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ABSTRACT: The mutation space of spatially conserved (MSSC)
amino acid residues is a protein structural quantity developed and
described in this work. The MSSC quantifies how many mutations
and which different mutations, i.e., the mutation space, occur in
each amino acid site in a protein. The MSSC calculates the
mutation space of amino acids in a target protein from the spatially
conserved residues in a group of multiple protein structures.
Spatially conserved amino acid residues are identified based on
their relative positions in the protein structure. The MSSC |
examines each residue in a target protein, compares it to the
residues present in the same relative position in other protein structures, and uses physicochemical criteria of mutations found in
each conserved spatial site to quantify the mutation space of each amino acid in the target protein. The MSSC is analogous to
scoring each site in a multiple sequence alignment but in three-dimensional space considering the spatial location of residues instead
of solely the order in which they appear in a protein sequence. MSSC analysis was performed on example cases, and it reproduces
the well-known observation that, regardless of secondary structure, solvent-exposed residues are more likely to be mutated than
internal ones. The MSSC code is available on GitHub: “https://github.com/Cantu-Research-Group/Mutation Space”.
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Quantify the mutation space of spatially-corresponding residues |

1. INTRODUCTION

A fundamental question about protein structure is how the
three-dimensional structure of a protein will change by specific
mutations. This work presents a way to quantify how many
mutations are present in the spatial location of an amino acid
site in the tertiary structure of a protein as a metric to
determine which mutations are more likely to affect the protein
structure.

Proteins can be compared based on their sequence to find
similar proteins among all known sequences,”” which has
enabled countless advances in protein science and engineering
because proteins with similar sequences are likely to have
similar structures and functions. An approach to predict how
mutations affect protein function is through examination of
sequences and comparison to function, for example, focusing
on single-nucleotide polymorphism. Amino acid sequence-
based approaches tend to not rely on direct protein tertiary
structure comparisons, instead making function predictions by
comparing available sequencing data.’~® Although sequence
data alone may be sufficient to predict function, generally
sequences alone are not sufficient to make specific structural
predictions: for example, in homology modeling, sequence
comparisons identify known structures that serve as templates
to predict three-dimensional structures.”"

Proteins can be compared by superimposing their three-
dimensional structures. Tertiary structure superimposition, or
alignment, methods provide consistent and useful information
for comparing the protein structure through direct tertiary
structural comparison'"'* and allow making inferences on how
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specific amino acids affect function. To compare highly
divergent proteins that may share only a small conserved
core or region, structural comparisons can be performed by
superimposing only highly similar structural fragments."
Superimposition approaches focus on attaining the best global
fit by minimizing the distance between residues or sub-
structures in different proteins. Tertiary structure comparison
provides data that sequence-driven methods struggle to attain,
but, like sequence-based comparison methods that seek to
optimize the local or global alignment, tertiary structure
alignment methods minimize distances between structures to
optimally superimpose protein structures.

In this work, we present the mutation space of spatially
conserved (MSSC) amino acid sites in proteins. The MSSC
compares protein tertiary structures by identifying spatially
corresponding residues based on their relative positions in
their protein structures. This method quantifies how many
mutations occur in each spatially conserved amino site in a
target protein in a group of multiple protein structures. The
MSSC examines each residue in a target protein, compares it to
the residues present in the same relative position in other
protein structures from that group, and uses the physicochem-
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Figure 1. Visualization of spatially corresponding residues in two structures. (A) Protein structures are in the cartesian space, for example, in a
Protein Data Bank structure. (B) Structures are oriented in cartesian space according to their reference points independently with no information
from other structures. (C) Spatially corresponding residues, which occupy the same relative spatial positions in their structures, can be determined
by matching the magnitude and orientation of the three vectors in eqs 1-3.

ical criteria of mutations found in each conserved spatial site to
quantify the mutation space of that residue. The MSSC
provides a unique perspective because it does not seek to
identify the best sequence fit or the best structural super-
imposition but rather only informs how many amino acid
mutations occur in a spatial site in a protein structure. The
MSSC of each residue in a protein is simply a score of how
many different amino acid residues appear in a spatially
conserved site.

2. RESULTS

The mutation space of a spatially conserved amino acid site is a
quantification of the overall conservation of a specific spatial
location for a group of similar proteins, accounting for the
diversity of amino acids found in a particular site and the
degree of spatial and physicochemical conservation of that site.
This is analogous to scoring conserved sites in a multiple
sequence alignment but in three-dimensional space considering
the spatial location of residues, instead of solely the order in
which they appear in a protein sequence.

To be able to quantify the mutation space for a site in three-
dimensional space for several proteins, corresponding residues
for a spatial site must be identified. At most, one residue from
each protein in a group of protein structures can occupy a site
in three-dimensional space: these are the spatially correspond-
ing residues, and how they are identified is described in Section
2.1. Once spatially corresponding residues are identified, the
mutation space is calculated based on the residues that appear
in each spatial site in three-dimensional space, as described in
Section 2.2.

2.1. Identifying Spatially Corresponding Residues in
the Tertiary Structure of Proteins. A method to identify
spatially corresponding residues was developed in this work to
avoid relying on protein structure superimposition approaches
and external software, since the goal is not to superimpose
structures with the best overlap, but rather to identify spatially
corresponding residues between two protein structures based
on the relative position of each residue in its protein structure.
Within a set of structures (i.e., a group of proteins), a target

protein structure is selected, while the remaining ones are the
subject protein structures. All of the amino acid sequences in
the group of proteins are used to obtain a multiple sequence
alignment. Sequence-conserved residues (i.e., identities,
commonly denoted with a * in a multiple sequence alignment)
as well as nearly-conserved residues (i.e., similarities,
commonly denoted with a : in a multiple sequence alignment)
are identified from the multiple sequence alignment. For each
three-dimensional structure in the group of proteins, the
average position of sequence-conserved residues is labeled as
the center of mass of conserved residues for that protein
structure (COM), which is then defined as its origin in
cartesian space. For each three-dimensional structure in the
group of proteins, the two sequence-conserved residues (i.e.,
identities) in the set that are separated by the greatest spatial
distance are then selected as reference points, CR' and CR?,
keeping assignments consistent between each protein structure
in the group. When there are no identities with spatial distance
in the multiple sequence alignment, nearly-conserved residues
(i.e., similarities) are then used to select CR' and CR? Each
protein structure is then rotated about its COM origin such
that CR' is aligned with the z-axis and CR® is on the
{(x, 0, 2)lx > 0, z € R} plane.

Following this spatial realignment, the position of each
residue j within a protein structure s, r;, is redefined by the
vectors

_

1 1

v = CR; Tis (1)
2 2

v, = CR; Tis (2)
v;:’m = COM;, Tis (3)

The initial spatial realignment and vector conversion results
in the protein structures that are highly similar will have highly
similar vector fields, regardless of the absolute position and
orientation of each protein structure in cartesian space. Each
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residue from a subject protein structure s, r;, is compared to
each residue from the target protein structure ¢, r;,.

The similarity of the spatial positions of two residues is
determined through examination of related defining vectors,
see Figure 1. The position of each residue is defined by three
vectors, which originate at the selected reference points, CR,
CR? and COM. These reference points, for the groups of
similar proteins studied, have highly conserved spatial positions
in all structures. Therefore, if the vectors defining a residue in a

—_—

. 1 2 . .
subject structure, v; , v, , and vi." , are all oriented in the
1, 1, 1,8

same direction and have the same magnitudes as the vectors

—_

1 2 d com
Vit s Vip yand vy,

defining a residue in the target structure,
respectively, then the two residues must occupy the same
spatial position relative to their reference points.

To quantify the similarity of vector orientation, the triangle
similarity-section similarity (TS-SS)'* approach was used to
calculate the similarity between the subject structure vectors (
v, v

6o Vi pom ) and the corresponding vectors in the target

structure (v,.yt , vft ) vic,?m ) for all ith and jth residues. TS-SS is
a geometric similarity measure that combines elements from
cosine, Euclidian distance, and magnitude difference metrics to
distinguish vectors. The TS between the target and subject
vectors is calculated from the vector magnitudes and the angle
between the vectors:

S I Tsin(6)
S—TS(vs,v y= L2 U

i 2 4)
12, 10142, 11-sin(6)
TS = TS(v, , v, ) = —2——
( ;s t,t ) 2 (5)
o™ 1™ l-sin(0)
TS®™ — TS com , com — S
G, ) = -

(6)
The SS between the target and subject vectors is similarly
computed as

SS(VS,‘V )

1,

(L, = ol )+,

Ss!

T 0
— vt 2(—)
v 1) 360

(7)
s> = SS(v i)
= (2 =2 I = |||)2.(i)
e TN 2 360
(8)
SSCOm — SS( Com s lc?m
- (V.Cj?“ U M — S )2
[5)
360 )

where 6 is the angle between the two vectors that appear in
each equation in eqs 4—9. TS-SS multiplies the area of the
triangle between the two vectors and the area of the sector
with a radius of the sum of the Euclidian distance and

magnitude difference of the two vectors. The TS and SS
quantities are combined into a TS-SS value

TS'SS! + TS?-SS* + TSO™.gs™

TS — SS =
3 (10)

Using this approach, the TS-SS value will range from 0 to oo,
where identical vectors will have a TS-SS value of 0 and it will
increase as the difference between vector direction and
magnitude increases. For each subject—target residue pair,
the TS-SS value between the defining target and subject
vectors is used to measure residue spatial similarity. Testing of
the method on the structure datasets discussed in this work
identified that a TS-SS value threshold of 1.0 has sufficient
flexibility to capture spatially correlated residues.

The subject—target analysis to identify which residue in the
subject structure spatially corresponds with a residue in the
target structure is run for every pair of subject—target protein
structures, where the subject proteins are proteins in the group
that are not the target. For each residue in the target protein, a
list of possible subject residue matches is generated for each
subject protein. For a given subject—target protein pair, each
target residue may be possibly correlated to zero or more
subject residues.

For a given subject—target pair, only one subject residue can
be considered to occupy the same spatial position as a given
target residue. For all residues in a target structure, the
following algorithm was developed to make a final assignment
of at most one subject residue from each subject structure to
each target residue. First, subject—target residue pairs that are
incredibly spatially similar (defined as having a TS-SS value of
0.03) to only each other are assigned as being spatially
correlated, and those subject residues are removed as possible
matches from the possible correlation set. After this initial
assignment, target residues that have only one possible spatially
correlated subject residue, according to the criteria described,
are identified, and those subject residues are assigned as being
spatially correlated to their respective target residues. Then,
the subject residues in these 1:1 correlations are likewise
removed as possible matches from the possible correlation set.
This process is repeated until no more 1:1 (subject residue/
target residue) matches are found. The second step identifies
2:2 correlations, meaning when two adjacent target residues
are possibly spatially correlated to two adjacent subject
residues, e.g, rys, and ry ¢ are both possibly correlated to
13, s and r,4 . These are assigned to minimize the total TS-SS
value, e.g, ry3 , is assigned to rys ; and r,, , is assigned to r4 ¢
if

TS — 88153 + TS — SSi604

< TS — SS1423 + TS — S8y 5,

(Exp 1)

These subject residues are assigned as spatially correlated to
target residues and removed from the possible correlation set
as in the 1:1 cycle. This cycle is repeated until no more 2:2
matches are found. The 1:1 and 2:2 cycles are alternately
repeated until no more changes are made to the assignment of
spatially correlated residues. This macrocycle assigns most of
the final target-subject residue pairs; the remaining residues are
assigned in a manner, which retains the sequential alignment
between the target and subject protein structures.

2.2. Quantifying the Mutation Space in Spatially
Conserved Sites. For each residue in the target protein

https://doi.org/10.1021/acsomega.3c01473
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structure, the spatially corresponding residues of each subject
protein structure are identified (Section 2.1); now, the
mutation space of each residue in the target protein structure
needs to be quantified. In a set of structures (ie., a group of
proteins), there are x+ 1 structures in a set: one target
structure against which x subject structures are compared. A
residue in any subject protein structure is a spatially conserved
residue if it occupies the same location in three-dimensional
space as a corresponding target protein residue, for both,
relative to their respective structures. Each subject protein
residue can be spatially correlated, or conserved, to at most one
residue from the target protein structure. Also, it is possible
that a target protein residue does not spatially correlate with
any residues from a subject structure: if the criteria described
in Section 2.1 is not met, then a target protein residue does not
have a spatially corresponding subject protein residue.

To quantify the mutation space of each residue i in the
target protein structure, we developed the mutation space of
spatially correlated residues (MSSC,)

X

MSSC, = Hunique Z ZD
(11)

which is used to score each residue in the target structure. Each
target protein residue can have at most x correlated subject
protein residues, where x is the number of subject protein
structures, see Figure 2. When a target residue is found to be
spatially correlated to ¢ subject residues, at most one per

Subject Structures

Di,r
Spatially corresponding ~
residue in subject structure™=="" .
19
2,
r=1

Target Structure

’
it residue

r=1

Figure 2. Visual representation of an MSSC calculation of a single
residue in the target structure. The MSSC is calculated, using eqs 11
and 12, for every residue in the target structure based on the residues
present in its spatially corresponding site in each subject structure.

subject protein structure, then there are x — ¢ instances of
subject structures having no spatially correlated residue for that
specific residue of the target protein. At the core of this
equation is the Grantham’s distance," D,,, indicating the
distance between target residue i and one of the r = 19 other
standard amino acids. For scoring purposes, any nonstandard
amino acids are treated as their nearest relative, e.g,
selenomethionine is scored as if it were methionine.

To clarify, the MSSC is not a substitution matrix, rather a
substitution matrix is used to score individual mutations, D;,.
Grantham’s distance is used because it is based purely on
physicochemical criteria and does not use a sample of protein
structures to optimize specific mutation scores. Different
substitution matrices have been developed and optimized,'°~**
mostly with the goal of optimizing sequence alignments, % or
to improve protein homology identification and the agreement
between sequence and structure alignments.*®

In the Grantham’s distance matrix, there are n;, instances of
a given mutation, such as Cys—Trp or Cys—Glu. The total
number of mutations on each target residue, ¢, is described by

x 19
=2 Xn
1

r=1 (12)

and the number of unique mutations, 11, gives the count of
unique, nonequivalent amino acid correlations. For example,
given a set of 11 proteins with one target structure and x = 10
subject structures, for a Cys residue in the target protein
structure that is spatially correlated to 3 Cys in three different
subject structures, 1 Ser in another subject structure, and 6 Gly
in six different subject structures, it has ¢ = 10 spatially
correlated residues and #,,;q,. = 2 unique mutations (Cys—Gly,
Cys—Ser). The mutational space score of residue i in the target
protein structure, MSSC, is low for a target residue that has
fewer and more similar mutations among its spatially
correlated subject residues and high for a target residue that
has many different mutations and more dissimilar mutations.

The MSSC; can also be low if ¢ is small (approx.i = 0.5)

since the scores for the x — ¢ noncorrelated subject residues
are counted as zero. A convenient value to observe is the
sample occurrence ratio

c
SOR = —
X (13)

which indicates the proportion of the subject protein structures
that were found to have a correlated residue for a given target
residue. Although the MSSC is focused on amino acid
substitutions, insertion/deletions (indels) also have an effect
on the structure of proteins in families.”” The sample
occurrence ratio (SOR) is a better indicator of indels, as a
high number of indels would result in a lower number of
spatially corresponding residues.

The mutation space code is available on GitHub (see the
Methods section) to identify spatially corresponding residues
and their mutation space. The code allows flexibility to users in
two significant ways. First, users can turn off the structural
alignment part of our code, if they prefer to calculate the
mutation space with structures superimposed with a different
method, for example, with Multiprot or TM-Align.'"** Second,
users can calculate the mutation space with a different
substitution matrix than Grantham’s distance.

https://doi.org/10.1021/acsomega.3c01473
ACS Omega 2023, 8, 24302—-24310


https://pubs.acs.org/doi/10.1021/acsomega.3c01473?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01473?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01473?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01473?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 3. TE11 structure 1SCO with a HotDog fold. Residues are colored red according to the MSSC score obtained when 1SCO is grouped with
(a) only proteins of the TE11 family or (b) proteins of both TE11 and TE6 families. Darker red indicates residues with a higher MSSC with more
mutational space. Color scheme is normalized to the highest MSSC score for each grouping. Residue side chains as sticks are shown to highlight

differences between interior and exterior residues.

The mutation space code is best suited to calculate the
mutation space of residues in a protein within a group of
proteins that have a substantial degree of structural and
sequence similarity since the structural alignment approach has
a limitation: at least two residues must be conserved, or nearly
conserved, in the multiple sequence alignment (CR' and CR?)
in order to identify pairs of spatially corresponding residues.
Therefore, to calculate the mutation space of the residues in a
protein in a dissimilar group of proteins, the structural
alignment part of our code would need to be turned off, as
identifying spatially corresponding pairs needs some sequence
and structural similarity.

3. DISCUSSION

To illustrate how MSSC analysis can lead to structural insights
into proteins, we present four example cases from different
protein folds and enzyme functions: two thioesterase enzymes,
one ketoacyl synthase enzyme, and one glycoside hydrolase
enzyme. For each case, the target and subject structures are
listed in the Supporting Information. Although the cases
presented are with experimentally resolved structures only,
MSSC analysis could also be done with computationally
predicted structures.

Examination of the mutation space of the four test cases
reveals a common trend: mutations are more common and
pronounced on the protein surface than the interior. This is
observed for all cases with different structural folds, and
enzymatic functions, reproducing the well-known observation
that interior residues not in contact with the solvent play a role
in maintaining the three-dimensional structure of pro-
teins.””~>* Exterior @ helices display this phenomenon clearly;
positions on an « helix that lie closer to the main bulk of the
protein are consistently more conserved than positions that are
more exposed to the solvent. This pattern is less pronounced

in @ helices that are “buried” in the structure, suggesting that
the likelihood of solvent interaction may play a role in
selecting/promoting mutations. In # sheets, amino acids that
are exposed to the solvent have a higher mutation space than
those exposed to the protein structure core. Even in loops,
their inherent disorder results in this pattern being less clear,
but it is still present. Therefore, regardless of the secondary
structure, solvent-exposed residues have a higher mutation
space than internal ones; MSSC provides a metric to quantify
this, although it has been known in protein science for decades
that solvent-exposed residues are more likely to be
mutated.”” ™

Enzymes in the thioesterase (TE) family TE11*® have a
HotDog fold, and they hydrolyze acyl-CoA thioester bonds in
many pathways, for example, enterobactin biosynthesis.
Protein Data Bank® (PDB) structure 1SCO is a TE1l
Haemophilus influenzae enzyme and is the target structure for
which MSSC,; is calculated with respect to the other 37 TE11
structures, see Figure 3a. The MSSC of each residue in the
target structure was calculated. The scores, both absolute and
relative, can vary depending on the size and composition of the
set of proteins studied, so it is convenient to visualize the
results in relative terms. Therefore, in Figure 3a, the mutation
space scores of residues in 1SCO are expressed as a heatmap,
where the darkest red represents the highest MSSC for that
target structure. Inspection of the mutation space of 1SCO
shows a notable asymmetry: there is an orientation to the
MSSC scores in secondary structures. Residues that lie on the
exterior of the protein, or those that are more solvent-exposed,
tend to have higher MSSC scores than those facing the
interior. This phenomenon is clear in the f sheet present in
1SCO: the 26 residues residing on the exterior surface have an
average MSSC of 210 and SOR of 0.978, while the 23 interior
residues have an average MSSC of 110 and SOR of 0.998.

https://doi.org/10.1021/acsomega.3c01473
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Figure 4. TE21 structure 1FJ2 with an a/f hydrolase fold. Darker red indicates residues with a higher MSSC with more mutational space. Color
scheme is normalized to the highest MSSC score in the protein. Residue side chains as sticks are shown to highlight the difference between interior

and exterior residues.

Figure S. KS1 structure 4EFIL Darker red indicates residues with a higher MSSC with more mutational space. Color scheme is normalized to the

highest MSSC score in the protein.

Figure 6. GH8 structure 1H12. Darker red indicates residues with a higher MSSC with more mutational space. Color scheme is normalized to the

highest MSSC score in the protein.

The MSSC of each residue in the same target structure
(1SCO0) was recalculated, with an increased number of subject
structures to include all of the structures in TE11 as well as
those in TE6 (Figure 3b) to assess how the MSSC score is
affected by including subject structures with less similarity with
the target structure. TE6 enzymes also have a HotDog fold, but
they have less structural similarity with each other than TE11
enzymes. Comparing Figure 3a,b, the regions with a higher
mutation space are conserved; however, there are two main
differences: (i) more residues have a higher mutation space as
can be seen with more areas in light pink in Figure 3a,b and
(ii) the residues with the higher MSSC scores changed, as
seen, for example, by the sticks in the far left of both Figure
3a,b.

TE21°" is also a thioesterase enzyme family, however, their
proteins have an /f hydrolase fold. The second example case
is the twenty-one structures in TE21 with the Homo sapiens
enzyme” (PDB 1F]2) as the target structure (Figure 4). As in
the TE11l example, secondary structures have higher MSSC
scores (i.e., greater mutation space) in positions that are more
solvent-exposed, as shown in the a helices present in 1FJ2.
Residues side chains on an o helix have been represented as
sticks to demonstrate the consistency of this phenomenon
across secondary structures.

Ketoacyl synthase (KS) enzyme family KS1°° has a thiolase-
like fold and currently has forty-six resolved protein structures.
The third example case is the 46 KSI structures with the
Paraburkholderia xenovorans structure®” (PDB 4EFI) as the
target protein (Figure S). Of the four examples studied, KS1

136
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enzymes show the most homogeneous mutation space with
less variation between solvent-exposed and protein-exposed
residues. Protein conformational changes and flexibility may
play a role in the consistency with which some residues interact
with one another, homogenizing the mutation space
distribution. Further study may reveal that the homogeneity
of mutation space distribution is fold-dependent.

GHS, a glycoside hydrolase enzyme family,”® has structures
with an (a/a)¢ barrel fold. The fourth example case is 44 GH8
structures, with a Pseudoalteromonas haloplanktis xylanase
(PDB 1H12) as the target protein (Figure 6). The mutation
space of residues lying in closer proximity to other residues is
generally lower than those that are more solvent-exposed.
There is no significant difference in mutation space between
secondary structures. It is worth noting that the “core” of this
structure, likely the substrate-binding site, is a region of very
low mutation space (very low MSSC scores). This suggests
that residues involved with substrate specificity may also have
low MSSC scores even if they are solvent-exposed.

For structure alignment comparison purposes, the mutation
space of 1SCO in TE11l was also calculated with structures
superimposed with TM-Align and with Multiprot.'"*” The
overall structure superimposition of the TE11l structures is
visually very similar (see Figure S1 in the Supporting
Information). However, there are some differences in the
MSSC scores: the TM-Align superimposed structures have the
same MSSC score (+/—S5) in 63% of 1SCO residues as those
aligned with our method, while the Multiprot aligned
structures have the same MSSC score (+/—5) in 59% of
1SCO residues as those aligned with our method. Five (5) is
the smallest Grantham’s distance that is between Leu and Ile.
The difference in MSSC score comes from the differences in
the structural alignment, where those performed by Multiprot
or TM-Align result in optimized superimposed structures with
the most possible spatial overlap (Figure S1). Although the
MSSC score can be quantified for structures superimposed
with other methods, the structure alignment method in this
work (Section 2.1) was developed to identify pairs of spatially
corresponding residues, not to optimize structure super-
imposition, locally or globally.

MSSC has a limitation since spatially corresponding residues
are determined based on the similarity of their locations
relative to common reference points (CR',CR?, and COM).
Therefore, the position of these reference points relative to
each other and relative to their respective protein structures
must be highly conserved. The example cases studied groups of
protein structures (target and subject structures) within
protein families, i.e., structures that have the same fold and a
high degree of structural similarity; therefore, sequence-
conserved residues are very highly conserved in their spatial
positions, which gives consistent structural realignments and
comparisons. If the set of proteins studied were more varied,
the sequence-conserved residues would likely not be spatially
conserved and the approach of identifying spatially conserved
residues (Section 2.1) may not accurately determine spatially
correlated residues. For each case in the Discussion section,
Table S1 in the Supporting Information reports the total
number of subject structures (x), average identities and
similarities in target—subject pairwise sequence alignments,
as well as the number of identities and similarities in the
multiple sequence alignment of all of the sequences, which are
used to select CR' and CR?. The MSSC code can handle any
set of structures as long as there are identities (*) and/or

similarities (:) in the multiple sequence alignment that
corresponds to spatially distant residues to select CR' and
CR?. Groups of protein structures whose average pairwise
sequence alignments have at least ~25% identity usually result
in multiple sequence alignments with enough identities (*)
and/or similarities to select CR' and CR?.

The MSSC code is, for now, limited to monomeric protein
chains. For multidomain proteins, the specific domain
(monomer) of interest should be isolated and compared
with similar structures.

Sequence and structure alignments do not always match,
although a recently developed substitution matrix results in an
improved agreement.”® In our sample cases, some residues that
are fully conserved in a multiple sequence alignment did not
receive an MSSC of zero (i.e., fully conserved spatially as well),
as one might expect. As an example, KS1 GIn274 is fully
conserved in the multiple sequence alignment, however, its
MSSC score in the Paraburkholderia xenovorans target protein
is 1.69, which means that, in at least one other structure, a
different residue occupies the spatial position that the target
GIn274 residue does in its structure. MSSC focuses on the
positions of residues relative to other residues and reference
points within the structure. Therefore, minor variations in
bond angles and residue size can shift residues from their
expected spatial position, resulting in an MSSC that points to a
different mutation space than expected. However, this is a
natural consequence of our intent; we aim to examine and
compare proteins through the space that their amino acid
residues occupy, offering a different perspective than multiple
sequence alignments or protein superimpositions. The
function and stability of a protein are both intimately tied to
its structure, and MSSC provides a new metric through which
to compare and examine protein structures.

4. CONCLUSIONS

For each amino acid in a protein, the mutation space of
spatially conserved amino acid sites (MSSC) quantifies how
many, and how many different, mutations occur in a spatially
defined amino acid site in a group of protein structures.
Analysis of the mutation space of four protein structures in
their respective families revealed that mutations are not
uniform throughout the protein structure; rather, the
composition of amino acid positions in a target structure
varies in ordered ways. Regardless of the secondary structure,
residue positions in closer proximity to other residues showed
a lower MSSC score (ie., more highly conserved), and those
that lie further or are more solvent-exposed had a higher
MSSC score (i.e., more frequently mutated), reproducing the
well-known observation that solvent-exposed residues are more
likely to be mutated than internal ones. These results
demonstrate how quantifying the MSSC of residues in a
protein can be used to understand the structural similarity of a
protein more thoroughly within a set of related and structurally
similar proteins.

5. METHODS

The Results section describes how spatially conserved amino
acid sites are identified and how the MSSC is calculated for
each residue in a protein. Data processing was performed with
Python 3.8. Custom scripts were written for all data processing
and the NumPy math package was utilized for nontrivial math
functions. Throughout this work, the spatial position of
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residues within a protein structure is defined by the cartesian
coordinates of reference vectors ending at the a-carbon atom
of that residue. Multiple sequence alignments were performed
using MUSCLE* using the default settings and output for
processing in the CLUSTALW format.

The MSSC code is available on GitHub: “https://github.
com/Cantu-Research-Group/Mutation_Space”. See README
file for specific instructions.
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