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Izvlecek: Konformacijska proznost proteinov se uporablja na Stevilnih podro¢jih, od
bioinformati¢nih $tudij do odkrivanja zdravil. Podatkovna zbirka SCOPe vsebuje vec replik
proteinskih domen, kar zagotavlja uporabne informacije za preuc¢evanje proznosti proteinov.
Celotno podatkovno zbirko SCOPe smo analizirali z uporabo programskega paketa Bio3D
R. Glavni cilj te Studije je bil raziskati povezavo med temperaturnim faktorjem in lokalnimi
floktuacijami RMSF (root-mean-square-fluctuations). Ugotovili smo, da med Stevilom
enakih proteinskih domen in srednjo vrednostjo RMSF ni povezave. Podobno Stevilo enakih
proteinskih domen ni bilo povezano s korelacijo med RMSF in temperaturnim faktorjem.
Med Stevilom preostankov oziroma velikostjo proteinske domene in povpre¢no RMSF ni
bilo korelacije. Poleg tega Stevilo ostankov ni bilo v korelaciji s korelacijo med faktorjema
RMSF in temperaturnega faktorja. Visja povprecna RMSF je negativno korelirala s
korelacijo med povprecno RMSF in temperaturnim faktorjem. Ugotovili smo, da
konformacijska proznost ni povezana z velikostjo domene, in prav tako ni povezan z samim
zvitjem proteina. Poleg tega je RMSF v nekaterih primerih zelo dobro povezan s
temperaturnim faktorjem. Po drugi strani pa najdemo Stevilne primere, kjer obstaja negativna

korelacija med RMSF in temperaturnim faktorjem.
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Abstract: Protein flexibility is used in numerous fields, from bioinformatics studies to drug
discovery. The SCOPe database contains multiple replicates of protein domains, providing
rich information for the study of protein flexibility. We analyzed the entire SCOPe database
using Bio3D R packages. The focus of the present study was to investigate the relationship
between the temperature factor and root mean square fluctuations (RMSF). We found that
there was no correlation between the number of equal/similar entries and the mean RMSF.
Similarly, the number of equal/similar entries did not correlate with the correlation between
RMSF and temperature factor. There was no correlation between the number of residues and
the mean RMSF. In addition, the number of residues did not correlate with the correlation
of RMSF and temperature factor. Higher mean RMSF correlated negatively with the
correlation of mean RMSF and temperature factor. We found that conformational flexibility
was not related to domain size or to the folding of the protein itself. Moreover, RMSF is very
well correlated with temperature factor in some cases. On the other hand, we find numerous

examples where there is a negative correlation between RMSF and temperature factor.
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1 INTRODUCTION

In his book How proteins work, Mike Williamson states that ,,The Last Universal Common
Ancestor” probably already had most of the protein folds and functions that we see now.*
[1] He further states that ,,once a protein has reached a certain functional level it starts to
“fossilize” into an evolutionary dead-end [1]. Therefore, we can only assume that current
enzymes are only the best forms that have been found by evolution so far. Proteins are much
more than just macromolecular constituents of cellular structures. They deservingly carry
one of the four pillars called “molecules of life”, along with lipids, carbohydrates, and
nucleic acids. Exploring both their structure and function is crucial to completely

understanding its role.

1.1 Protein structure

Four different levels determine protein structure. The primary structure of protein consists
of a polypeptide chain formed of linked sequences of amino acids. During protein
biosynthesis, peptide bonds link each amino acid to the next amino acid [1]. Residues are
amino acids that are linked together to form a polypeptide chain and the main chain consists
of carbon, nitrogen, and oxygen atoms that form the protein backbone [2]. An amino group
at the start of a peptide chain is known as the N-terminus, and a carboxylic acid group at the
end is known as the C-terminus. A primary structure also includes the locations of disulfide
bonds that covalently link different polypeptide chains together. Cysteine pairs are
connected via thiol groups (-SH) on their side chains, which help stabilize protein structures
[3,4].

The secondary structure arises from the arrangement of the primary structure using hydrogen
bonds between the C=0O and NH group of the polypeptide backbone [5]. There are no amino
acid side chains involved in mentioned hydrogen bonds in the secondary structure. As a part
of the secondary structure, many proteins are either folded or coiled in distinct patterns.
Common secondary elements include alpha-helix and beta-pleated sheets.

The alpha-helix is a coil with hydrogen bonds between every fourth amino acid. In this
regular coil shape the R-groups are pointed outwards away from the peptide backbone. A
full turn of a helix is completed with approximately 3.6 residues [3].

Alpha-keratin, fingernails, and toenails are the most common examples of proteins
comprised almost entirely of alpha-helices [5]. Alpha-helices with specific hydrophobic
properties are also present in transmembrane proteins. These hydrophobic properties allow

them to traverse membranes and stabilize them within the cell membrane [5].



Raki¢ M. Exploring intra-domain flexibility of protein domains using experimental data...SCOPe database.

Univerza na Primorskem, Fakulteta za matematiko, naravoslovje in informacijske tehnologije, 2023 2

Beta-sheets are composed of two or more polypeptide chains that lie side by side and are
connected by hydrogen bonds [3]. The N-terminus of beta-sheets contains a free amino acid,
while the C-terminus contains a free hydroxylic group. There are two types of beta-sheets:
parallel and anti-parallel beta-pleated sheets, depending if two beta strands run in the same
or the opposite direction [1,5]. The core of many globular proteins is comprised of beta-
pleated sheets [3].

Beta-barrel is a form of the secondary structure composed of antiparallel beta-strands,
twisted, and coiled into a barrel where the first strand of hydrogen bonds to the last strand.
Beta-barrels are common in aquaporins [3].

The three-dimensional (3D) arrangement of the polypeptide chains presents the tertiary
protein structure. The tertiary structure is usually divided into domains and contains one or
more active sites on the surface [6]. It is important to underline that the primary structure
determines the tertiary structure. Certain proteins denatured by heat, extreme pH, or
denaturing agents will regain their native structure and function when the conditions return
to those in which the native structure was stable [6]. This underlines that protein denaturation
is, in many cases, a reversible process and that the primary structure regulates the 3D
structure.

Interaction and arrangement of multiple folded protein chains (subunits) and the formation
of a larger multisubunit protein complex represent quaternary structure [1,3]. Many proteins

are organized into distinct protein domains.

1.2 Protein domains

Short segments of a protein’s structure, motifs (or super secondary structure), are
arrangements of the secondary forms (i.e. a-helices and [B-sheets) into recognizable
conformations. Domains are compact independent 3D structures composed of motifs and
secondary structure elements in individual proteins [7]. They fold independently from the
rest of the polypeptide chain. It is common for larger proteins to contain multiple domains
linked together with each domain carrying out a specific function. The arrangement of
secondary structure elements that describe a protein domain’s shape is called its fold.
Interestingly, there are only about 2200 recognizable protein folds despite the number of
possible amino acid combinations [3]. The term domain is generally used to describe local,
compact units of structure, characterized by hydrophobic interiors and hydrophilic exteriors
that do not further subdivide [8]. It is possible to think of domains as semi-independent
globular folding units. Consequently, they are capable of successfully combining with other
domains and evolving new functions as a result of this property [7,8].
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Two of the most commonly used systems for classification of protein domains are the CATH
(class (C), architecture (A), topology/fold (T), homologous superfamily (H), which represent
the CATH structural hierarchy) and Structural Classification of Proteins (SCOP) systems
[9,10]. Both are classification systems in which proteins are organized into different levels
based on the structural and sequence similarities. Additionally, the four main protein ‘types’
which all correlate with characteristic sequence and structural features are:
globular (cytoplasmic enzymes), membrane proteins (receptors), fibrous proteins (for
example, collagen), and intrinsically disordered proteins [3].

The use of spectroscopic methods, such as circular dichroism (CD) and fluorescence, gives
basic information on protein structure, whereas high-resolution methods, such as X-ray
crystallography, nuclear magnetic resonance (NMR) and cryogenic electron microscopy
(cryo-EM), give atomic details about protein structure [3].

1.3 Protein dynamics and fluctuations

The biological function of proteins is highly dependent on their dynamic characteristics. In
many cases, proteins transition structurally from one conformation to another in order to
engage in biological activity [11]. Biological activity involves adopting a specific
conformation, local fluctuations and structural transitions between conformations [11].
These fluctuations vary from small, local fluctuations (induced-fit ligand binding) to slow
and global changes in transitions of allosteric proteins [12]. Low-energy modes of
fluctuations around equilibrium conformations determine concerted motions in protein
structures. Frequently used methods for obtaining these modes are molecular dynamics
simulations, with the principal component analysis (PCA) of the covariance matrix and
equilibrium structure (using X-ray scattering or NMR) [12]. A complex description of the
molecular structural fluctuations is an important part of the analysis in MD simulation [13].
Complex as it is, interpretation of these changes could be hard to interpret from a functional
perspective. Root Mean Square Deviation (RMSD) and the Root Mean Square Fluctuations
(RMSF) are two of the most common measures of structural fluctuations [13]. The RMSD
is the average displacement of the atoms along a frame of the simulation or in relation to a
crystallographic structure at an instant of the simulation [13]. The RMSD can be used to
analyze time-dependent motions in a structure. An analysis of the time scale of the
simulation is frequently employed to determine whether the structure is stable or if it is
diverging from the initial coordinates [13]. The divergence from the initial coordinates is
typically interpreted as an indication that the simulation hasn't been equilibrated [13]. In an
equilibrated simulation, in which the structure of interest fluctuates around an average
conformation, it makes sense to compute the fluctuations of each subset of the structure (each
atom, say) relative to the average structure [13]. RMSF measures how far an atom, or group



Raki¢ M. Exploring intra-domain flexibility of protein domains using experimental data...SCOPe database.

Univerza na Primorskem, Fakulteta za matematiko, naravoslovje in informacijske tehnologije, 2023 4

of atoms, has moved relative to the reference structure, averaged across all atoms [13].

Equations 1 and 2 present the formula for RMSD and RMSF, respectively.

RMSD = |E&e=%0)? (1)
n

where x. presents expected values, x, observed values, and » total number of values.

1
RMSF = [157_, | (5) — re/ '] 2)

where T is the time over which one wants to average and 1" is the i-reference position of
particle i.

Oscillation amplitudes of the atoms around their equilibrium positions in crystal structures
are monitored by B-factors [14]. B-factor (or Debye—Waller factor) describes the attenuation
of X-ray scattering or coherent neutron scattering caused by thermal motion [15]. The
following formulas (3 and 4) defines B-factor (also called temperature factor or atomic

displacement parameter):

B = 87%(U;?) (3)
where Ui is the mean square displacement of atom i.

2 2
g — ST°RMSF )

3
Other factors besides amplitudes of the atomic oscillations around the equilibrium influence

the B factor, like static or dynamic conformational disorders, and occupancies, which is in
range between zero and one [14]. It is often assumed that oscillation amplitudes are identical
in all directions in protein crystallography, but this is rarely the case. In high resolution,
when diffraction data are plentiful enough, B-factors are refined anisotropically when three
principal components of oscillation are refined independently. This approximation, however,
can also deviate considerably from reality [14]. B factors have been used to identify thermal
motion paths, correlation of the rotameric state of amino acid side chains, and improvement
of the protein superposition algorithms [14,16,17]. Simulations of multiple picosecond
molecular dynamics have also been used to predict the B-factor values [18]. There is a certain
amount of debate regarding the accuracy of the B factor in protein crystal structures. In a
recent paper, Carugo discusses in detail that B factors are not really reproducible [19]. He
presented the estimated errors of 9 and 6 A in an ambient and low temperature structures
[19]. Moreover, he noticed that the level of reproducibility remained unchanged for the last
two decades. He went further to indicate that the B-factor monitor other features, including
crystal defects, diffraction decay, etc. [19] Carugo also stated that normalization of B factors
when comparing different crystal structure determinations is mandatory [19]. Referencing
the paper by Pearce and Gross, he concluded that decomposition of the B factor into several
components to discover the fraction of the B-factor that is really due to local positional
fluctuations is a possible solution for the higher accuracy of the B factor [19,20].
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1.4 Methods for unveiling protein structure
1.4.1 X-ray crystallography

X-ray crystallography can accurately reveal the biomolecule’s structure held within crystals.
A wavelength of X-rays approximates the length of covalent bonds, therefore X-rays are
widely used since they are ideal for resolving atoms separated by these distances [3]. Since
modern crystallography methods can be performed at cryogenic temperatures, we can
determine large complex structures (between 2 and 100 nm) [3]. As an X-ray beam is focused
on a protein crystal, its electric component interacts with the electron clouds surrounding
atom nuclei, causing diffraction. The diffracted X-rays generate reflections on a detector that
have an intensity [3]. Based on Bragg's geometric law of constructive interference in crystals,
the spots are the result of reflections of the crystal at a certain angle relative to the original
beam. The experiment is repeated with the crystal rotated to multiple different orientations
which allow the angle of the incoming X-rays to change with respect to the crystal providing
new reflections [3]. Upon recording all diffraction patterns, a dataset of spots that
corresponds to many of the possible constructive interference diffraction events is compiled
for each protein. Crystals produce diffraction patterns based on how many electrons lie on
imaginary parallel planes called Bragg planes that cross through them. In the end, it is the
electron density around all the protein atoms within a crystal that scatters X-rays. A
mathematical operation called a Fourier Transform converts the electron density and
diffraction patterns [3]. In order to create an electron density map, we need to know the
amplitudes and phases of each reflection. As the square root of the spot intensity, the
amplitude is calculated; however, the phase is unknown. A Fourier Transform cannot be
applied to the reflections since phase information cannot be measured, so we cannot get the
electron density by transforming them. This is known as the phase problem [3]. One way to
solve this is called Molecular Replacement [3]. Once the correct orientation is found, we
assume the model crystallized in the unknown crystal with this orientation and borrow the
phase values generated from this model. Using the molecular replacement results and the
experimentally observed amplitudes, a Fourier transformation can now be used to map the
unknown structure.

One of the main advantages of crystallography is the structure determination of large
biological molecules. X-ray crystallography is nowadays routinely used studies of the
structures of biological molecules. X-ray crystallography also provides insight into ligand
binding to its target. This allows for the design of new active substances.
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1.4.2 Nuclear Magnetic Resonance (NMR)

Initially, solution biomolecular NMR focused on the determination of proteins, nucleic
acids, and their complexes’ 3D structure [22]. The main advantage of NMR is the ability to
investigate dynamic molecular interactions (protein-protein, protein-ligand, or protein-
nucleic acid) [23]. But the single most successful application of NMR is in studying
intrinsically disordered proteins (IDPs) [23]. In general, protein structural determination by
NMR consists of four main stages: Sample preparation of isotope-labeled protein, NMR data
collection and analysis, focusing on the chemical shifts of hydrogen, nitrogen, and carbon
atoms in the molecule, structural calculation and refinement using distance and/or
orientation restraints, and finally, structural quality assessment [24]. From the late 1980s
until 2005, NMR was used for the determination of structures ranging from 5 to 82 kDa.
Two independent technical developments made larger systems studies possible: the TROSY
technique [25], and residual dipolar couplings (RDCs) [22,26].

1.4.3 Cryo Electron Microscopy (Cryo-EM)

Cryo-EM is represents the observation of low-temperature specimens using an electron
microscope [21]. This technique uses the same principle as transmission electron microscopy
(TEM) but cools the samples to cryogenic temperatures and fixes them in a vitreous ice
environment [3]. With improvements and precision of cryo-EM, sub-nanometer atomic
resolutions (<4 A) became a reality[22]. A simplified workflow of Cryo-EM begins with a
sample preparation in aqueous solution. What follows is a vitrification — application of the
protein sample solution to a grid-mesh and freezing in liquid ethane [3,23]. In this ‘vitrified’
sample, the 3D structure of the biomolecules is maintained. Proteins are then struck by the
electron beam, which produces a faint image on the detector. After the distinction between
a protein and the background, and grouping of the similar images, a high signal to noise 2D
images is generated by a computer [3]. The models for 3D reconstructions are single particle
analysis (SPA) and Sub-tomogram averaging (STA) [23]. This method aims to overcome
the challenges of X-ray and NMR presented in structural heterogeneity and large size. On
the other hand, high conformational flexibility and long disordered regions represent the
main obstacles for the Cryo-EM [23].
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1.5 Protein databases

1.5.1 Protein sequence databases

1.5.1.1 Pfam

Pfam is a curated database of protein families founded in 1995 [24]. Each of the entry is
represented by multiple sequence alignments and hidden Markov models (HMMs) [25].
HMMs are probabilistic models used for the statistical inference of homology [26]. Entries
which are related by similarity of sequence, structure or profile-HMM represent high-level
groupings called clans. The newest release, Pfam version 35.0, contains 19,632 families and
clans. Each entry is based on the UniProt Reference Proteomes [27]. Each family has a seed
alignment that contains a representative set of sequences for the particular entry [22]. HMM
is automatically built from the seed alignment and searched against a sequence database
called pfamseq using the HMMER software [22,28]. All regions that satisfy a gathering
threshold are aligned to the profile HMM to create the full alignment.

1.5.1.2 UniProt

Universal Protein Resource (UniProt) consortium was founded in 2002 by the joint forces
of the Swiss Institute of Bioinformatics (SIB), the European Bioinformatics Institute (EBI),
and the Protein Information Resource (PIR) [29]. The UniProt Knowledgebase is the
highlight of UniProt and contains two sections: UniProtKB/Swiss-Prot, which consists of
manually annotated entries, and UniProtKB/TrEMBL, which contains computer translations
and annotations of CoDing Sequences (CDS) retrieved from the European Molecular
Biology Laboratory (EMBL) [29]. There are several distinctive features of
UniProtKB/Swiss-Prot. They include substantial manual annotation, minimal redundancy
(separate protein entries for a species are merged into one entry), and many cross-links with
other databases (such as sequence-related databases as well as specialized data collections)
[29-31]. This computer-annotated database, UniProtK B/TrEMBL, contains translations of
all CDS submitted to EMBL/GenBank/DNA Databank of Japan (DDBJ), which have not yet
been integrated into UniProtKB/Swiss-Prot [29]. In addition to UniProtKB, the UniProt
consists of UniProt Archive (UniParc), which contains all publicly available sequences from
UniProtKB, RefSeq, Patent offices, and others. UniProt also includes UniProt Reference
Clusters (UniRef), which consists of clusters of sequences sharing 100% identity for
UniRef100, 90% for UniRef90, and 50% for UniRef50 [29].
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1.5.2 Protein structure databases

1.5.2.1 Protein Data Bank (PDB)

Established in 1971, the Protein Data Bank (PDB) brought an evolution into the biological
research world [32]. It was the first open-access digital source in this field. PDB is now an
essential tool for bioengineers, biotechnologists, and researchers in biomedicine and biology.
More than 175,000 experimentally determined structures of proteins, nucleic acids, and their
complexes with one another and small molecules and drugs are stored in PDB. As of July
2022, PDB contains 167716 different proteins, mostly obtained using X-ray (147750), NMR
(11977), and EM (7698) [33]. The management of PDB is in accordance with the FAIR
(Findable, Accessible, Interoperable, Reusable) guiding principles [34]. It is managed by the
Worldwide Protein Data Bank organization (wwPDB), which includes the RCSB Protein
Data Bank (RCSB PDB), the Protein Data Bank Japan (PDBj), the Protein Data Bank in
Europe (PDBe), and BioMagResBank (BMRB) [35-37]. These four partners operate a
global software system that supports data Deposition, Biocuration, and Validation of each
new PDB entry [32]. In a recent review, Westbrook et al. reported that more than 90% of the
new FDA-approved antineoplastic agents were facilitated by PDB [38]. More specifically,
the publicly-available 3D structure helped understanding target biology and structure-guided
lead optimization of the new agents [38].

1.522 CATH

CATH is a publicly accessible resource and provides a classification of protein domains
based on structural data deposited into the wwPDB [39]. This classification was established
in 1993. CATH clusters protein domain structures into sequence and structure similarity-
dependent evolutionary families and structural groupings [40]. CATH uses sensitive
structure-comparison and sequence-comparison tools (SSAP (3), HMMER3, PRC) to
manually curate these remote evolutionary relationships [28,39,41,42]. All domains are
classified into four hierarchical levels: Class (C), Architecture (A), Topology (T) and
Homologous superfamilies (H). If proteins are having either significant sequence similarity
(>35% identity) or high structural similarity and some sequence similarity (=20% identity),
they are grouped into Homologous familes [40]. SSAP is used for assessment of the
structural similarity. Moreover, to investigate features, such as the evolution of functional
sites, superfamilies sub-classified into Functional Families (FunFams) using FunFHMMer
protocol [10,39]. The scores of more distantly related folds are usually higher (Topology or
fold level), though this may simply represent convergent evolution, further supporting the
contention that nature has a limited number of folds [39,40]. If the protein folds 3D
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arrangements of the secondary structures are similar, then these proteins are grouped in the
Architecture level [40]. The Class, as the top level, displays the proportion of a-helix or -
strand secondary structures. Three major classes are recognized: mainly-a, mainly-f and a—
(since considerable overlap between the o+f and alternating o/p classes has been revealed
by analyses) [40].

1.52.3 Structural Classification of Proteins (SCOP)

In 1994 MRC LMB and CPE in Cambridge established the Structural Classification of
Proteins (SCOP) database, where know protein domains were organized according to their
evolutionary and structural relationships [43]. SCOP's classification is built on two
evolutionary levels: family and superfamily [44]. They are further classified into structural
fold, although not necessarily based on evolutionary origin [44]. Protein domains that belong
to the same family are related to their evolutionary origin, while domains belonging to the
same superfamily are more distantly related [44]. Families and superfamilies both have
domain boundaries to accommodate the fact that these relationships can span structural
regions of different sizes [44]. Shared features of secondary structure composition in the
domain core, architecture, and topology by the majority of the members, group superfamilies
into folds. Even though fold is an attribute of a superfamily, some families belonging to
exact superfamilies can belong to a different fold. Superfamilies of proteins or protein
regions that do not adopt globular folded structure are grouped in [UPRs (Intrinsically
Unstructured Protein Region) [44]. The five structural classes are based on the secondary
structure content of [UPRs and folds. As well as all-alpha and all-beta proteins that contain
predominantly alpha-helices and beta-strands, there are also mixed alpha/beta proteins (a/b)
and (a+b) that have alternate alpha-helices and beta-strands, and small proteins that contain
little or no secondary structure [44]. [UPRs and folds are also categorized based on their type
of protein, into four categories: soluble, membrane, fibrous, and intrinsically disordered
[44]. SCOP is built as a classification of non-redundant protein domains. A prototype is
selected based on sequence and structure and used for the classification. The sequence and
the structure are obtained from UniProtKB and PDB, respectively [30,37]. Therefore, there
are two boundaries assigned to the entry. This manual classification is then automatically
extended using SIFTS [45]. SIFTS provides cross-references between protein sequences
from UniProtKB on a residue-level, along with a three-dimensional models from PDB [45].
Families usually have unique sequence fingerprints defined by residues that are highly
conserved at the interface between these domains. Domains within the protein can be
structurally and functionally distant from one another, or distantly related to each other from
functionally distinct proteins [44]. In contrast to the domain boundaries of the family, the
domain boundaries of the superfamily span over individual domain boundaries. There is also
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the case of a highly elaborated protein domain containing additional secondary structures
[44]. However, this substructure has not been observed in other proteins and does not define
an evolutionary conserved domain [44]. Again, the family domain identifies the entire
region, including the substructure, whereas the superfamily domain identifies the smaller
evolutionary conserved core. Further classification is purely structural: similar superfamilies
without convincing evidence of a common evolutionary origin are grouped into Folds, which
are then arranged into Classes based largely on the secondary structure content and
organization [46]. To provide the ongoing updates and classification of new protein
structures, after SCOP version 1 concluded in 2009, the authors have made the extended
version of SCOP, SCOPe, which incorporates and updates the ASTRAL compendium
[47,48]. For every SCOPe domain, as well as all PDB chains categorized in SCOPe,
ASTRAL provides sequences and coordinates. Amino acids that have been chemically
modified are translated back into their original sequences [49]. Crystallographically
determined structures are assigned AEROSPACI scores, which offer a numeric estimation
of their quality and precision [48]. In this manner, the highest quality representative is chosen
in each subset.

SCOPe is fully backwards compatible with SCOP version 1.75 with considerably greater
automation of the same hierarchical system. Nevertheless, in order to maintain the precise

structure assignment, manual curation was reintroduced in 2014 [49].
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2 BODY
2.1 Data mining and extraction

Starting with SCOPe version 2.01, data from all versions of SCOPe, SCOP, and Astral since
1.55 are stored in a relational database (https://scop.berkeley.edu ). First, we downloaded the
,dir.des.scope.txt“ file under Parseable Files & Software. Then, from the ASTRAL
sequences and Subsets section, we downloaded and extracted all eight parts of the PDB-style

files archive. We placed files in the "SCOPe" folder in the main directory, along with a bash
script. The script reads the lines from the dir.des.scope.txt file.

dir.des.scope.txt

Selected
domains

Number of
domains > 20?

Program/Tool

Yes
Input file

Output
| File/Result R

)

Figure 1: Workflow of the analysis which shows steps for choosing domains for the analysis in R

Following the reading of all protein families from the file, the script is finding all domains
in SCOPe that are within the same family. To perform the analysis, it is necessary that over
twenty domains are found present within one family, with the number being chosen
arbitrarily as the threshold. Upon meeting this criterion, all domains are placed in a separate
directory, in order to facilitate the use of the R script to perform the analysis. In cases where
there are fewer than the set threshold of similar domains, the analysis of that ID is skipped.
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2.2 Bio3D analysis

The R script includes the use of Bio3D [50] - a group of R packages that enables processing,
organization, and analysis of biomolecular structures [51]. It offers search interfaces for
major bioinformatics databases, sequence and structure conservation analysis, as well as
popular computational methods for analyzing and predicting protein structure dynamics, like
PCA, correlation network analysis (CNA), normal mode analysis (NMA), and new ensemble
difference distance matrix (eDDM) analysis [51-53]. The Bio3D core package provides

functions for data input and output, format conversion and data manipulation.

Selected domains

Chain
break? Move to next

domain

No
0y

Preform
fitting

v

Removing Cut-off
redundant value is
structures 0.1A

o

Calculating
RMSF and
correlations Input file

between

RMSF and [_ 5
utput
B-factor | File/Result

File with 1882
rows and 9

Program/Tool ‘

Process

Ol

columns

Figure 2: Workflow of the analysis in R with the Bio3D package

The package provides the following steps which were used for the analysis, which can be

seen in Figure 2:



Raki¢ M. Exploring intra-domain flexibility of protein domains using experimental data...SCOPe database.

Univerza na Primorskem, Fakulteta za matematiko, naravoslovje in informacijske tehnologije, 2023 13

1. Finding possible chain breaks based on connective Calpha atoms with the use of
chain.break() function [51], where we chose to keep only the protein domains with no chain
breaks.

2. Multiple alignment: There are numerous options for performing multiple alignment,
including the calling of external programs, such as MUSCLE [54], using the MUSCLE
algorithm internally as implemented in the Bioconductor “msa” package [55]. These
methods can be implemented using the pdbaln() and seqaln() functions [51], of which we
chose pdbaln().

3. Structure fitting and analysis: In this step, all aligned structures are fitted using
the pdbfit() function [51]. The fitting is based on their invariant structural core as identified
by the core.find() function [51]. At this stage, individual residue fluctuations (RMSF) and
structural deviations like RMSD can be performed.

After that, conformational redundant structures were removed.

Finally, in the output file will be nine columns, eight of which are of interest, containing the
following: name of the file which contains SCOP ID, number of “equal/similar” domains in
SCOPe, domain size and the number of residues, mean RMSF, standard deviation of RMSF,
mean correlation between RMSF and temperature factors, minimal correlation between
RMSF and temperature factors, and maximal correlation between RMSF and temperature
factors.

Superimposed molecules that were selected for visualization were visualized and presented
using Visual Molecular Dynamics (VMD) software [56].

Statistical analysis was performed using R statistical software. The normality of the data
distribution was determined using Kolmogorov — Smirnov test. Pearson correlation
coefficient was used for the investigation of correlations between each of the following
features of the entries: number of equal/similar entries, number of residues, mean RMSF,
and mean RMSF, and temperature factor correlation. In all analyses, the significant level of
difference was considered to be p < 0.05.
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3 RESULTS AND DISCUSSION

The ability to adapt to changes, more specifically flexibility, enables processes like enzyme
catalysis, antigen recognition, and protein transport. On the other hand, protein flexibility
has an important place in drug discovery [57,58]. In their thorough review of protein
flexibility, Teilum et al noted that protein flexibility is a consequence of their dynamics, yet
the result of the dynamics is not always flexibility [59].

In our study, using the data from the SCOPe database, we wanted to explore the aspects of

protein domain flexibility using RMSF and temperature factors as measures. Moreover, we
wanted to explore the SCOPe entries themselves, investigating the number of similar domain
entries and the domain size (expressed in the number of residues).

Our analysis revealed that 120 domains had 100 or more replicates in the SCOPe database.
Three domains with the most equal/similar entries in the SCOPe database were dla30a ,
d1t2jal, and d1x0ja_ with 757, 747, and 745 entries, respectively, shown in Table 1. Besides
the number of equal/similar entries in the SCOPe database, Table 1 contains the number of
residues, mean RMSF, a standard deviation of RMSF, and the correlation between RMSF
and temperature factors for the three domains with the highest number of equal/similar
entries. Even though we used a Pearson correlation coefficient to investigate the potential
relations between mentioned features, there were no significant correlations between a
higher number of entries and the mentioned features. Finally, we could not observe any
logical template of changes in mean RMSF, a standard deviation of RMSF, and correlation
between RMSF and temperature factors, as the number of equal/similar entries changed.

Table 1: Domains with the highest number of equal/similar entries

No. Of No. Of Standard Mean RMSF and
SCOPe ID | similar/equal residucs Mean RMSF Deviation of temperature factors
entries RMSF correlation
dla30a_ 757 99 0.448 0.293 0.365
dit2jal 747 103 2.006 1.509 0.033
d1x0ja 745 106 1.906 1.615 0.274

The domain dla30a_belongs to all beta proteins class, acid proteases superfamily, and
retroviral protease family. This is the domain of Human immunodeficiency virus type 1
protease. This enzyme has a vital role in viral replication, but more importantly, this is one
of the key drug targets for the treatment of HIV infection [60]. This is an aspartic protease
that exists as a homodimer. In each monomer, there are 99 amino acids and a catalytic center
composed of D25, T26, and G27, where both the D25 aspartic acids are involved in catalysis
[60]. This protein is visually presented in Figure 3. Some domains were investigated more
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often since their documented role in various physiological and pathophysiological processes.
Moreover, as we have mentioned in the Introduction, some domains were used as a base for
new drug development, especially in oncology, infectious diseases, and metabolic diseases.
Even though the domain has a big number of similar/equal domains, a noticeable
characteristic is that the mean RMSF value is lower. In Figure 3, we can see a stable core,
with flexible side chains of the protein domains (left). On the right figure, the flexibility of
the side chain is confirmed with a higher temperature factor, colored in red, while the more

stable region of the structure is colored in blue.
(a) /] (b)

Figure 3: (a) Visual representation of the superimposed domain dla30a ; (b) B-factor presented on the
superimposed structure, where red color is representing a higher value of the B-factor and blue is representing
smaller values of the B-factor

d1t2jal and d1x0ja_with 747 and 745 similar entries respectively are domains of molecules
that are marked in the SCOPe database as “not true proteins”. d1t2jal belongs to the all-beta
proteins class with immunoglobulin-like beta-sandwich fold, with 7 strands in 2 sheets. This
molecule is a part of the immunoglobulin superfamily and V set domains (antibody variable
domain-like) family. On the other hand, d1x0ja_ belongs to all alpha proteins with
bromodomain-like fold, with four helices, and the bromodomain superfamily.

Five domains with the highest mean RMSF were d3mrwa _, d3hlhal, d2lnial, dlxlea, and
d5Shgxal (Table 2). Table 2 contains the number of similar entries, number of residues, mean
RMSEF, a standard deviation of RMSF, and the correlation between RMSF and temperature
factors. Pearson correlation coefficient showed no significant correlations between a higher
RMSF and the mentioned features.
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Four of the mentioned domains (d3mrwa _, d3hlhal, dlxlea, and d5Shgxal) belong to the
alpha and beta proteins (the first being a+b while the latter two a/b).

Table 2: Domains with the highest mean RMSF

No. Of No. Of Standard Mean RMSF and
SCOPe ID | similar/equal resi;i o Mean RMSF Deviation of temperature factors
entries . RMSF correlation
d3mrwa_ 103 240 9.987 5.397 0.114
d3hlhal 23 106 9.936 5.079 0.257
d2lnial 14 111 9.741 7.048 0.393
dlxlea 12 155 9.732 5.443 0.130
d5hgxal 10 100 9.709 5.784 0.294

d3mrwa_ belongs to the Ribosome inactivation proteins (RIP) superfamily and Plant
cytotoxins family. These molecules irreversibly inhibit the synthesis of protein by the
removal of adenine residues from ribosomal RNA (rRNA) [61]. Single-chain RIPs of type I
have an approximate molecular weight of 30 kDa, while RIPs of type II have an approximate
molecular weight of 56—65 kDa and contain an enzymatically active A-chain and a slightly
larger B chain (lectin subunit) that is specifically reactive to sugars exhibiting galactose-like
structures [61]. This protein is presented in Figure 4.

Figure 4: Visual representation of the superimposed domain d3mrwa_
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d3hlhal is a domain of cytochrome bcl complex from chicken, that belong to the
LuxS/MMP-like metallohydrolase superfamily.

dlxlea is a domain found in the Crystal Structure of TT0495 protein from Thermus
thermophilus HB8, which belongs to the NAD(P)-binding Rossman-fold domains.

d5Shgxal is a domain found in the crystal structure of transketolase mutant - h261f from
Pichia stipitis. This molecule is a part of the thiamin diphosphate-binding fold with three
layers: a/b/a, with a parallel beta-sheet of 6 strands.

d2lnial domain belong to all alpha proteins class and alpha-alpha superhelix fold of TPR-
like superfamily. The molecule is a solution NMR Structure of Stress-induced-
phosphoprotein 1 (STI1) from Homo sapiens.

d5bsea2 is a domain of the molecule with the lowest RMSF (0.090, Figure 5). This is domain
of a molecule that is not a true protein, nor does it belong to a true family. The superfamily
of this domain is 6-phosphogluconate dehydrogenase C-terminal domain-like.

1

TP Y

"« h A
Figure 5: Visual representation of the superimposed domain with the lowest RMSF - d5bsea2

As it is presented in Table 2, the mean correlation between RMSF and temperature factors
for these domains ranged from very weak to weak (0,114 for d3mrwa and 0,393 for d2Inial).
Table 3 contains the number of similar entries, number of residues, mean RMSF, a standard
deviation of RMSF, and the correlation between RMSF and temperature factors for the five
entries with the highest number of amino acid residues. Mean correlation between RMSF
was moderate for d5faua and dIti2a2. For the rest of the entries in Table 3, correlation
ranged from negligible to low. Pearson correlation coefficient showed no significant
correlations between a higher number of residues and the mentioned features. We could not
observe any template of features change and the higher/lower number of residues.
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dlaxra is the domain of the glycogen phosphorylase, an a/b protein that belongs to the
UDP-Glycosyltransferase/glycogen phosphorylase superfamily and oligosaccharide
phosphorylase family. Our analysis marked this protein as the one with the highest number
of residues (830, Table 3, Figure 6). Glycogen phosphorylase consists of two non-similar
domains with three layers (a/b/a) each: Domain 1 has parallel beta-sheet of7 strands, while
domain 2 has a parallel beta-sheet of 6 strands. Three separate genes, PYGM, PYGL, and
PYGB encode three isoforms of this protein, which are found in muscle, liver, and brain,
respectively.

The visual representation of the superimposed structures is represented in Figure 6. We can
observe a smaller amount of side chains and, at the same time, a lower mean RMSF value,
regardless of the number of residues. The stable region of the structure implies low
fluctuations, which are supported by the low B-factor, colored in blue.

Figure 6: Visual representation of the superimposed domain dlaxra

Among domains belonging to proteins with the highest number of amino-acid residues,
dlaxra is followed by d5faua , d1ti2a2, d1f8nal, and d1fiqc2 with 794, 728,690, and 625
residues, respectively.
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Table 3: Domains with the highest number of amino-acid residues

No. Of . Mean RMSF and
Lo No. Of Standard Deviation
SCOPe ID | similar/equal : Mean RMSF temperature factors
. residues of RMSF .
entries correlation
dlaxra 16 830 0.517 1.00 0.246
dSfaua 20 794 0.166 0.08 0.588
d1ti2a2 30 728 0.117 0.04 0.516
d1f8nal 12 690 0.155 0.102 0.394
dl1figc2 12 625 0.196 0.428 0.264

d5faua_ belongs to alpha and beta proteins with PFL-like glycyl radical enzymes fold and
Superfamily of the same name.

dltu2a2 is a domain of alpha and beta protein with fumarate dehydrogenase/DMSO
reductase domains 1-3-fold. This fold contains two similar intertwined domains related by a
pseudo dyad. The domain is a part of the transhydroxylase alpha subunit, AthL protein.

d1f8nal is a C-terminal domain of lipoxygenase, an all-alpha protein from the lipoxygenase
(LOX) superfamily and family. This family catalyzes the oxidation of polyunsaturated fatty
acids (PUFA) to produce hydroperoxides [62]. Members of this protein family can be found
in animals and plants, as well as cyanobacteria [63]. Human lipoxygenases stimulate
inflammatory reactions by stimulating lipid oxidation [64]. Reactive oxygen species can
trigger inflammation by stimulating the release of cytokines and the activation of LOXs [64].
Several diseases are linked to inflammation, including cancer, strokes, cardiovascular
disease, and neurodegenerative disease. The LOX enzymes are involved in the synthesis of
prostaglandins and leukotrienes [64]. Their inhibition may play a crucial role in preventing
diseases due to their association with disease development.

Finally, d1figc2 is a C-terminal domain of xanthine oxidase, an alpha and beta protein with
molybdenum cofactor-binding domain fold, and a member of family and superfamily of the
same name. XO catalyses the oxidation of hypoxanthine to xanthine and subsequently to
uric acid [65]. Higher concentrations of uric acid are connected to the higher levels of
xanthine oxidase activity and to the oxidative stress, an essential feature for many vascular
diseases [65,66]. The overactivity of this enzyme also results in a condition known as gout,
an acute inflammatory arthritis [65,67].

Table 4 presents the entries with the highest mean correlation between RMSF and
temperature factors, as well as number of similar/equal entries, number of residues, mean
RMSF, mean RMSF, Mean RMSF and temperature factors correlation, minimum and
maximum RMSF and temperature factors correlation. For all these entries, the minimum and
maximum correlation between RMSF and temperature factors ranged from moderate, high
to very high. Only d4gefa had minimum correlation that was low (0.368).
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Pearson correlation coefficient showed no significant correlations between a higher mean
correlation between RMSF and temperature factors and number of similar entries, number
of residues and the minimum and maximum RMSF and temperature factors correlation. We
did not observe any template of features change and the higher/lower mean correlation
between RMSF and temperature factors besides mean RMSF

Table 4: Domains with the highest mean RMSF and temperature factor correlation

Mean RMSF Minimum Maximum
No. Of and RMSF and RMSF and
L No. Of Mean
SCOPe ID | similar/equal . temperature temperature temperature
. residues RMSF
entries factors factors factors
correlation correlation correlation
d5mkna_ 19 71 0.292 0.839 0.771 0.909
d3kjjal 24 116 0.154 0.792 0.526 0.917
d4xdca2 32 83 0.140 0.776 0.590 0.826
d4gefa 10 157 0.129 0.773 0.368 0.863
dlch6el 22 203 0.570 0.773 0.665 0.810

Among the five domains of proteins with the highest correlation between RMSF and
temperature factors, four are not a part of true proteins (d5Smkna , d3kjjal, d4xdca2, and
d4gefa ). Moreover, the first three mentioned domains do not belong to a true family.
d5mkna is a domain of the molecule from all beta protein classes with an Sm-like fold and
a part of the Sm-like ribonucleoproteins superfamily (Figure 7).

Figure 7: Visual representation of the superimposed domain d5mkna
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dlchéel is a domain of glutamate dehydrogenase, an alpha and beta protein from the amino
acid dehydrogenase family. Glutamate dehydrogenase catalyzes the oxidative deamination
of L-glutamate to a-KG using NAD(P)+ as a coenzyme [68]. GTP and ATP are inhibitors
of the reaction, increasing the binding affinity for the product, and therefore decreasing
enzymatic activity [68]. The activity of this enzyme was proven to be important in insulin
metabolism [68]. Moreover, GDH has an important role in neural development and tumor
growth [68,69]. Namely, up-regulation of human glutamate dehydrogenase expression
permits neoplastic cells to utilize glutamine and/or glutamate for their growth [69].

Our results showed that there was no correlation between the number of equal/similar entries
per domain and the mean RMSF of the same domain (Table 5). Likewise, the number of
equal/similar entries did not correlate with the correlation between RMSF and temperature
factors. This could highlight the general evolutionary conservation of protein flexibility.
Analysis of the large datasets of homologous proteins showed that backbone flexibility
(measured by B-factor) diverges slowly, and it is highly conserved at the family and
superfamily levels [70]. Studies focused on local flexibility involving small-scale
conformational changes showed that homologous proteins share a similar pattern of
flexibility [12,71]. A recent study has shown that homologous proteins display highly
conserved conformational changes across a broad range of evolutionary distances [72].
Moreover, there was no correlation between the number of residues and the mean RMSF.
Likewise, the number of residues did not correlate with the correlation between RMSF and
temperature factors.

Higher mean RMSF negatively correlated with mean RMSF and temperature factor
correlation (Pearson correlation coefficient -0.390; 95% CI -0.429 - -0.351; p-value =
2.2x10716, Table 5). This finding could highlight that temperature (B) factors may not be the
most useful and exact measure of the dynamics of proteins/domains with higher fluctuation
(higher RMSF). This needs further investigation.

Table 5: Correlation between different entries features with the correlation coefficient and p value in the
bracket.

Number of ami d Mean RMSF and
umber of amino-aci
Features of the entries . Mean RMSF temperature
residues .
correlation
Number of -0.044 0.030 -0.031
equal/similar entries (0.051) (0.192) (0.169)
Number of amino-acid 0.030 0.030
residues (0.192) (0.192)
-0.390
Mean RMSF -
(2.2x1071%)

* - indicates statistically significant correlation (Pearson correlation coefficient)
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4 CONCLUSION

The Protein Data Bank and the SCOPe database are updated daily. The SCOPe database
contains valuable information about protein domains. Domains are classified based on their
3D shape. Usually, a single protein domain contains multiple entries. These entries are the
result of multiple experiments performed under different conditions and for different
purposes. As shown in this study, multiple entries can be used to analyse the differences
between entries. In other words, we can extract protein flexibility data. We should be aware
that protein flexibility can be studied in many ways, such as molecular dynamics, normal
mode analysis, or the study of temperature factors listed in the PDB. Here we present an
alternative method to study protein dynamics by comparing multiple entries in the SCOPe
database. Because proteins are flexible macromolecules, models from different experiments
do not match exactly. The differences have many causes, such as experimental errors, the
use of different software, and also because proteins are flexible. When the SCOPe database
contains multiple entries for a particular domain, direct comparison of the domains provides
information about the flexibility of the proteins. We must be aware that when a model is
solved by X-ray crystallography, the data are recorded in the crystals at low temperature.
Therefore, the flexibility calculated from the SCOPe database is more of a lower limit, and
we might expect the protein to have greater flexibility in aqueous solution at room
temperature than observed in the protein crystals. None of the above methods for studying
protein flexibility is very accurate, so the development of new methods and approaches is
necessary. If different methods give similar results, we can be more confident that our
conclusions are closer to the true solution. In the near future, we can expect even more rapid
growth of the PDB and SCOPe database, which will provide new opportunities to develop
and improve methods for studying protein flexibility.
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5 DALJSI POVZETEK V SLOVENSKEM JEZIKU

Podatkovna zbirka proteinov (Protein Data Bank) in podatkovna zbirka proteinskih domen
(SCOPe) se dnevno posodabljata. Podatkovna zbirka SCOPe vsebuje uporabne informacije
o beljakovinskih domenah. Domene so razvrs¢ene na podlagi njihove 3D-oblike. Obi¢ajno
ena beljakovinska domena vsebuje ve¢ vnosov. Ti vnosi so rezultat ve¢ poskusov, izvedenih
v razli¢nih pogojih in za razlicne namene. Kot je prikazano v tej Studiji, se lahko ve¢ vnosov
uporabi za analizo razlik med vnosi. Z drugimi besedami, pridobimo lahko podatke o
proznosti oziroma konformacijski fleksibilnosti beljakovin. Zavedati se moramo, da lahko
proznost proteinov preucujemo na razlicne nacine, na primer z molekulsko dinamiko,
analizo normalnih modov ali preucevanjem temperaturnih faktorjev, ki so navedenih v
podatkovni zbirki proteinov. V tej Studiji predstavljamo alternativno metodo za preucevanje
dinamike proteinov s primerjavo ve¢ vnosov v podatkovni zbirki SCOPe. Ker so proteini
prozne makromolekule, se modeli iz razli¢nih poskusov ne ujemajo popolnoma. Za prisotne
razlike lahko najdemo Stevilne vzroke, kot so eksperimentalne napake, uporaba razli¢ne
programske opreme in tudi zato, ker so proteini prozni. Kadar podatkovna zbirka SCOPe
vsebuje ve¢ vnosov za doloceno domeno, potem je z neposredno primerjavo mozno dobiti
informacije o proznosti proteinov. Zavedati se moramo, da se pri reSevanju modela z
rentgensko kristalografijo podatki beleZijo v kristalih pri nizki temperaturi. Zato je proznost,
izraunana iz podatkovne zbirke SCOPe, spodnja meja proznosti in lahko pri¢akujemo, da
ima beljakovina v vodni raztopini pri sobni temperaturi ve¢jo proznost, kot je bila opazena
v samih kristalih. Nobena od zgornjih metod za preucevanje proznosti proteinov ni zelo
natan¢na, zato je potreben razvoj novih metod in pristopov. Ce razliéne metode dajejo
podobne rezultate, smo lahko bolj prepricani, da so naSe ugotovitve bliZje pravi resitvi. V
bliznji prihodnosti lahko pricakujemo $e hitrejSo rast podatkovnih zbirk PDB in SCOPe, kar
bo zagotovilo nove priloznosti za razvoj in izboljSanje metod za preucevanje proznosti
proteinov.

Nasa analiza je pokazala, da beljakovinska domena, d1a30a_, z najve¢ vnosi pripada vsem
razredom beta proteinov, naddruzini kislih proteaz in druzini retrovirusnih proteaz. To je
podrocje proteaze virusa humane imunske pomanjkljivosti tipa 1. Nekatera podrocja so bila
preiskana pogosteje, ker je bila dokumentirana njihova vloga v razlicnih fizioloskih in
patofizioloskih procesih. Poleg tega so bila nekatera podrocja uporabljena kot osnova za
razvoj novih zdravil, zlasti v onkologiji, nalezljivih boleznih in presnovnih boleznih. Ceprav
ima ta domena veliko Stevilo podobnih/enakih domen, je opazna znacilnost, da je srednja
vrednost RMSF nizja. Proteinska domena, ki ima najvi§jo srednjo vrednost RMSF, spada v
superdruzino ribosomskih inaktivacijskih proteinov (RIP) in druzino rastlinskih
citotoksinov. dlaxra je domena glikogen fosforilaze, a/b proteina, ki spada v superdruzino
UDP-glikoziltransferaze/glikogen fosforilaze in druzino oligosaharidnih fosforilaz. NaSa
analiza je ta protein oznacila kot tistega z najvecjim Stevilom ostankov. Domena proteinov
z najvi§jo korelacijo med RMSF in temperaturnimi faktorji, dSmkna , je razvr§€ena kot
neprava beljakovina. Ugotovili smo, da konformacijska proznost ni povezana z velikostjo
domene, in prav tako ni povezan z samim zvitjem proteina. Poleg tega je RMSF v nekaterih
primerih zelo dobro povezan s temperaturnim faktorjem. Po drugi strani pa najdemo Stevilne
primere, kjer obstaja negativna korelacija med RMSF in temperaturnim faktorjem.
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