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Abstract. The VHL tumour suppressor gene codes for von-Hippel Lindau (VHL)
protein which acts by association with Elongin C and Hypoxia Inducing Factor-1
alpha (HIF). Two functional sub-domains in the protein model of VHL contain bind-
ing sites for these proteins. Alpha domain of VHL protein contains the binding site for
Elongin C (tumorigenic cluster A) whereas; the beta domain contains the binding site
for HIF-1 alpha (tumorigenic cluster B). The complex formation between VHL, Elon-
gin C and HIF- 1 alpha protein is crucial for the regulation of ubiquitin dependent
proteolysis of oncogenic proteins. Henceforth defects in the complex formation may
lead to von-Hippel Lindau disease. A majority of VHL disease causing mutations
found to occur in these binding sites are highly conserved. In this computational anal-
ysis, we predicted the functional effect of Single amino acid Polymorphisms (SAPs)
in VHL-interacting proteins with the aid of pathogenicity and protein stability predic-
tors. Furthermore, molecular dynamic behavior of the native and mutant protein com-
plexes were analyzed by using different parameters such as Root Mean Square Devia-
tion, Root Mean Square Fluctuation and Hydrogen bonding variations Molecular
dynamics studies were performed for five variants SI11R, H115Q and W117C,
L158V and C162F of VHL protein that occur in the Elongin-C and HIF-1 alpha pro-
tein binding domain. Through the molecular dynamics simulations analysis, we ob-
served that the stability and flexibility between VHL-Elongin-C and VHL-HIF-1
complexes were altered. Our strategy may be valuable for understanding SAP effects
on protein-protein interactions with function and their role in human genetic diseases,
linking structure function relationship and also for the development of novel pharma-
cological strategies.
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1 Introduction

DNA variations alter the functionality of genes and consequently the structure and
function of the gene product. These changes can be restricted to a single nucleotide
such as Single Nucleotide Polymorphisms (SNPs). SNPs can be deletions, insertions
or substitutions and found to be the most common type of variations that occur in the
humans [1]. A particular class of such SNPs that occur in the coding region, called
non-synonymous SNPs (nsSNPs) can cause change in the amino acid composition of
the protein also known as Single Amino acid Polymorphisms (SAPs). According to
the OMIM (Online Mendelian Inheritance in Man) and HGMD (Human Gene Muta-
tion Database) database, these SAPs which result from nsSNPs were identified to be
detrimental, and responsible for many disease associations in humans. Disease associ-
ated mutations that occur in protein interaction interface (active sites, allosteric bind-
ing sites etc.) may disrupt the protein interaction network either by gain or loss of
interactions. These interactions are involved in metabolic process, signalling and gene
regulatory networks. Therefore, better understanding of the protein—protein interac-
tions may elucidate the molecular mechanisms leading to disease and genotype-
phenotype associations. Several studies have predicted the impact of mutation in pro-
tein-protein interaction network leading to disease. Recent in depth review by Yates et
al 2103 described the effect of nsSNPs on protein-protein interactions in causing vari-
ous diseases [2]. Owing to increase efficiency in high-throughput sequencing tech-
nologies and other developments such as the human genome project and the 1000
genome project, the number of common mutations seen in humans stands at approxi-
mately 67,000 to 200,000. Hence, an experimental analysis of these nsSNPs for their
possible impact on the protein function is almost impossible and would be time con-
suming. Moreover, according to Zhernakova et al. (2009), experimental approaches
will have less statistical power to distinguish between disease causing nsSNPs and
non disease-causing nsSNPs [3].

Von Hippel-Lindau disease is an inherited genetic syndrome that causes certain be-
nign and malignant tumours in multiple organs of the body [4]. This syndrome is
caused by detrimental mutations in the VHL tumour suppressor gene that result in
Single Amino Acid Polymorphisms (SAPs). Individuals with these variations are at
high risk of retinal angioma, hemangioblastomas of the central nervous system
(CNSH), renal cysts and carcinoma (RCC), pancreatic cysts and tumours, pheochro-
mocytoma, endolymphatic sac tumours and/or epididymal cystadenoma. According to
Neumann and Weistler (1991), VHL disease can be classified as Type 1 (without
pheochromocytoma) and Type 2 (with pheochromocytoma). Type 2 VHL disease can
then be further subdivided, as claimed by Brauch et al. (1995), into Type 2A (with
pheochromocytoma) and Type 2B (with pheochromocytoma and renal cell carcino-
ma). Type 2C was given by Hoffman et al. (2001) referring to patients with cases of
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isolated pheochromocytoma in the absence of renal cell carcinoma and hemangioblas-
tomas. The pVHL;, contains two functional sub-domains; a beta domain comprising
the residues 63-154 and residues 193-204 and a helical alpha domain comprising the
residues 155-192. (16) Also, two important binding sites within the VHL protein have
been identified. One binding site is responsible for Elongin-C binding in the alpha
domain between the amino acid residues 157-170. The other binding site is responsi-
ble for the binding of HIFlalpha with beta domain and located between the amino
acid residues 91- 113. A large proportion of the tumor causing nsSNPs are found to
be located in one of these two binding sites. The formation of a complex between
pVHL- HIF-1 alpha (Fig 1A) and pVHL-Elongin C (Fig 1B) and the resulting pro-
tein-protein interactions are vital for the deregulation of HIF-1 alpha under normoxia
conditions to prevent the formation of tumors. The protein complex under study is
between three proteins; i.e. pVHL, Elongin C and HIF-1 alpha. There are two func-
tional sub domains within pVHL that contain separate binding sites for both Elongin-
C and HIF-1 alpha. The binding site for Elongin-C lies within the alpha domain (155
to 192) of pVHL between the residues 157 to 170 in the amino acid sequence of
pVHL. The binding site for HIF-1 alpha lies within the beta domain (63 to 154 and
193 to 204) of pVHL between the residues 91 to 113 in the amino acid sequence. In
this study, we have taken VHL as a protein model to decipher the effect of nsSNPs
occurring in protein—protein interactions and study their effects on the VHL protein’s
structure and function using computational tools. In addition, we have looked closer
at the dynamics of the interactions involved in the complex formation between the
three proteins. With the aid of molecular dynamics simulations, we were able to ob-
serve altered stability and flexibility in the VHL-HIF-lalpha and VHL-Elongin-C
complexes.

2 Material and Methods

2.1  Obtaining the datasets

For our study, we considered nsSNPs which are involved in the interaction between
pVHL- Elongin C and pVHL-HIF-1 alpha. We retrieved 35 nsSNPs from the dbSNP
[5] and UniProtKB [6] database that are present in the protein interaction between the
two complexes. In the initial screening, 35 SNPs were subjected to various pathoge-
nicity prediction tools. For an analysis on the effect of the variants, we obtained the
amino acid sequence of the gene product form UniProtKB; UniProt ID: P40337. For
structural analysis PDB structure was retrieved from PDB database with ID 1LM8
[7]. Swiss-Pdb Viewer [8] was used to mutate the pVHL protein structure. Pathoge-
nicity testing of the nsSNPs

2.2 Pathogenicity testing of the nsSNPs

We submitted 35 nsSNPs to four different tools namely SIFT [9], PolyPhen 2.0 [10],
PANTHER [11], and PHD-SNP [12] for disease pathogenicity prediction.
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Fig. 1. pVHL protein interacting amino acid residue with HIF-1 and Elongin-C. (A)
Interacting amino acid residue between pVHL-HIF-1 alpha proteins. (B) Interacting
amino acid residue between pVHL-Elongin-C proteins. In both the figures, orange
lines show non-bonded contacts and blue color indicate hydrogen bonds.

2.3 Protein Stability Prediction

In order to analyze the impact of the deleterious variants on the stability of pVHL
protein, we used a computational tool I-STABLE [13], MUPRO [14], I-Mutant2.0
[15] and SDM [16].

2.4 Molecular Dynamics Analysis

Molecular dynamics simulation was performed by using Gromacs 4.5.3 package [17].
The protein molecule was solvated in a rectangular box with water molecules (TIP3P)
at 10 A marginal radiuses. At physiological pH, the protein structures were found to
be positively charged, thus in order to make the system electrically neutral, we added
6 chlorine ions (CI") in the simulation box using the ‘genion’ tool and the genion tool
replaces water molecules by negative ions at the position of the first atoms with the
most favourable electrostatic potential or at random position. Emtol convergence
criterion was set to 1000 kcal/mol. After this, whole molecular system was subjected
to energy minimization by steepest descent algorithm implementing GROMOS96
43al force field. SHAKE algorithm was used to constrain bond lengths involving
hydrogen, permitting a time step of 2 fs. Van der Waals and coulomb interactions
were truncated at 1.0 nm. The non-bonded pair list was updated every 10 steps and
conformations were stored every 0.5 ps.

3 Results
3.1 Predicted highly deleterious variants in pVHL gene
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In this study, we employed four different in silico tools SIFT, PolyPhen 2, PANTHER
and PHD-SNP to determine the pathogenic effect of mutations. SIFT predicts whether
an amino acid substitution affects the protein function based on sequence homology
and the physical properties of amino acid. Twenty three nsSNPs having a tolerance
index score of < 0.05 were identified as deleterious. We further analyzed these ten
nsSNPs using PolyPhen2 based on empirical derived rules to predict the impact of
nsSNP. Thirty four nsSNPs were predicted to be probably damaging the protein struc-
ture and function. In order to verify the prediction of SIFT scores, we used HMM,
based evolutionary approach PANTHER to validate its impact on protein function
upon single point mutation. Out of these thirty five nsSSNPs taken for our analysis,
twenty four nsSNPs were designated as deleterious. PhD-SNP is a support vector
machine (SVM) based computational tool that can predict whether a nsSNP can de
disease-related or not using protein sequence information. Among the 35 mutations,
PhD-SNP predicted 31 mutations to be deleterious. Comparing the scores of in silico
tools used in this study, we picked out the variants that were predicted to be deleteri-
ous by all the four tools. This way the number of mutations being analysed was
brought down to a mere 13 deleterious ones. The complex formation between pVHL,
Elongin C and HIF-1 alpha are crucial for the suppression of tumour by the VHL
tumour suppressor protein. Any mutations that are present within the binding sites of
these proteins would have higher chances of altering the complex formation and are
thus clinically more significant. Five nsSNPs were found to occur within the binding
site of Elongin C and HIF-1 alpha which defects lead to VHL syndrome. The five
nsSNPs S111R, H115Q, W117C, L158V and C162F (Table 1), occur within the bind-
ing sites of Elongin C and HIF1-alpha. The nsSNPs L158V and C162F occur within
the binding site of Elongin C in the alpha domain of pVHL. This mutation hotspot is
designated as “tumorigenic cluster A”. The nsSNPs S111R, H115Q and W117C occur
in the beta domain of pVHL and this mutation hotspot is designated “tumorigenic
cluster B”. In tumorigenic cluster B, the mutation S111R occurs within the binding
site of pVHL. Further in order to check the stability changes of these five nsSNPs
S111R, H115Q, WI117C, L158V and C162F, we used I-STABLE, MUPRO, I-
Mutant2 and SDM stability changes analysis prediction tools. Among the 5 variants
analyzed, all the prediction tools predicted that the variant H115Q, W117C, L158V
and C162F decrease the stability of VHL protein. But -STABLE and MUPRO pre-
dicted the variant H115Q increases the stability of protein (Table 2).

Table 1. List of deleterious variants in protein-protein interacting regions related to
VHL syndrome and it’s SIFT, PolyPhen2, I-Mutant3, PANTHER and PhD-SNP

SCOres.
Variant Amino | SIFT | PolyPhen | PANTHER | PHD- | Reference
acid 2 SNP
Position
VAR 005716 | S111R 0 1 -3.72511 | Disease [18]
VAR 005723 | H115Q 0 0.996 -6.61107 | Disecase [19]
VAR 005725 | W117C 0 0.996 -7.65404 | Disecase [18]
VAR 005749 | L158V 0 0.99 -3.78806 | Discase [18]
VAR 005754 | C162F 0 1 -3.72391 | Disease [18,19]
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3.2 Molecular Dynamics simulation analysis on pVHL, Elongin-C and HIF-1
complexes

Proteins are highly dynamic macromolecules as they constantly undergo many con-
formational changes that allow them to act as transporters, signaling molecules, acti-
vators and repressors. The interactions between proteins and hormones, drugs or other
proteins are also dynamic in nature [20]. These conformational changes and dynamic
interactions are even more important when studying a complex of proteins such as the
complex between pVHL, Elongin-C and HIF-1 alpha. Hence, we performed molecu-
lar dynamic simulations to study how the dynamics of a mutant protein complex dif-
fers from that of a native complex through certain parameters such as Root Mean
Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF) and Hydrogen
bonding.

Table 2. List of deleterious variants in protein-protein interacting regions related to
VHL syndrome and it’s -STABLE, MUPRO, SDM and [-Muatant2.0 prediction
results.

Position | I-Stable | Mupro I-Muatant2.0 | SDM
SI11R | Increase | Increase | -0.31 Slightly destabilized- non
diseased
H115Q | Decrease | Decrease | -0.34 Highly destabilized- disease
associated
W117C | Decrease | Decrease | -1.41 Slightly destabilized- non
diseased
L158V | Decrease | Decrease | -1.15 Slightly destabilized- non
diseased
C162F | Decrease | Decrease | 0.72 Highly destabilized- disease
associated

3.3 Root Mean Square Deviation (RMSD) between pVHL and HIF-1 alpha
and pVHL and Elongin C

Therefore, RMSD was calculated to study the difference in average distance between
the backbone atoms that play a role in the complex formation between the mutant
pVHL, in positions SI11R, H115Q and W117C (tumorigenic cluster A), and Elongin
C. Similarly, the RMSD was calculated for the backbone atoms that play a role in the
complex formation between the mutant pVHL in the, positions L158V and C162F
(tumorigenic cluster B), and HIF-lalpha. We also calculated the RMSD for all the
atoms in the native complex between pVHL-Elongin C and between pVHL- HIF-1
alpha, which was considered as the central criterion to measure the convergence of
the protein system concerned. From the calculations, we were able to make a few
observations.

From Fig 2A we can observe that there is a notable difference in the RMSD values for
the native and mutant complexes between pVHL and HIF-1 alpha in the initial few
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picoseconds. An RMSD value of between 0.15nm to 0.30nm is maintained at the
beginning. However as the simulation progresses, the complex with the mutation at
one hundred and eleventh position (SI11R) spikes to an RMSD value of 0.45nm
when the other complexes have RMSD values at around 0.35 nm. However, the com-
plex with mutation at one hundred and eleventh position matches with the native
complex as the simulation reaches 5000 ps and maintains the same till about 7500 ps
with RMSD values between 0.30 nm to 0.45 nm. At this same time, the complex with
mutation at position one hundred and fifteenth positions (H115Q) and the complex
with mutation at position one hundred and seventeenth positions (W117C) have cha-
racteristically lower RMSD values of around 0.20 nm to 0.35 nm. The native and all
the mutant complexes have the same RMSD values of between 0.35 nm to 0.45 nm
from 10000 ps until the simulation reaches 12500 ps.

@) T T ®) !

RMSD (am)

=== Native pVHL HIE1
== S11IR
= H115Q
e W117C

. . . . |
o 5000 10000 15000 20000
Time (ps)

Fig. 2. Backbone RMSD of pVHL in complexes with HIF-1 alpha and Elongin-C. In
both figure, the ordinate is RMSD (nm), and the abscissa is time (ps). (A) Black, Red,
Green and Blue lines show native, S111R, H115Q and W117C structures respec-
tively. (B) Black, orange, and pink lines show native, L158V and C162F structures
respectively.

However, from 12500 ps, the mutant complexes show a strong deviation from the
RMSD values of the native complex. From 12500 ps the mutant complexes show
RMSD values between 0.20nm and 0.40nm until about 22500 ps which is deviant
from the RMSD values of the native complexes that are between 0.40nm to 0.55 nm.
This deviation in the RMSD values starts receding as the simulation reaches 25000
ps. The mutant complexes pVHL and Elongin C shows notable change in the Root
Mean Square Deviation calculated in the initial few picoseconds of the simulation.
The mutant complexes carry an altered amino acid residue at positions 158 (L158V)
and 162 (C162F). As we can see from the Fig 2B, there is no observable change in the
RMSD values for the native and mutant complexes. The RMSD maintains within a
value between 0.15 to 0.35 nm for up to 2500 ps. Beyond 2500 ps the RMSD of the
native complex starts increasing from 0.30 nm to about 0.55 nm till the simulation
reaches 25000 ps where the simulation ends. The mutant complexes, on the other
hand, show RMSD values which range between 0.20 nm and 0.45 nm. This difference
in the RMSD values is also found between the two mutant complexes.

While the mutant complex with an altered amino acid residue at position 158 (L158V)
shows a peak in the RMSD value at 20000 ps which equals to nearly 0.45 nm, this
peak is not seen in the other mutant complex with altered amino acid residue at posi-
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tion 162 (C162F). Such differences in the RMSD values are proof that the dynamics
of the protein complex is affected in the mutant complexes when compared to the
native complex. The consistent deviations reflect that the mutations could have a ter-
rific impact on the dynamic behavior of the mutant complexes.

3.4 Root Mean Square Fluctuation (RMSF)

To explore the local conformational fluctuation changes between native and mutant
protein complexes further, we calculated C-alpha atoms RMSFs (Root Mean Square
Fluctuations) from trajectory files obtained from MD simulations. This shows the
fluctuation of each amino acid from its time averaged position. The RMSF value of
native and mutant models of complexes pVHL and HIF-1 and pVHL and Elongin C
was shown in Fig 3A and 3B respectively. The RMSF profile over the simulation
period of last 10ns shows fluctuations changes were found in mutant complexes
S111R, H115Q and W117C of pVHL and HIF-1protein complex. Large fluctuations
from averaged MD conformations were observed in all three mutant complexes
S111R, H115Q and W117C in compare with the native complex of pVHL-HIF-1. The
pVHL- Elongin-C mutant complexes L158V and C162F also obtained different fluc-
tuations at each amino acid residue point in compare with native pVHL- Elongin-C
complex. In particular drastic fluctuation changes were seen in the residue points ~
50-60, ~200, ~34-350 of the mutant complexes L158V and C162F.
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Fig. 3. C-alpha RMSF of pVHL in complexes with HIF-1 alpha and Elongin-C. The
ordinate is RMSF (nm), and the abscissa is residues. (A) Black, Red, Green and Blue
lines show native, S111R, H115Q and W117C structures respectively. (B) Black,
orange, and pink lines show native, L158V and C162F structures respectively.

35 Effect of pVHL mutations in hydrogen bonding and minimum distance
changes of pVHL-HIF-1 and pVHL- Elongin-C complexes

Hydrogen bonds analyses are particularly essential in determining binding specificity
of protein [21] because they play the most prominent role in biological interaction
processes. Fig 4 and 5 depict the number of hydrogen bonds formed between pVHL-
HIF-land pVHL- Elongin-C complexes respectively in both native and mutant form.
Between the native complexes of pVHL-HIF-1 ~ 3-14 hydrogen bonds were ob-
served, but between the mutant complexes SI11R, H115Q and W117C high number
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of hydrogen bonds were observed as ~5-15, ~4-13 and ~5-15 respectively. In another
native complex, pVHL- Elongin-C number of hydrogen bonds observed between the
molecules as ~3-13. In the mutant complex L158V increase in the number of hydro-
gen bonds between the molecules were observed as ~4-15 but in another mutant com-

plex C162F decrease in the number of hydrogen bonds were observed between the
molecules as ~2-12.
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Fig 4. Total number of hydrogen bonds formed between pVHL-HIF-1 alpha com-
plexes in native and mutant state. Black, Red, Green, and Blue lines indicate the hy-
drogen bonds of native, SI11R, H115Q and W117C respectively.
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Fig. 5.Total number of hydrogen bonds formed between pVHL-Elongin-C complexes
in native and mutant state. Black, orange, and pink lines show native, L158V and
C162F structures respectively.

3 Discussion

Proteins play a major role in all the activities that transpire within a single cell. Pro-
teins sometimes work alone but most often in concord with other proteins [22] such
protein-protein interactions play a central role in most biological processes. Most
regulated biological reactions are initiated or inhibited through the interactions be-
tween different proteins and their ability to form specific complexes. According to
Marcotte et al. (1999), the number of interacting pairs of proteins in Escherichia coli
is around 6800 and in Saccharomyces cerevisiae it is way over 45,000. This informa-
tion is available as a result of completely sequenced genomes of these model organ-
isms. It is an obvious fact that the number of such interacting pairs of proteins would
be much more in humans [23]. The association between gene-phenotype and protein
interactions is related intimately. The mechanism by which genes cause diseases if
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understood reveal important information regarding the interactions that take place
between the proteins that they code for. In the same manner, understanding the inte-
ractions between proteins and the complexes that they form will help us understand
the diseases that their inaction cause [24]. Understanding the physical properties and
structural characteristics that allow proteins to bind to one another is at the heart of
many challenging problems that include understanding many diseases [25]. In our
research on common mutations seen in the VHL gene, we analyzed nsSNPs turned
out to be extremely deleterious, namely, S111R, H115Q, W117C, L158V and C162F.
Using molecular dynamics simulations we conducted a thorough analysis of infinite-
simal fluctuations in the dynamics of the protein complexes formed between pVHL
and the mutants in the tumorigenic cluster and tumorigenic cluster B. Molecular dy-
namics approach was carried out to study the molecular dynamic behavior of five
nsSNPs namely S111R, H115Q, W117C, L158V and C162F. In the 25 ns simulation
trajectory, different parameters were applied to analyze the level of protein complexes
structural changes. Molecular stability and flexibility changes were observed by
RMSD and RMSF analysis. RMSD analysis results inferred that the native complex
of pVHL- HIF-1-Elongin-C attained maximum deviation of ~0.55 nm, whereas mu-
tant complexes attained less deviation in compare with the native protein complex.
We noticed RMSF values for each residue of native pVHL- HIF-1-Elongin-C protein
complex. Both high and low peaks were observed at some residue position in mutant
complexes in compare with native complex. Fluctuation changes elucidate the im-
pacts of deleterious amino acid substitution in the mutant complexes. Structural muta-
tions were found to affect buried residues in the protein core, causing changes in ami-
no acid size, amino acid charge, hydrogen bonds, salt bridges, S-S bridges [26]. Be-
sides from the different electrostatic interactions, the hydrogen bonds across the bind-
ing interfaces and in the protein interiors act as the main contributor to maintaining
protein structural stability. Furthermore, incorporation of deleterious nsSNPs may
change the original electrostatic formations and distances that could be affect protein
native structure. The number of hydrogen bonds formed between pVHL-HIF-land
pVHL- Elongin-C complexes in both native and mutant form was analyzed. In native
complexes of pVHL-HIF-1 ~, 3-14 hydrogen bonds were observed, but between the
mutant complexes high number of hydrogen bonds was observed. In another native
complex, pVHL- Elongin-C number of hydrogen bonds observed between the mole-
cules as ~3-13. In mutant complex L158V number of hydrogen bond increased but in
mutant complex C162F decrease in the number of hydrogen bonds was observed.
Increase in the number of hydrogen bond increase the affinity between protein and
vice versa. All the substituted amino acid improves the affinity between respective
proteins except substitution in the C162F complex.

5 Conclusions

Understanding the genotype-phenotype relationship through SNPs is the first and
most important step in research and development. Analysing the impact of nsSNPs in
protein structures and protein-protein interactions will aid in better understanding the
molecular effects of pathogen-city. Experimental methods are required to validate
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functional variants in disease association. Laboratory methods are expensive and time
consuming and so there is a need for fast and accurate methods for predictions. Above
approaches will definitely assist experimental biologists in understanding the disease
association of SAPs by mapping as many structural mutations as possible analyze
mutations with respect to protein function. Overall, our research pay the way for cost
efficient methodology to filter the deleterious variants from neutral once, and their
molecular effect in protein-protein interactions by molecular dynamic approach.
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