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Distinguishing between harmful and benign genetic variations is fundamental to
our understanding of the relationship between genome and disease in general and
for personalized medicine in particular. We investigated the relationship between
predicted change in RASA and the phenotype of a missense mutation (MM). The
ASAquick program was used to obtain RASA predictions for the original and mu-
tated sequence and a parameter, J, was introduced to assess the change in RASA
for a given MM. We find that predicted RASA shows a robust, intricate signal with
respect to genetic variation and that changes in RASA between variants can form a
basis for a simple and quick predictor of the effect of MMs. Furthermore, we find

that for hydrophobic residues, increase in the RASA corresponds to an increase in



the likelihood that a MM would be harmful. For hydrophilic residues we find that a
decrease in the RASA corresponds to a likelihood that a MM would be harmful. We
also find that the size of the change in predicted RASA plays a role in determining
the effect of a given MM. In future work we plan to use these results in developing

more sophisticated forms of MM phenotype predictors.
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I. INTRODUCTION

Understanding the physical manifestations of genetic variations is a prerequisite for per-
sonalized medicine.' * Distinguishing computationally, between variation that are associated
with damage (deleterious) and those that are not (benign or neutral) is one aspect of this
research.>?* In this work we will consider Missense Mutation (MM) types: a single nu-
cleotide mutation resulting in a codon that codes for a different amino acid. It is a type of
nonsynonymous substitution. That is, a nucleic acid mutation that conserves the length of
the protein and results in a single amino acid change. We will use the term Single Amino

acid Variant (SAV) to describe such circumstances.?

The Accessible Surface Area (ASA), sometimes called Solvent-Accessible Surface Area,
is the surface area of a protein (usually measured in A?) accessible to a solvent. It was
proposed in 1971 by Lee and Richards?® as one of major parameters for the description of
protein structure. The ASA is usually computed by the rolling ball algorithm of Shrake and
Rupley?” by using a sphere of the radius of a solvent (typically 1.4 Afor a water molecule) and
rolling it along the van der Waals surface of a protein). Another quantity used to describe
the surface of proteins is the Relative Accessible Surface Area (RASA). This quantity is
obtained by dividing the ASA of a given residue by a maximum ASA value for that residue
type. The maximum value is either obtained from a large dataset of protein structures or is

calculated for that residue type in a linear peptide chain.

ASA and its change upon mutation have been useful tools in trying to predict if a given
SAV is Deleterious (D) or Neutral (N). PolyPhen-2!* uses the ASA and other information
to predict a phenotype. Specifically, it uses the change in accessible surface propensity,
which is a knowledge-based hydrophobic scale. In LS-SNP® both the Relative Surface Area
(RSA) and the change in accessible surface propensity are used to predict the phenotype
(D or N) of a given SAV. In both cases the ASA was calculated from three-dimensional
model structures for a given sequence. These results indicate the importance of ASA in

determining the phenotype of a given SAV.



Since most proteins do not have experimentally solved structures, and since creating
computational models of three-dimensional protein structures is both time consuming and
prone to errors, we would like to investigate here the ability of a dedicated ASA predictor
in discriminating between D and N phenotypes.

We have two types of ASA predictors to choose from: those that use a Position Specific
Scoring Matrix (PSSM)?2? from multiple alignments of the query sequence, and those that
do not. Besides requiring significant computational time, PSSMs are obtained from sequence
alignments. Since changing a single residue in a sequence will not typically alter the set of
aligned sequences, the PSSM will not change for a SAV. ASA predictors that depend only
on the specific sequence will have an advantage for predicting the effect of a SAV.

ASAquick®® was designed by us to give quick ASA predictions. It does that by eliminat-
ing the use of PSSMs. Instead, it uses a physiochemical representation of the sequence?!
coupled with the BLOSUMG62 substitution matrix representations of its residues.®? It also
captures some of the global nature of the protein: the residue length of the chain divided
by 1000, the residue type composition of the whole chain (25 values), and the directional
two-residue composition (625 values). 25 residue types are used to allow for the various
characters reported by DSSP?33, these include atypical residues, unknowns and chain gaps
in the structure file. ASAquick also uses an expanded training set with a PISCES?* list of
non-homologous protein chains with resolution better than 3 Aand sequence identity lower
than 40%. Since numerous genetic mutations are possible, a faster way to predict their
phenotype may find many uses.

In what follows we will test the relationship between the changing of ASA upon a single
residue mutation and its effect on the phenotype of a given SAV. We specifically compare
mutations on identical genes and compare between SAVs in those genes that are predicted
by ASAquick to cause a large ASA change in the three-dimensional structure and those that
are predicted to cause a smaller change. The main question we asked is: for a given gene,
are those SAVs that cause more change in ASA associated with a D phenotype? As we shall

see below the answer is yes.



II. MATERIALS AND METHODS

We use the PROVEAN dataset of human variants'® as our test dataset. This file
was downloaded from: http://provean.jcvi.org/downloads/uniprot.human.variants.tsv.gz, it
contains a list of Uniprot gene IDs*® along with a position and residue mutation, and a letter
identifier, N or D, to indicate a neutral or deleterious mutation, respectively. There were
58,685 such variants reported. We chose this file because it is a well curated file from a
substantiated method. From this dataset we found 1,226 genes for which there was both a
neutral and a deleterious mutation reported, not necessarily in the same position. For some
of these reported mutations we found discrepancy between the reported wild type residue

at a mutation site and the residue found in Uniprot. We discarded these cases.

We also discarded mutations that occurred at the ends of the sequence since they were
missing nearest-neighbors required for this study. For the remaining 1,209 genes we found a
total of 6,070 neutral mutations and 17,017 deleterious ones. We will refer to this dataset as
SA. Since there is a large discrepancy between the number of neutral and deleterious genes in
SA we also constructed a more balanced set by randomly selecting 6,070 D variations. First,
we selected a random D variation for each gene, then we randomly selected the remaining
4,861 variations from those D variations not selected in the first step. Combining this with
all the 6,070 N variations in our possession, this set has a total of 12,140 variations split
equally between the two phenotypes, across 1,209 genes. We will refer to this set as SB.
Additionally, we also constructed a more balanced set by selecting all the genes that have
at least 10 variants for both the neutral and the deleterious phenotypes. This set has 77
genes, with 1,644 neutral and 3,974 deleterious variants. We named this set SC.

To aid in visualizing the distribution of phenotypes per gene for set SA we did the
following. We started by counting the number neutral (N) and deleterious (D) phenotypes for
each of the genes. We then sorted separately each of these lists of the number of phenotypes
and ploted that data indexed on the x-axis. This process is presented in Fig. 1. We first note

that the x-axis is an arbitrary index in the sense that two points on the graph that share an



x-value are not necessarily variations of the same gene. Second, it is worth noting that the
area under the curve represents the total number of variation, i.e., 6070 neutral and 17017
deleterious. From this graph we can observe that there are approximately 50 more genes
with a single N variation as those with a single D variation, around 100 more genes with
two N variations as those with two D variations, and so forth. Note that for higher numbers
of variations per gene we eventually find cases with more D variations as expected by the
overall normalization. Also, we have restricted the y-axis range to aid in visualization.

We would like to study the relationship between phenotypic effect of a SAV (neutral or
deleterious) and the change in ASA due to the residue mutation. We would like to address
two questions: 1) Are D mutations more abundant in regions close to the surface since these
are more prone to be functional sites, and 2) Do D mutations correlate with a grater change
in ASA as compared to a neutral variants. As may be expected, the Relative Accessible
Surface Area (RASA) is a better variable to work with. The RASA is the ratio between the
ASA and a residue dependent maximum value. The maximum value is a dependent of the
geometry of the sidechain. We use the same approach to normalization used in ASAquick®.
To obtain predictions for the ASA we will use ASAquick.

The investigation into the first question is pretty straight forward. To that end, we
averaged over samples of D and N type mutations separately. These were selected from the
set SA. Each time, we selected 1000 mutations of a given type and calculated the average
RASA as predicted by ASAquick. We repeated this for ten times and calculated the average
and standard-deviation of this average. We find that for D type mutations the RASA is
0.127 4+ 0.003, while for N type mutations the RASA is 0.140 + 0.004. This shows that
actually mutations at more buried site have a greater deleterious effects. This indicates that
interfering with the stability of proteins may cause more harmful effect than interfering with
functional sites. Ome should also consider that the number of residues on the surface of
proteins is significantly lower than the number of buried ones. The rest of this work will
focus on addressing the second question.

For a given variation we first predict the RASA for the wild type and mutated gene.



Since we are dealing with nsSNP, the mutated gene differs from the wild type by a change
of a single residue along the chain. We record the RASA for the mutated site along with its
two nearest neighbor residues along the sequence. We record the two neighboring residues
to provide an additional test for consistency of the results. We will use the symbol R and
RM for the RASA at residue i of the wild type and mutated genes, respectively. Then we

define the ratio between the mutated and wild type gene as:

RM

Vi = RW (1)

7

The justification for using the ratio in Eq. (1), rather than the difference, is that in this
way -y; is more sensitive to changes between exposed and buried states. In addition, in
this way the parameter v; is made more uniformly dimensionless. Note that a prediction of
zero RASA is not possible because of the specific neural network architecture of ASAquick.
Hence, RM > 0 and R} > 0.

For a given gene, we then average 7; over all deleterious variants at all positions ¢ in the
gene, to obtain v”. We take a similar average to obtain vV for all neutral variants of a gene.

Finally we take the difference between the two and define
Ay =~ =V, (2)

as a measure of the importance of RASA change in determining the phenotype of a gene
variation. A large positive A~y for a gene indicates a strong positive correlation between the

effect on RASA and whether a variation is deleterious.

III. RESULTS

We started by averaging A+~ for all genes in the sets SA, SB, and SC. We find a value of
A~ of 0.292 for SA, 0.302 for SB, and 0.270 for SC. The p-value for the null hypothesis, that
A~ for set SA averages to zero, is less than 0.01. This indicates a statistically significant

relationship between RASA change and phenotypic outcome of a given variation.



In Fig. 2 we plot Ay for all genes in SA (red) and SB (green). The inset shows result for
SC. In the inset, genes in SC were sorted along the x axis by their value of Avy. This results
in the smooth curve presented. In the main figure, genes were sorted by their Ay value
obtained on SA and we plot both the results for SA and SB. We note some fluctuations
in the values of Ay in set SB as compared to A~ values in SA. However, the major trend
exhibited in SA is followed in SB. In SC we find similarly robust results. For SA, A~ is
positive for 65% of the genes, for SB and SC the values are 62% and 79%, respectively.

Breaking up these results in terms of AA types reveals significant details. We performed
the following analysis to obtain results per AA type. For each of the 1209 genes in the
dataset we selected a random D SAV and a random N SAV and calculated A~ for this
pair. We then collected all instances where the original residue (before mutation) of either
the D or N variant, is of a given type and calculated the average A~y for this set. We
repeated this process four times to obtain a statistical distribution over the random choice
of representative mutations as a measure of the robustness of the results. The choice of four
trials was arbitrary but dictated by the effort in generating each trial. In Fig. 3 we show the
results of this analysis. Figure 3A shows the results where the initial type of the D SAVs is
grouped and Fig. 3B shows the results considering the type of the N SAVs. Unfortunately
we lack the data here to investigate combinations of AA types, e.g., initial final residue
type, future work may address such issues. However, these results already suggest a robust
relationship between AA type, ASA, and phenotype of a mutation. We will come back to

this point in the discussion.

IV. DISCUSSION

We find that on average, D type SAVs tend to increase the ASA of the permutated residue,
whereas N type SAVs tend to keep the predicted ASA of the residue unchanged. This is
seen from Fig. 2 and also from the average 7. For deleterious SAVs we find v” = 1.3 £ 0.7,
while for neutral SAVs we find 4V = 1.0 & 0.4. The standard deviations here are given as



error estimates. The wide standard deviations for D type SAVs results from some D type
mutations lowering the predicted ASA as we will discuss more shortly. Regardless, these
results indicate that generally speaking D type SAVs give rise to a larger change in the
ASA value, in the direction of more exposure. Intuitively, these results are reasonable as a
harmful mutation may decrease the stability of a protein and hence increase its exposure to
the solvent.

With respect to AA type we find a strong relationship between predicted change of
ASA value and phenotype. The general trend of having an increase in predicted ASA for
deleterious SAVs is overall maintained by a larger numerical value for increased RASA for
D versus N type SAVs. However, as presented in Fig. 3, a deeper look into AA types reveals
that for certain residues this trend is actually reversed: predicted RASA values are larger
for N type SAV than for D type SAVs. Burial of a charged residue could be an intuitive
example where a decrease in ASA may be more destabilizing than an increase.

For a given residue type, we calculate the difference between values of A~ in Figs. 3A
and 3B, and plot the result in Fig. 4. To do this we calculated an average curve from the four
different random trials in each panel. In this way, Fig. 4 represents the difference between
predicted change of RASA for D and N type SAVs. In other words, a positive value indicates
that the D type SAV changed the ASA more significantly than an N type SAV and vice versa
for negative values. The error bars are the sum of the two standard deviations obtained from
taking the averages over random trials in Figs. 3A and B. We can immediately recognize the
charged and polar residues on the right side of the figure indicating a decrease of ASA values
for them is more destabilizing, while on the left side of the figure we find more hydrophobic
residues and those involved in specific spatial structures as cystine, for which an increase in
ASA values is more destabilizing.

It is conceptually interesting to find out the ability of these initial findings to actually
predict the phenotype of a given SAV. We present it here for furthering the understanding
of the relationship between predicted ASA change and predicted phenotype. In future work

we plan to include this understanding in a bigger scheme to predict the phenotype of a given
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SAV.

The following scheme was applied. We first predicted the RASA of the original and
permutated residue and recorded the change in RASA for the mutation. Then, based on
Fig. 4, deleterious phenotype was selected for an increase in RASA for cases where the
original residue was C, L, I, G, A, W, M, V, and H. Deleterious phenotype was also selected
for a decrease in the RASA for cases where the original residue was R, P, D, Q, E, K, N, T,
Y, S, and F. Neutral phenotype was selected in all other cases. We estimate the accuracy
of our prediction for a given original residue type from the value of the y-axis in Fig. 4.

Table I gives the confusion matrix for this crude predictor. We see relatively bad N
type prediction, with only 1617/6070 correctly predicted neutral SAVs. We suspect this
is because of the unbalanced nature of the dataset. The Matthews correlation coefficient
(MCC) we find for this case is 0.1 which is indicative of the poor quality of prediction of
this simple transparent predictor, especially for neutral variants. For comparison, if we
assume all increase in RASA prediction corresponds to a deleterious SAV, we arrive at a
similar MCC. Finally, a somewhat more sophisticated predictor was constructed based on
the magnitude of the change in RASA. We set the cutoff for change in predicted RASA
at 0.01 and assigned any RASA change greater in magnitude as D type and the rest as N
type. In this case the MCC increases by a factor of 2, indicating the importance of the
magnitude of the predicted RASA change in determining the phenotype of a given SAV.
While these results indicate that the simple predictors outlined here cannot compete with
state-of-the-art predictors, they provide further evidence for the link between ASA change
and SAV phenotype, and also provides clues for future designs of phenotype predictors.

We also selected a few cases where the structure of the relevant parts of the wild type
protein were experimentally solved and available in the PDB3¢. We selected the first available
structure with the greatest change in predicted RASA. Table II gives the details of the four
cases we selected. Figure 5 gives the space filling representations of these four cases. We
include all chains and ligands in the corresponding PDB file and color them green, blue,

red, and yellow, depending on the number of chains and ligands. The permutated site is
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colored pink in all chains. This was done to check if the permutated site is involved in chain
to chain interactions.

The first case is of P10828, thyroid hormone receptor beta. This is a nuclear hormone re-
ceptor, acting as a repressor or activator of transcription, and has a high affinity for thyroid
hormones, including triiodothyronine and thyroxine. The mutation K342I is deleterious,
implicated in generalized thyroid hormone resistance, a disease associated with goiter, ab-
normal mental functions, increased susceptibility to infections, abnormal growth and bone
maturation, tachycardia, deafness, attention deficit-hyperactivity disorders (ADHD) and
language difficulties. In the context of the isolated protein the wild-type residue has an
RASA value of 0.1. Indicating that the charged Lysine residue is relatively buried and acts
to balance the structure in that form. Replacing the charged LYS with the hydrophobic
Isoleucine will most likely disrupt this balance. However, ASAquick does not detect this ef-
fect and focuses on the properties of the individual residues instead, erroneously predicting
a reduction in RASA upon a change from a charged to a hydrophobic residue.

The second case is of 000584, ribonuclease T2. It is involved in processing mitochondrial
and non-coding RNA, and in the innate immune response by recognizing and degrading
RNAs from pathogens. The mutation C184R is deleterious, implicated in infantile-onset
syndrome of cerebral leukoencephalopathy. Newborns with this disease develop significant
impairments, including abnormal brain scans. The mutation site is almost completely buried
and in this case ASAquick, while overestimating the RASA of the wild type, predicts a
significant increase in the RASA upon mutation, and hence points towards instability and
deleterious effects. In this case the original residue is Cystine which is overwhelmingly
involved in stabilizing proteins through the formation of Cys-Cys disulfide bonds. Hence,
this was an easy prediction of ASAquick to make.

The third case is of P48643, T-complex protein 1 subunit epsilon. It is a component
of the chaperonin-containing T-complex that assists in the folding of proteins upon ATP
hydrolysis. The mutation E146V is categorized as neutral. Interestingly, the proximal
mutation H147R is deleterious and is associated with neuropathy. ASAquick here predicts
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relatively well that the site is exposed and points in the direction of stability upon mutation

which would indicate it is neutral.

The final case is of P08246, neutrophil elastase. This protein is involved in the regulation
of the function of white blood cells. The mutation C71R is actually categorized as neutral
in the dataset we used. However, since its publishing new evidence point that this mutation
is actually deleterious and is involved in neutropenia.®®3° ASAquick actually points in that
direction, predicting well for both the RASA of the wild-type protein and indicating a large

increase in RASA upon mutation.

V. CONCLUSIONS

In this work we investigated the relationship between genetic variations and predicted
ASA. As other studies have found, the results indicate that the change in ASA contains
significant information about the phenotype of a SAV. We used the ASAquick program to
obtain predictions. ASAquick is significantly faster than sequence alignments based predic-
tions, and since it does not include sequence profiles generated from sequence alignments it

is more sensitive to genetic variations that involve a mutation of a single amino acid.

A parameter, Ay, was introduced to assess the change in RASA for a given SAV. We find
that predicted RASA shows a robust, intricate signal with respect to genetic variation and
that changes in RASA between variants are most important. We also find that for hydropho-
bic residues, an increase in the RASA increases the likelihood that a genetic mutation would
be deleterious, while for hydrophilic residues a decrease in RASA increases the likelihood
that a genetic mutation would be harmful. We find that the size of the change in predicted
RASA plays a role in determining the effect (phenotype) of a given genetic mutation. In
general, we find that D type SAVs tend to change the ASA more than N type SAVs which
tend to keep the predicted ASA of the permutated residue unchanged. In future work we

plan to use these results to help improve phenotype prediction.
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TABLE I: Confusion matrix for residue dependent model

Predicted
D N |Total

13563 345417017

Actual
A )

4453 1617| 6070

Total|18016 5071|23087
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TABLE II: Structure Cases

PDB-ID%|Gene-ID?| Mutation|Phenotype| ASA¢| RASAY|W-RASA¢|P-RASAf | ARASAY
IN46 | P10828 | K342I D 32 | 0.10 0.35 0.10 -0.25
3T00 | 000584 | C184R D 3 | 0.01 0.13 0.42 0.29
5UYX | P48643 | E146V N 114 | 0.42 0.33 0.08 -0.24
1HIB | P08246 | C7IR N 8 | 0.04 0.07 0.29 0.23
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@ PDB ID for structure.*®  ® Uniprot ID for gene.?” ¢ ASA in A? at site of mutation obtained from

PDB file. 4 RASA at site of mutation obtained from PDB file. ¢ Predict RASA for wild-type gene

at site of mutation. f Predict RASA for permutated gene at site of mutation. 9 Change in predicted

RASA upon mutation.
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FIG. 1: Sorted number of neutral (green) and deleterious (red) SAVs versus an arbitrary
index for the PROVEAN human gene variation dataset. Note that the area under the
curve represents the total number of variations in the dataset and that we have restricted

the y-axis to aid in visualization.
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FIG. 2: The value of Ay for all genes in the set SA (red) and set SB (green). The inset
shows result for SC. In the inset, genes in SC were sorted along the x axis by their value of
A~y. This results in the smooth curve presented. In the main figure, genes were sorted by
their Ay value obtained on SA and we plot both the results for SA and SB based on this

ordering.
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FIG. 3: Results per AA type. Panel A gives results where the initial type of the D SAV is
grouped. Panel B gives results where the initial type of the N SAV is grouped. These
results suggest a robust relationship between AA type, ASA, and phenotype of a mutation.
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FIG. 4: Relative change in predicted RASA between D type SAVs and N type. Results per
AA type. A positive value indicates that the D type SAV changed the ASA more
significantly than an N type SAV and vice versa for negative values. We add a line at zero
change to help guide the eye. The error bars are the sum of the two standard deviations

obtained from taking the averages over random trials in Figs. 3A and B.
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(c) 5UYX (d) 1H1B

FIG. 5: Space filling representations of four example cases for experimentally known
structures. First available structure with the greatest change in predicted RASA were
selected. Table II gives the details for these cases. We included all chains and ligands and
color them green, blue, red, and yellow, depending on the number of chains and ligands.
The permutated site is colored pink in all chains. (A) P10828, thyroid hormone receptor
beta. The mutation K342I is deleterious, implicated in generalized thyroid hormone
resistance. (B) 000584, ribonuclease T2. The mutation C184R is deleterious, implicated in
infantile-onset syndrome of cerebral leukoencephalopathy. (C) P48643, T-complex protein
1 subunit epsilon. The mutation E146V is categorized as neutral. (D) P08246, neutrophil

elastase. The mutation C71R is deleterious and is involved in neutropenia.



