS fulfills our expectation.
Data from our previous and current studies demonstrate that pro-
tein structure can be used for identifying the deleterious variants.
This is particularly meaningful in current status of genetic variant
annotation, considering the fact that protein structure for many
disease genes have been well determined, lack of functional evi-
dence for vast quantity of unclassified variants such as VUS, and
advanced computational power allowing large-scale performance.

MDS is proficient to identify the deleterious variants with
strong detrimental nature as demonstrated by the lower H bond
and higher RMSD for the eight TP53 Pathogenic variants (Supple-
mentary Fig. 2 and 3). For the Pathogenic variants with lesser
severity, however, MDS showed inadequate sensitivity as their
fluctuations are closer to the native P53. Similar situation was pre-
sent in VUS that 41 of the 42 VUS showed no significant structural
deviation (Supplementary Fig. 2c–4c). Our previous study demon-
strated that MDS was sensitive in classifying the VUS in the BRCA1
BRCT domain [18]. The discrepancy is likely due to the size-
difference between P53 DBD (213 residues) and BRCA1 BRCT
domain (95 residues) that MDS has limited power to differentiate
the structural changes in a larger protein structure. By using the
information of backbone torsional angle from Ramachandran plot,
this limitation is largely overcome allowing to expose the differ-
ences hid within the larger protein structure. This is well reflected
by the increasingly identified TP53 structural-changing Pathogenic
variants and VUS by RP-MDS.

The Ramachandran density plot demonstrated a dissimilar
structural affinity for Pathogenic variants with the deleterious
4038
structural attitude in comparison to native P53. Fig. 3c showed
the local residue torsional angle difference in comparison to the
native structure and Fig. 3d showed that the Ramachandran den-
sity plot of its respective protein. P-II, a, b and d0 regions (which
are predominantly populated by folded proteins) were notably
altered by the residue substitution. In this case, a dissimilar tor-
sional angle in respect to the native residue inferred that the vari-
ant residue had positionally interacted with another part of the
protein. Conversely, the substituted residue that fluctuated at a
similar torsional angle had different interaction characteristics
and consequentially affected the global structure. Thus, Ramachan-
dran plot can effectively detect the deleterious characteristics of
deleterious variants. Although Benign/Likely Benign variants had
no noticeable disordered fluctuation, this information cannot be
directly applied to assign the VUS variants with insignificant
impact on the structure as non-deleterious one, as possibilities
exist that these variants may still have deleterious effects through
non-structural factors, e.g. post-translational modification, which
may or may not disturb protein structure.

While many genetic variants can cause ‘‘loss of function” in
the affected protein, it is often the case that many genetic vari-
ants can also cause ‘‘gain of function” consequence. The gain of
function is often present in P53. For example, P53 R175, R248,
and R273 are typical gain of function mutations, contributing to
carcinogenesis [40–42], and P53 R249S is a typical conditional
gain of function mutation [43,44]. While the current structure-
based approach used in our study can not distinguish between
loss of function and gain of function mutations, it will be interest-
ing to further explore the means to obtain the ability. These could
include the selection of specific parameters, the use of known
gain of function and loss of function p53 mutation as the control,
or combination of structural changes with experimental
methodologies.

Our study has limitations by the lack of Benign/Likely Benign
variants in TP53 as the control. Comparing to a large number of
Pathogenic and VUS variants, there were only 8 Benign/Likely
Benign variants in ClinVar and International Agency for Research
on Cancer (IARC) TP53 databases. This could relate with the nature
of P53 that most of the variants could be deleterious because of its
low thermodynamic and kinetic stability. In our analysis, we
dessociated Zinc ion from P53. Polarization could be an attributing
factor for the zinc ion dissociation, but the polarized force field is
yet to be determined for P53. We cautiously disregarded to use
the bonded model for the simulation as it artificially pull the L2
and L3 loops together. As such, it might become an artificial struc-
ture and the stability observed might not be real. Study showed

that the zinc ion contributes to ðDG � 4:6 kJ mol�1Þ stability at
10 �C [45]. We reasoned that thermal contribution and entropy
at 25 �C could easily delocalise zinc ion. Our reasoning is supported
by the observation that ‘‘a significant fraction of p53 may exist in
the zinc-free state under physiological conditions” [46], and zinc-
free (apo) P53 is ‘‘both thermodynamically stable and kinetically
accessible. Therefore, to understand how variants shift the balance
of p53 conformational states, it is necessary to generate a complete
thermodynamic model that includes parameters for the zinc-free
form”. Thus we reasoned that choosing zinc-free structure can
reflect better the impact of altered residues on the structure under
physiological conditions. Lastly, our study excluded the interfer-
ence by external organic molecule, i.e. DNA and other proteins,
to avoid adverse impact on the speed of the simulation and
increased complexity of the system.

In summary, the RP-MDS method provides a structural-based
means to effectively identify deleterious variants in larger-size
proteins. Its computational nature allows large-scale application
for characterizing genetic variants in disease genes.
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