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Abstract

The effects of a single residue substitution on the protein backbone are frequently quite small but
there are many other potential sources of structural variation for protein. We present here a
methodology considering different sources of distortions in order to isolate the very effect of the
mutation. To validate our methodology, we consider a well-studied family with many single mutants:
the human lysozyme. Most of the perturbations are expected to be at the very localisation of the
mutation, but in many cases the effects are propagated at long range. We show that the distances
between the mutated residue and the 5% most disturbed residues, exponentially decreases. One third
of the affected residues are in direct contact with the mutated position; the remaining two thirds are
potential allosteric effects. We confirm the reliability of the residues assigned as significantly
perturbed by comparing our results to experimental studies. We confirm with the present method all
the previously identified perturbations. This study shows that mutations have long-range impact on

protein backbone that can be detected, although the displacement of the affected atoms is small.
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flexibility

Abbreviations. ASA: Accessible Surface Area; AUC: Area Under the Curve; Ca: alpha carbon; PDB:
Protein Data Bank; RMS: root mean square deviation; ROC: Receiver Operating Characteristic.
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Introduction

Single point mutations, i.e. substitutions of one amino acid side chain, have variable consequences on
proteins. On the functional side, the majority of mutations are considered neutral even if some of them
are at the origin of diseases (Studer et al., 2013). Sometimes, local changes may occur in the binding
sites and therefore impact the protein function (Bartlett et al., 2003; Gong et al., 2009). On the
structural side, most of the mutations are neutral (Bastolla et al., 2003; Shakhnovich and Gutin, 1991)
and have a local effect but longer range interactions may also be disrupted (Zhou et al., 2007).
However, small structural variation of the backbone are crucial for the protein conformation
(Berkholz et al., 2009) and if a mutation has a significant negative effect on expression, folding,
stability, crystallization, etc., the structure may completely change or cannot be determined. A
sticking example of tremendous structural change is the mutation L16A in the Engrailed
homeodomain DNA binding protein (PDB code 1ztr), that deeply modifies the structures of the native
one (PDB code lenh) (Religa et al., 2005). Several methods have been developed to predict of the
effect of mutations on protein functionality, using sequence information (Adzhubai et al., 2010), but
also sometimes structural information (Ponzoni et al., 2020).

Protein structure resolutions are of the order of 1A nowadays, and the displacement of the backbone
atoms caused by a substitution is typically one order of magnitude smaller (Bordner and Abagyan,
2004). Moreover, it has been noticed that even for identical sequences, protein structures often vary,
mainly because of different protein—protein interactions, different ligand or protein-ligand interactions
or different solvent (Kosloff and Kolodny, 2008). Nevertheless, provided a sufficient number of
Structures is available, the effect of the mutation can be distinguished from the “noise”, intended as
the statistical fluctuations due to other sources, such as solvent exposure or secondary structure
soaking (Shanthirabalan et al., 2018).

In the present paper, we are interested in evaluating the localisation and the amplitude of the structural
perturbations due to a single point mutation. A structural distortion may occur at long range, the so-
called allosteric effect. The difficulty is to make the difference between structural perturbations
unrelated to mutation, and the real effect of the substitution. We bypassed this issue by analyzing a set
of structures from the human lysozyme family, differing one from another by only one mutation. This
allowed us to calibrate a method dedicated to understand if a displacement at a position away from the
mutation is due to an intrinsic local flexibility or if it is a long-range effect of the side chain
replacement.

Human lysozyme has been chosen because of the large number of structures available in the Protein
Data Bank (Berman et al., 2000). Lysozyme is a member of the glycoside hydrolase enzyme family
that hydrolases the peptidoglycans of cell walls of gram-positive bacteria. Its chain has a length of 130
residues and is divided into two domains: an alpha-domain (residues 1-40 and 83-130) and a beta-
domain (residues 41-82) (Dumoulin et al., 2007). The protein contains four disulphide bonds, one of
them linking the two domains. The active site of the enzyme is formed in the cleft between the two
domains and residues E35 and D53 play important roles in the catalytic mechanism (Muraki et al.,
1987). Five naturally occurring mutations, located in the beta domain, result in non-neuropathic

amyloidosis (Ahn et al., 2016). In this paper, we are interested in the comparison of the final states of



the folding process, at equilibrium, and we do not address the effect of mutations on the population of
intermediate species which may be important in the formation of amyloid fibrils (Buell et al., 2011).

In a previous article, we proposed a method to study in detail the effect on the backbone of a mutation
at its very location (Shanthirabalan et al., 2018). We showed that it is possible to identify small
perturbations, even in rigid and buried regions, by separately considering protein variations due to
structural determination experiments and also due to the protein flexibility. This was achieved by
calculating, for a position in one structure, a p-value indicating the rank of the displacement compared
to all the structures at this position. This method intrinsically needs a high number of structures with a
single mutation each. It actually converts an absolute difference into a relative one, emphasizing by
this mean small effects that may nevertheless be significant because they are located in rigid regions.
We wish here to apply the same method not only at the very position of the mutation but also at all the
positions in order to fully identify the effect of single substitution on the entire structure.

Material and methods

Data set

We have retrieved all the structures of the human lysozymes from the PDB and selected all those with
one single mutation relatively to the wild type. Structures determined from NMR experiments have
been discarded because of their intrinsic dynamical properties. The chain A of the PDB code 2nwd is
taken as the reference for the family because it has the best resolution (1.04 A) among the 45
structures with the same sequence. All sequences of the dataset (207 PDB entries, 219 sequences of
distinct chains) have been aligned with the program MAFFT (Katoh and Standley, 2013). If several
chains with identical sequences were available, we selected the structure with the best quality score
(defined as resolution minus R-factor) resulting in a dataset of 123 chains. Their resolutions range
from 1.04A to 2.5A with a median at 1.8A. The selected chains have the same length and the
numbering is taken from the reference structure. The PDB codes and the mutations are listed in

Supplementary Table 1.

Structural comparison
We have superimposed all corresponding alpha carbons (Ca) of each mutant on the reference structure

with the QBestFit library available at http://bioserv.rpbs.univ-paris-diderot.fr/software.html (Alland et

al., 2005). For each pair, the root mean square (RMS) is calculated over a window of 3 consecutive
residues. We will call these RMS “RMS3G”, to remind that they result from a global superposition
and that they are calculated on three residues. We have also computed a local RMS7L, where the
superposition is made upon 7 consecutive Ca before calculation of the RMS on this fragment. These
are the best window lengths according to (Shanthirabalan et al., 2018). To characterize the
perturbation relative to the reference, we will use in this paper, for each Ca pair (mutated vs native),
either RMS3G or RMST7L.

P-values, P-RANK and Normalisation
We wish to know whether a given RMS (3G or 7L) is significantly higher than expected, but the

values depend on the localisation of the considered fragment and on external factors, such as the
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experimental conditions of structure determination or the presence of a ligand. We took into account
the two sources of variations (experiment and position) either by ranking these RMS (as in
(Shanthirabalan et al., 2018)) or by normalising them. The effects of ligands are analysed in the
results.

We have sorted by decreasing values all the RMS3G and RMS7L of each mutated protein and divided
each rank by the length of the chain, resulting in a unitless empirical p-value. All positions are taken
into account for the calculation of p-values as recommended in (North et al., 2002) and (Davison and
Hinkley, 1997). There is no empirical p-value of 0. The RMS (3G or 7L) variations depend on the 3D
localisation of the considered position: they are larger in flexible regions, and consequently, the
associated p-values are smaller in these regions. To finally assess whether a mutation has a significant
effect on the backbone, despite this structural heterogeneity, we needed to compare the p-value at a
given position of one protein to the p-values of the other proteins of the dataset at the same position.
Then, at each position, we have once again sorted the p-values of all the proteins and divided their
rank by the number of proteins in the family. It results in a new empirical p-value that we will call
from here on P-RANK. It is meaningful if the number of structures is sufficient to provide statistical
significance. This can be seen as an a posteriori methodological justification of the choice of the
human lysozyme.

We also calculated the mean and the variance of the RMS (3G or 7L) along the chain for each protein
and transformed them into a z-score (named z-score 1). In a second step, we calculated the mean and
the variance of these z-scores at each position over all the proteins of the dataset and transformed
them again into a second z-score (named z-score 2). For this analysis, we have taken the top 5% of
each RMS or transformed RMS: the 5% highest RMS (3G or 7L), the 5% smallest p-values or P-
RANK, and the 5% highest z-scores. This is not the best threshold according to ROC curves and
Youden index but we chosed it to avoid the selection of too many residues. For example, the best
threshold for RMS7L P-RANK is 0.24 (see Figure S6 of supplementary) meaning that one fourth of
all positions would be selected, which is too much to analyse. All plots and statistics have been
computed with R (R Core Team, 2017). The ROC curves have been calculated and plotted with the
pRoc R package (Robin et al., 2011).

Structural characteristics

We have determined the neighbours in 3D space with the NeigbhourSearch function from the PDB
module of BioPython (Cock et al., 2009). Two residues are considered as neighbours if there is at
least one atom of each separated by a distance less than 4A. Solvent accessibility (ASA) has been
calculated with the program Naccess (Petersen et al., 2011) for all the proteins. The amino acids have
been categorized either as buried it the relative ASA is smaller than 25% (Levy, 2010) or exposed
otherwise. This separation in two classes as a function of solvent accessibility is also related to the
chemical nature of the residues, the bulk of the globular proteins being preferentially occupied by
hydrophobic amino acids (Angelov et al., 2002). Secondary structure assignments have been
performed with the Stride algorithm (Frishman and Argos, 1995). The six classes given in the output

by Stride are back coded in three classes: helices, strands and coils. All assignments are given



according to the residue indexes in the reference protein (2nwd). We have retrieved the ligands and
their contacts from the PDBSum records (Laskowski et al., 2018).

Results

RMS

The RMS3G range from 0.02A to 7.96A and the RMS7L range from 0.02A to 2.15A. The RMS at the
mutated positions are slightly larger than those at unmutated positions, as shown in the boxplots of
Figure 1. The median is 0.2A for the RMS3G for the unmutated positions, while it reaches 0.3A for
the mutated positions Although small, a variation of 0.2A can be considered as significant, as it is
highlighted in several studies performed in the group of Takano and coll. (Luzzati, 1952; Takano et
al., 1995).

For each pair of proteins, the computed RMS can be represented as profiles (see Figure 2) and the
interpretation of the RMS3G or RMS7L is rather difficult because the profile amplitudes can
significantly differ between structures determined in various experimental conditions. Moreover, the
largest RMS for a protein does not necessarily occurs at the mutated position. Figure 2 shows an
example of two possible profiles. In protein 1b5x the largest deviation is located far from the mutation
site (Figure 2a), regardless of the superposition (local or global). On the opposite, for 2hee (Figure 2b)
the largest deviation occurs at the very position of the mutation.

We present in Figure 2 (C) all the RMS7L distribution along the sequence for all the proteins of the
human lysozyme family, sorted according to their median RMS7L values. The most distorted proteins
are therefore in the background and the closest to the reference structure in the foreground, along the
protein axis. Variable regions of the lysozyme are clearly visible: for example, the region around
position 70 has a large RMS7L for almost every protein of this family, whereas the region around
residue 90 has a low RMS7L, whichever mutated protein is considered. Taking into account the
protein flexibility, a small variation in this rigid region may be significant, whereas the same variation
in a more flexible region may not be significant due to the inherent variability of the local

substructure.

P-RANK

We have selected the top 5% positions for each measure: the 5% largest RMS or z-scores, or the 5%
smallest p-values or P-RANK. Over the whole human lysozyme family, 52% of the residues are
exposed and 48% buried. Focusing on the positions populating the 5% highest RMS7L, 74% are
exposed at 26% and buried, indicating a significant bias toward the most external regions when the
RMS is applied. On the contrary, among the 5% smallest P-RANK, the distribution is 52% of
exposed, 48% of buried, like in the full dataset. This illustrates that the P-RANK criterion is able to

remove the bias due to 3D localisation.
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ALL 122 (100%) | 1222 (100%) | 149 (100%) | 1493 (100%) 13635 (100%) 15128 (100%)
RMS 3 (2%) 31 (3%) 0 (0%) 34 (2%) 723 (5%) 757 (5%)
empirical p-
value 25 (20%) 107 (9%) 13 (9%) 145 (10%) 516 (4%) 661 (4%)
RMS-3G P-RANK 36 (30%) 205 (17%) 3 (2%) 244 (16%) 624 (5%) 868 (6%)
z-score 1 30 (25%) 118 (10%) 14 (9%) 162 (11%) 595 (4%) 757 (5%)
z-score 2 38 (31%) 205 (17%) 2 (1%) 245 (16%) 512 (4%) 757 (5%)
RMS 2 (2%) 31 (3%) 1 (1%) 34 (2%) 723 (5%) 757 (5%)
empirical p-
value 20 (16%) 113 (9%) 4 (3%) 137 (9%) 595 (4%) 732 (5%)
RMS-7L P-RANK 41 (34%) 241 (20%) 3 (2%) 285 (19%) 614 (5%) 899 (6%)
z-score 1 24 (20%) 139 (11%) 3 (2%) 166 (11%) 591 (4%) 757 (5%)
z-score 2 40 (33%) 231 (19%) 3 (2%) 274 (18%) 483 (4%) 757 (5%)

Table 1. Evaluation of the significant displacements in numbers and percentage for the RMS3G and
RMSTL, restricted to the top 5% of the five methods. The first line (ALL) reports the number of
positions in the entire dataset that are either mutated, or in contact with the mutated residue or with a
ligand, then the Sum of the three previous columns. Other is the remaining number of positions not
reported by any of the previous measurements. For the RMS3G and RMS7L the same numbers and
their proportions are reported, limited to the top 5% of the five methods. The total number of selected
residues may differ (last column) because of ex aequo scores.

Table 1 shows the numbers and proportions of the positions with a score in the top 5% according to
the various methods used to quantify the structural perturbation. In the dataset there are 122 mutated
positions, 1222 residues in 3D contact with the mutated residue and 149 residues in contact with a
ligand absent or different from the reference (2nwd). Selecting 5% of the highest RMS (3G or 7L),
corresponds to only 2% of the mutated residues. This indicates an un-appropriate tool for evaluating
the distortion induced by the mutation. The proportion of high measures of the displacements located
at the mutated position increases from RMS to p-value and P-RANK, both for RMS3G and RMS7L.
For RMS7L, among the 122 mutated residues that may be submitted to a displacement, 34%, of them
are considered as significant, while it would only be 2% with the sole RMS. The simple normalisation
(z-score 1) has similar results to the empirical p-values, while the double normalization (z-score 2) is
similar to the P-RANK. These trends of the methods are similar with the residues in contacts to the
mutation but the proportion of selected residues is smaller (at most 20%). For the ligand effect, all
methods show a very smaller proportion of measured displacements of the backbone (between 0%
and 9%). These enrichments in mutated residues or residues in direct contact with the mutation in the
selected residues with this method demonstrate its ability to highlight outstanding displacements, even
if they are in rigid regions and consequently very small. However, the mutated residues or residues in
direct contact with the mutation only represent one third of the selected residues (for example 285/899
for P-RANK and RMS7L, the percentages are the same with RMS3G and the z-scores 2). The
remaining two thirds are potential allosteric effects.

In order to assess the best method we calculated the ROC (Receiver Operating Characteristic) curves,

plotting the sensitivity as a function of specificity for several evaluators of the perturbation (Figure 3).




The residues in direct contact with a source of potential perturbation (mutation or ligand) are
considered in the contingency table as positives, resulting in an overestimation of the number of
residues really displaced. If a residue is top ranked (5%) by a method, it is considered as true i.e. we
detect an effect of the mutation. Sensitivity or true positive (TP) rate is the ratio TP/(TP+FN) with FN
the number of false negative, i.e. not significantly displaced and unrelated to mutation. Specificity, or
false positive rate, is defined as the ratio TN/(TN+FP) with TN the number of true positive, and FP
the number of false positive. The maximum area under the curve, i.e. the best evaluator, is obtained
with the P-RANK calculated over RMS7L. The top 5% positions selected with P-RANK or z-score 2
of RM7L are mostly the same: 57% of all selected positions by the two methods are common. The
area under the curves obtained with P-RANK are larger than those computed for empirical p-values
which are themselves larger than those calculated with the RMS. The areas of RMS7L are larger than
those of RMS3G, but these two measures don’t highlight the same displacements: RMS7L is strictly
local whereas RMS3G relies on a global superposition of the structures and may therefore show more
global displacements of residues. We will mainly analyse from now on the structural perturbations
with the P-RANK calculated from RMS7L and RMS3G.

Amino acid classes

We have clustered the residues in three categories: hydrophobic (F, I, L, M, V, W, Y), loop residues
(D, G, N, P, S) (Wojcik et al., 1999) and the third category containing all the others (A, R, C, Q, E, H,
K, T). Then the mutations have been clustered in all the 9 possible arrangements of the pairs of wild
and mutated classes. We have performed a chi square test to check the distribution in the 9
arrangements in all the mutations on one hand and in the top 5% selected mutations according to the
RMS7L P-RANK on the other hand. The test is significant (p-value: 0.0017) :the repartition of the
significantly disturbed mutated residues is not uniform within these categories. The main over-
represented categories are other->loop and hydrophobic->other and the main under-represented
categories are hydrophobic>hydrophobic and loop->loop. According to the P-RANK, a mutation of
one residue toward a residue of another category has therefore more effect on the structure than a

mutation within the same category.

Distance from the mutation

The distribution of the internal distances between all Ca of the reference protein (2nwd) is presented
in Figure 4 left (white bars). From it, we have extracted the distances between otherwise mutated in
the database and the significantly displaced Ca according to the top 5% RMS7L P-RANK; they are
represented in blue in Figure 4 left. To better evaluate the trend of this distribution, these quantities
are divided by the total number of distances in bins of 1A. This normalised distribution is presented in
Figure 4 right: the proportion of selected positions decreases exponentially with the distance to the
mutation. The parameter of this exponential is -3.52. This result is in qualitative agreement with the
distribution of the propagation of mutational effects found by Naganathan et coll. for T4 lysozyme

(Naganathan, 2019; Rajasekaran et al., 2017) with a parameter of -4.7.



Structural and overall analysis

We analysed in details some mutants available in our dataset and compared our results to the ones
published by the Dobson group (Ahn et al., 2016; Booth et al., 1997). The two natural mutants, D67H
and 156T form amyloid fibrils in the extracellular space of multiple organs and tissues, resulting in
systemic non-neuropathic amyloidosis. According to (Ahn et al., 2016), D67H and I56T mutations
decrease the native state stability so transient intermediate states can be populated.

The D67H mutant (1lyyA) is one of the most distorted structures relative to the wild type in our
dataset, with a global RMS for the whole structure of 1.94A. These changes mainly occur in the two
loops of the beta domain (residues 45-54 and 67-75 (Booth et al., 1997)). Figure 5 shows the
superposed structures of the wild type and the D67H mutant. Four segments of 7 residues centred at
48, 53, 67 and 72 are shown as close-up in Figure 5 because of their major distortion between local
and global superpositions. We can also notice that these fragments harbour all the residues selected in
the top 5% RMS7L P-RANK (in orange and in pink). The first set of residues (66 to 69, in orange),
includes the mutation and it is located just before one of the two loops that greatly varies according to
global superposition. The highest RMS3G of the D67H structure occurs at the position 70 of the
mutant (7.96A) .The local superposition to the wild type over a 7-residue window around position 67
is shown in the close-up of the lower left corner of Figure 5. The loop centred at 72, even with an
important difference compared to the wild type when both structures are globally superposed, results
in a very small local variability in all the mutants (upper left close-up of Figure 5). Therefore, it is not
selected with P-RANK (RMS7L) at a threshold of 5%. Residues 51 to 54 are identified as
significantly disturbed (pink fragment in the bottom right close-up of Figure 5). They are located just
after the second loop, highly distorted according to the global superposition. When locally
superimposed, this loop, centred at 48, varies much less (upper right close-up). This analysis
emphasizes the advantage of using RMS7L P-RANK which allows identifying the hinges, i.e. areas
where disturbances occur, but not those impacted by a crankshaft effect.

The network of interactions has been calculated with Arpeggio (Jubb et al., 2017) at the position of
the residue 67 for the native and the mutant (Figure S1). It results that the mutation removes residue
67 from the network present in the native structure and forms a single interaction with the cycle of the
opposite residue T54. These observations are consistent with those of (Booth et al., 1997) who have
shown that the network of H-bonds between the alpha and beta domains is strongly disrupted by this
mutation.

The structural effect of the second known amyloid natural mutation 156T (1lozA) is less obvious with
a RMS over the whole protein smaller than 1A from the wild type. Their superposed structures are
shown in Figure 6. Two fragments are selected according to the 5% threshold of the RMS7L P-
RANK. The first group, residues 36 and 37, is in pink in the close-up on the right of Figure 6. It is in
direct 3D contact with the mutated residue, not significantly displaced itself. The structural variations
of the backbone are very weak but the interaction network around residue 56 is slightly modified
(Figure S2). The second group, residues 73 to 76, is in orange in the close-up on the left of Figure 6. It
is not in contact with the mutation but is localised in one of the two loops of the beta domain. The

displacements of the backbone are more visible.



In order to easily visualise the location of the significant displacements over the whole dataset, we
present in Figure 7 all the most perturbed positions according to the RMS7L P-RANK. The selected
positions appear with bright colours in Figure 7, corresponding either to mutations (cyan) or to
residues in contact with mutations (magenta). The maps obtained with the RMS3G P-RANK (Figure
S3) or with the double normalization of the RMS7L (z-score 2) (Figure S4) are very similar to the
map of RMS7L P-RANK. One can notice that when several mutations are available at a given
position, they produce a displacement in the same region. For example, mutations at positions 21 and
23 result in a significant displacement at long range, on the fragment 95 to 106. The 3D localization
of these residues in the reference structure is shown in Figure 8. The four mutations available for
positions 21 and 23 (R21A, R21G, 123A and 123V) mainly influence the structure of the N-terminal
end of the facing alpha helix.

We finally compared our results with the articles published by researchers at the Institute for Protein
Research at Osaka University who designed and crystallized many mutants of human lysozyme
(Takano et al., 1995, 1997, 2000, 2001a, 2001b, 2001c; Funahashi et al., 2000, 2002). In most cases,
they did not identify noticeable structural variation in the main chain, but we have extracted the 11
proteins where it was the case (see Table 2). When these authors observe variations in the mutant
structures, we always also detect them with RMS7L and sometimes also with RMS3G (bold residue
indexes in Table 2). Additionally, we find also other perturbations.

In the 1995 paper, Takano and col. (Takano et al., 1995) studied the effect of Isoleucine to Valine
mutations at positions 23, 56, 59, 89 and 106 (see Table 2 and Figure S5 of supplementary materials).
For the mutant 123V, Takano and col. found that the region 99-105 facing the mutation is displaced,
but not the location of the mutation itself. In mutant 123V, we select residues 70, 95, 96, 100, and 101
as disturbed (by RMS7L). Takano observed the C-ter and N-ter extremities are disturbed by the
mutations 156V and 189V and 1106V; we select the same two regions. The mutated residue is selected
by Takano and also with both P-RANK.

In (Takano et al., 1997) the authors designed 9 valine to alanine mutants to study the hydrophobic
effect on stability; we have 7 of these mutants in our dataset (we cannot compute the RMS for the
mutations V2A and V130A). The mutations VI93A, V100A and V125A create a cavity within the
protein toward which the residues move. We also identify these mutated residues and their
surrounding residues as disrupted (see Figure 9, the cyan positions surrounded by pink positions). For
the V99A mutation, we also select residues after the mutation as in (Takano et al., 1997), but besides
we detect a disruption at the very location of the mutation, as for V100A. The three remaining
mutations (V74A, V110A, V121A) cause no noticeable backbone structural variations according to
Takano and col. We also found a few numbers of perturbed residues that are far from the mutation for
V74A and V110A, but for V121A we find two blocks of displaced residues that are very similar to the
residues identified for the V125A mutant (Figure 9).

Discussion
The initial question that motivated this work was whether small structural variations in the peptide

backbone caused by single point mutations were measurable with present techniques. In a previous



paper (Shanthirabalan et al., 2018) we developed a method focusing on the very location of the
mutation itself. We showed that 38% of all mutations in 11 protein families produce a significant
effect on the displacement. Even if the RMSD is greater when the mutation is in loops than in regular
secondary structure, the relative effect is actually more important for regular secondary structures and
buried positions, i.e. is for rigid regions. This is coherent with previous studies on Bacteriophage T4
Lysozyme showing that mutations on lysozyme that impaired function exhibited lower than average
temperature factors (Alber et al., 1987). Here we want to look at the structural variations spread on the
whole protein. There are many potential sources of structural variation for proteins, other than the
mutation itself. In fact, protein—protein interactions, ligand interactions or different solvent have often
a greater impact on the overall structure than a substitution (Kosloff and Kolodny, 2008;
Shanthirabalan et al., 2018). We have minimized their impact working on a well-studied family with a
large number of mutants: the human lysozyme. We have collected 122 different mutants with known
structures, each one differing from the wild type by a single replacement.

It is very uncommon that the entire structure of a protein varies greatly as a result of a single
substitution. Therefore, we did not measure a global RMS on the whole structures but rather local
variations by calculating RMS on fragments of 3 residues after optimal superposition of whole
structures (RMS3G) or on fragments of 7 residues after optimal superposition on these 7 residues
(RMS7L). These two RMS allow measuring the local variations of the protein chain but the RMS3G
measures the displacement of the fragment relative to the whole molecule - there can therefore be
lever-arm effects - while the RMS7L measures the deformation of the fragment of 7 residues. We
chose these lengths of fragments because they produce the strongest effect (Shanthirabalan et al.,
2018).

RMS3G and RMS7L are computed at each position (except the extremities) of the mutants and can be
represented as profiles (Figure 2). The profile amplitude varies depending on the mutants: the
structure of some proteins fluctuates more than others and the RMS for these proteins are all large. It
is also clear that they vary according to the positions: at each position, the RMS are strongly
correlated to the flexibility of the molecule. These two sources of variation mask the effect of the
mutation itself: if we select the largest RMS, the only information we get is the detection of the most
flexible regions of the proteins. We can tackle this issue thanks to the large number of mutants of the
lysozyme family: we estimated the variability of RMS for each protein and at each position and took
them into account by calculating either P-RANKSs or normalized values (z-score2) from these RMS.
We then analysed the distribution queues, i.e. the 5% of the lowest P-RANKSs or the 5% of the largest
z-scores and compared them to the 5% of the highest RMS. The objective is then to evaluate if this
methodology better allows identifying regions where the main chain is deformed (with the RMS7L)
or displaced (with the RMS3G), or if the regions are randomly selected.

The place where the chain is most likely to be disrupted is the exact location of the mutation. We
therefore first checked the proportion of mutated residues selected in the top 5% (Table 1). P-RANK
and z-score? allow finding the highest number of mutations among the most significant 5%
perturbations. These results are also confirmed with the ROC curve (Figure 3). For the other selected
positions, we also looked at potential sources of disturbance such as ligand difference, or direct

contact with the mutated residue. The proportions of residues belonging to these two categories are



also highest for P-RANK and z-score2 compared to RMS (Table 1). It shows that these variables are
more relevant than the others to evidence small distortions in the structures. These three categories,
entitled as mutated, contact or ligand in Table 1, only cover one third of the residues selected as
significantly disturbed. What about the other residues selected? Is there a long-range propagation of
the effect of the mutation?

The main displacement in the structures of an ensemble of human lysozyme differing one from
another by a single point mutation does not necessarily occur at the position of the mutation. This is in
agreement with the results of the group of Matthews on the case of T4 lysozyme (Eriksson et al.,
1993). We find that mutations seem to have long-range consequences as in (Verma et al., 2012). By
calculating the distribution of the distance to mutation for all the residues selected as significantly
displaced, we find, as in (Naganathan, 2019; Rajasekaran et al., 2017), that the distribution of the
proportion of disturbed residues exponentially decreases with distance. These selected residues
therefore have a consistent distribution according to this criterion. We can also notice that they are
often grouped together: several successive residues are often selected (Figure 7) or that they are
geometrically grouped (Figure 8).

We have studied in more detail the two natural mutations, D67H and I56T, related to non-neuropathic
amyloid. There are two side-chain hydrogen bonding networks in the wild-type protein (Artymiuk and
Blake, 1981). Interestingly, both of these networks stabilize the beta-domain, and cover the diverse
regions of the primary structure that are brought into close proximity by the native fold. In the first
case, the structure is disturbed in two very flexible loops (Figure 5), that we find with the P-RANK
calculated from the RMS3G. This is due to a leverage effect because with local superposition
(RMS7L), these loops remain unchanged although some residues at the base of these loops are locally
disturbed. These results are consistent with the work of Booth and. coll. where they have shown that
the weak bond network of these residues is strongly disturbed. The structure of the I156T variant is
almost identical to that of the wild-type protein (Booth et al., 1997) (Figure 6) but we also identify
displaced residues belonging to the weak bond network which is disturbed according to (Booth et al.,
1997).

Conclusion

We present in this paper a method to identify and isolate protein backbone perturbations caused by a
point mutation. We show that it allows identifying disturbances in direct contact with the mutation but
also distant disturbances, sign of an allosteric effect of the mutation. However, this method requires a
large number of mutant structures, which is not available for the majority of protein families, but this
work must be seen as a milestone for identifying allosteric effects in protein structures. Now that we
have shown on a test case that it is possible to identify these perturbations on a large dataset of
mutated structures, we wish to extend the method to be able to evidence the structural displacements
from a single structure. In order to do this, one assumption is to generate multiple conformations of
the molecule thanks to several methods: B-factors, normal modes, model the expected variations of
Ca positions with ellipses (Gerstein and Altman, 1995; Taylor et al., 1983), use of the several models
usually reported with NMR structures, generation of conformations fulfilling distance constraints,
such as CONCOORD (de Groot et al. 1999), or some of the various developments of the elastic
network models, such as, among others, PROPHET (Lavery and Sacquin-Mora, 2007).
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