DEMOCRITUS UNIVERSITY OF

[ ]
L ]
e
DEFARTMENT OF
& 8
SCHOOL OF HEALTH SCIENCES GENETICS .
nﬁ:’é‘;ﬂﬁﬁﬁ:g I Bﬁﬁ‘éﬁ'éiws DEPARTMENT OF MOLECULAR DUTH .
BPAKHE | OF THRACE BIOLOGY & GENETICS
BSc THESIS

The Repressor of Primer protein: to be native-like, or not to
be?
Comparative computational studies of the D30P vs A31P
mutants

Svingou Nikoleta, 2658

Academic Supervisor: Nicholas M. Glykos

Associate Professor, Laboratory of Structural and Computational Biology,
Democritus University of Thrace

Alexandroupolis, Greece
March 2026



DEMOCRITUS UNIVERSITY OF

L
]
g THRACE ot ma
i SCHOOL OF HEALTH SCIENCES BIOLOGY& %
=l GENETICS .
AHMOKPITEIO § DEMOCRITUS DEPARTMENT OF MOLECULAR ~  DUTH _
MANENIZTHMIO I UNIVERSITY ‘/
OPAKHI I OF THRACE BIOLOGY & GENETICS
BSc THESIS

The Repressor of Primer protein: to be native-like, or not to
be?
Comparative computational studies of the D30P vs A31P
mutants

Svingou Nikoleta, 2658

Academic Supervisor: Nicholas M. Glykos

Associate Professor, Laboratory of Structural and Computational Biology,
Democritus University of Thrace

I declare that the present thesis entitled ’The Repressor of Primer protein:
to be native-like, or not to be? Comparative computational studies of the
D30P vs A31P mutants’ is original and was carried out by me personally,
as an undergraduate student of the Department of Molecular Biology and
Genetics, with Registration Number 2658. I certify that during the
preparation and writing of the thesis, all legal requirements were followed,
and that the principles of academic ethics and integrity were fully adhered
to, which prohibit the falsification of results, the misuse of others’
intellectual property, and plagiarism.

Alexandroupolis, Greece
March 2026

ii



AHMOKPITEIO ITANEIIIXTHMIO

L
[ ]
OPAKHX d ®
ThAMBAA 0-
YXOAH EIIIESTHMSN YT'EIAX MOPIAKHZ ®
BIOAOTAZA: ®
L

= Y TMHMA MOPIAKHS. BIOAOTIAZ &  [ENETIKHE
AHMOKPITEIO I DEMOCRITUS

NANEMIETHMIO | UNIVERSITY —_— |
BPAKHE Il OF THRACE T'ENETIKHX AN )

ITTYXIAKH EPT'AXIA

H npoteivi) Rop: va gl6at 6TV QLGIKI] 6oL HopeT] 1] va PNy gloan?
YUYKPLTIKEG DTTOAOYIOTIKEG HEAETEG TOV PETaAAaypatev D30P kot
A31P

ZBiyyouv NikoAeta, 2658

EmpAénov kabnynmg: NikéAaog M. I'\ukog
AvamAnpowtg kadnyntge, Epyaotiplo Aopikng kot YoAoyloTikrg BloAoyiog

AnAove ot n tapovoa epyacia pe titho “H mpwteivi Rop: Na Statnpeitan n ouoikn
SOPOpE®ON 1) OX1? LUYKPITIKEG UTTIOAOYIOTIKEG HEAETEG TV HeTaAAaypaTwv D30P
Kot A31P” eival TP@TOTUT KAl TPAYHOTOTOWONKE OMO €péva TPOCKMIKY,
MPONTUXOKO @ortnTh Tov TpApatog Moplakng Blohoyiag kon Tevetikig, pe Ap.
Mntpcou 2658. BeBatkve OTL KATE TV EKTOVIOT TNS EPYXGING KAl T GLYYPAPT] TNC
MPRONKaV T TPOPAETOPEVA TS TO VOHO, KABAOG Kl OTL akoAOLORBNKAY TAP®S O
apyeg g okadnpaikng nbwkng kot deovioAoyiag, ol omoieg omayopevLOLV TNV
TAPOTIOINON TWV KMOTEAETHUATAOV, TNV KATAYPNOT TNG S1avoNTIKTG 1010KTN oG GAA®V
Kot T AoyokAorm).

AAe&avdpoimoAn, EAAGSa
Maptiog 2026

1ii



Acknowledgments

First of all, I would like to express my gratitude to my supervisor, Dr Nicholas M.
Glykos, for his continuous and unwavering support throughout my thesis. He inspired
me to engage with a field that was previously unfamiliar to me, while his guidance was

invaluable for the completion of my first research project.

I would also like to thank my friends who have been by my side throughout this

journey, offering moments of relief during the most demanding periods of my studies.
Last, but certainly not least, I would like to thank my parents, who have been an

endless source of support and comfort. Without them, nothing would be the same, and

above all, I would not be the person I am today.

iv



Table of Contents

AcKknowledgments. . ... ... et e e e e e e e e e e Y

A DSETACE. « ot e et et e e e e e e e e e e e e e e e e eV

I8 =001, 117 o P viii
1. INBTOAUCTION. ¢ttt et e e et e et e e et e e eba e e eaaeeeaas 1
0 B 2 0] 731 TP PO PP PPPOPPPPRTPPPRRRPPIR 1
1.2 Protein FOLAINg.......coveiuiiiiiiiie ettt e e e e e e e eeeeaas 3
1.2.1 Protein Folding Problem...........cooiiiiiiiiiiiiiiiii e 3

1.2.2 Molecular Dynamics Simulations Aimed at Investigating Protein Folding............ 4

1.2.3 FOrce FIelds...ccouumuiiiiiiiiiei ettt e et e e e e e e 6

1.3 Structural Motifs: Coiled Coils and 4-a-helical Bundles...........ccoceeuiiiiiiiiiiiiiiinniiiiinnnnn.. 7
1.4 The Repressor of Primer Protein (ROP).......veiiriiieiiniiiiiiiieeiiieeereeeceeee e 8
1.4.1 Molecular Mechanism of Rop Protein in E.coli..........coooiiiiiiiiiiiiiiiiiniiiiiiiiineceeiinn. 8

1.4.2 Structural Characterization of Rop Protein............ccoiiiiiiiiiiiiiiiiie e, 9

1.4.3 Structural Characterization of Rop Mutants: D30P & A31P........cccoeevviiiiiiinnniees 10

1.5 Aim and Scope of the TheSiS......cciiiiuiiiiiiiiiiiieiiie et etie e e eaaaeeeees 12

P 14 1 o e (- F PP PP PR T PPPPRR PP 13
2.1 Molecular Dynamics Simulation Systems: Details and Parameters..........ccc....ccceuue 13

2.2 Software Used for Molecular Dynamics Trajectory Analysis and Structural

VASUALZATION. ...t et e 14
2.2.1 Trajectory Analysis Using Carma and Grcarma................eeeeeeeeeeeeeeeeeeeeeeeeeeeeeenens 14
2.2.2 XMGR and PyMOL: Plotting and Structural Visualization Tools...................... 15
2.3 MD Trajectory Analysis: RMSF, RMSD and PCA........ccooiiiiiiiiiiiiiieiiieeeeeee 15
2.3. 1 RMSF ADALYSiS..ccettttitiuiiiiiiieeiieiiiiiiiiiieee ettt e e e e ettt e e 16
2.3.2 RMSD ADALYSIS.tttuuueeetiitiiiiiiiee e ettt e e e et tetse e e e e e etetate e e e e e eeeeaaaaeeeeeeeeeanaas 16

2.3.2.1 Statistical Analysis Using the sn Package in R........cccoouiiiiiiiiiiiiiiniiinnnnnnne. 19

2.3.3 Principal Component AnalySis..........ccuuuueeiieiiiiiieieiiiiiieeeeetiiie e et eeeeie e e eeeeens 21
2.3.3.1 Dihedral PCA of the Turn Regions of Both Monomers................ccccceeeeeeeeen. 22
2.3.3.2 Cartesian PCA of the Entire Trajectories........ccccuuuuuiuiiiieeirieeiiiiiiiiiiiiieenne. 24

2.4 Distance and Angle PLots.......cooiiiiiiiiiiiiiiie e 25
2.5 Ramachandran Plots........coouuiiiiiiii e 26



S RS S ettt ettt ettt ettt aaaaaataaas 27

3.1 RIMSE ADALYSIS. .uuuueeeeeeieiiiiitiiiiiee e e e ettt e e e e e e e e e et teatb b e e e e e e eeeeeeaneanaaaaeee e es 27
3.2 RMSD ADNALYSIS...ieieiiiiiiiiiiieeee ettt ettt e e e e e e et ettt e e e e e e et eetabaae e e e eeeeeees 29
3.2.1 Frames Exhibiting the Highest RMSD Values in the Turn Region...................... 34

3.2.2 RMSD HiStOGTAIMIS. cceeuuunieiiiiiieeeeetiiie e ettt e ettt e e e teetee e e eeeete e eeeetaaeeeeeeanaaeeeee 36

3.2.3 Statistical Analysis Based on R Package “sn”..........cccooiiiiiiiiiiiiiiiiiiiiiiinncceeenn, 42

3.3 DIhedral POA... ..o e e e ettt e e e e e e e e e e e e e taa e e e e aeaeeaane 53
3.3.1 Application of Dihedral PCA Using Carma and Grecarma............cccuueeeeeevnnnneennn. 54

3.3.2 Dihedral PCA Representative Structures.........coeuvuuuuiiiiiieeereeeiiiiiiiiiiiiiieeeeeeeeeeeens 74

3.4 Cartesian PCA of the Dominant ClUSter...........cooiiiiiiiiiiiiiiiiiiiiiiiiceeee e 79
3.5 Interpretation of the Different Folding Behavior of the D30P vs A31P Mutants......... 82
3.5.1 Hydrogen bonding interactions of Aladl.........ccoeeeeeiiiiiiiiiiiiiiiiiiiiiiiiieee e eeeeeeeeeeees 82

3.5.2 Ramachandran plots for residues 29-32...........ceiiiiiiiiriiiiiiinieiiiiiee e 86

4. Discussion — CONCIUSIONS. ...cetuuuuiiiiiiiee ettt e et e et e e e e et e e eetaaaeeeeetaaaeeeeeeenaaeeeaees 90
D RETEIEIICES. ...ttt e ettt e e e et eeee e 91

vi



Abstract

Molecular dynamics simulations constitute a powerful computational tool for
the study of the dynamic behavior of biological macromolecules, providing the
ability to investigate their folding and stability at the atomic level. In the
present thesis, molecular simulations of the native Rop structure, as well as of
the D30P and A31P mutants, were studied. Rop is a homodimeric protein found
in FEscherichia coli. Each monomer adopts a coiled-coil supersecondary
structure, while the quaternary structure is organized into a 4-a-helical bundle.
Experimental data have shown that the substitution with a proline residue at
position 30 or 31 in the turn region results in different structural consequences
of each mutant. The D30P variant appears to retain a conformation that closely
resembles the native one (native-like), whereas the A31P mutant exhibits a
significantly altered topology, known as “bisecting U”. This thesis presents a
comparative study of the three trajectories (native Rop, D30P and A31P) using
the GUI Grcarma program, which is based on the molecular dynamics analysis
program Carma. The aim of this study is to evaluate the ability of molecular
dynamics simulations to reproduce the available experimental data, as well as
to attempt to interpret the underlying causes that lead to the preservation of
the native protein conformation in one case, whereas the corresponding
mutation at the adjacent position results in structural rearrangement and

destabilization.

Keywords: Molecular Dynamics simulations, native Rop, D30P, native-like,
A31P, bisecting U, folding, point-mutation, a-helix, turn
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ITeptAnym

O1 TPOCOPOIWOEL HOPIAKTG SUVAHIKNG ATIOTEAOVDV €va 10XVPO LTTOAOYIOTIKO €pyaieio yia
TN HEAETN TNG OULVOUIKNG OCULUTIEPLPOPAG [BLOAOYIKOV HOKPOHOPIwV, TOPEXOVING TN
SuvatoTnNTa SlepelvNONG TNG AVASITAM®ONG KAl TNG oTafepOTNTAG 0€ ATOHIKO eminedo. XTnv
TIAPOVON TITUXLOKT EPYACia HEAETHONKAV Ol HOPLOKEG TIPOGOUOLOCELG TNG Native SOUNG TNG
Rop, kabBag ko towv petarraypatov D30P kou A31P. H npwteivn Rop amavtdton o1o
Baktpo Escherichia coli kou amoteAel opodipepég, oto omoio k&Be povopepég viobetel
vnepdevtepotayn Sopn coiled-coil, eved N tetaprotayrng Sopr opyavoveral ot 4-o-
eAkoel6eg Sepamio. Telpapatikd dedopéva €xouv Seilel 0TL N AVTIIKATAOTHOT] HE KATAAOLUTO
npoAivng otn Beon 30 1 31 NG MEPLOKNG TNG OTPOPNG EMPEPEL SIXPOPETIKEG CLVETELEG OTN
Slapopewon g Soung tov kK&bBe petaAraypatog. To petdAAaypoa D30P gaiveton va
Satnpel Stapdpewon mov opoldlel onpavtikG pe TN native (native-like), eve oto
pHetdAAaypa  A31P  moapatnpeiton  petafoAr] G TomoAoyiag Kou  LOBETNON  VEQG
SIPOPP®ONG, YVwoTig wg “bisecting U”. H mapovoa epyaoio meplAapavel GLYKPITIKN
avadALoT TV TPLOV TTPocopol®cenV (native Rop, D30P & A31P) pe tn xpriorn Tov ypa@ikov
nepipdAAovtog Grcarma, 10 omoio Poaociletol 010 TPOYPAHHK OVOAUOTG HOPLXKQOV
npooopolwoewv Carma. Xt10xo¢ NG HEAETNG eival N aloAdynon TG KAVOTNTHG TV
HOPLOK®V TIPOCOHOIMOEMY VO QVATIHPAYOLV Ta S1aB€01a TIEIPAPATIKE OMOTEAECUOTA,
KB Kol 1 GmOTEPA EPUNVEING T®V ALTI®V IOV 06NYOLV 0T ST PNOT TNG SIKHOPPWOTG
oTn pia mepintwon, eved 1 avTioToyn HETAAAAEN OTNV aPEC®G YEITOVIKT B€on odnyel oe

SopIKT avadlopyavmon Kat amootabepomnoinon.

A€Ee1g KAaWd1a: TIpoosopoidoelg Moplakig Avvapikig, Lokn Stapopewon Rop, D30P,
A31P,  bisecting U, oavadimAwon, onpewkn  HETOANAEN,  o-EAKa,  Bpdyog
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1. Introduction

1.1 Proteins

Proteins constitute the essential macromolecules that form the basis of
life, performing the majority of structural, catalytic, and regulatory
functions within the cells of all organisms. Amino acids are the building
blocks of proteins, as they are connected together through peptide bonds,
constructing polypeptide chains that appear in an outstanding variety of
sizes and shapes, performing many functions. Proteins are the
“workhorses” of living systems, being Priman siitiios
responsible for a broad range of biological
functions due to their structural versatility
and conformational changes [1].

Every single amino acid possesses a unique
chemical nature defined by its side chain,
which determines the physicochemical nature

of the polypeptide. These properties navigate

the spontaneous folding into a specific three-

Secondary structure
regular sub-structures

dimensional conformation.  Non-covalent
interactions stabilize the final conformation,
including hydrogen bonds, hydrophobic
interactions, ionic bonds, and van der Waals
contacts  [2].  This  three-dimensional

conformation is far from random, as it is the

complex of protein molecules

Tertiary st

"\ three-dimensional structure

ructure
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biomolecules. (primary, secondary, tertiary and
quaternary  levels).  Reproduced

without permission from  Lisa

Bartee (2019).



Considering a deeper level, the variety and specificity of proteins
represent the complexity of life. Proteins are part of dynamic networks
that regulate gene expression, metabolism, and intracellular
communication. Even a small alteration in the sequence, which is reflected
in the structure may lead to misfolding and, eventually, to a loss of
function. Therefore, understanding protein structure has a fundamental

role in fields such as molecular biology, medicine and biotechnology [3].

As illustrated in Figure 1, the process of protein folding is distinctly
organized in a hierarchical manner into four levels. The first of them,
known as the primary structure, corresponds to the linear amino acids
sequence, as determined by the nucleotide sequence of the respective gene.
Peptide bonds between amino acids are formed through dehydration

reactions, producing one water molecule for each bond.

Hydrogen bonding between backbone atoms of the polypeptide chain
generates localized folding motifs that constitute the secondary structure.
The most common motifs are a-helices and B-strands, which arise from
regular coiling or folding of the peptide main chain. The secondary
structure depends on the spatial arrangement of main-chain atoms rather
than the side-chain positions. This structural organization is followed by
the tertiary structure, which determines the three-dimensional
conformation of the protein. Interactions between distant side chains
within the secondary structure elements give rise to a functional
conformation. Finally, proteins composed of two or more polypeptide
chains display the final structural level, known as the quaternary
structure, which describes the association of multiple subunits through

non-covalent interactions to form a functional complex [4].



1.2 Protein Folding

1.2.1 Protein Folding Problem

The protein folding problem pertains to the manner in which the primary
structure of a protein dictates its specific three-dimensional conformation.
In other words, it poses the fundamental question of how the linear
sequence of amino acids encodes the structural data required for the
protein to attain its functional form. After a series of experiments on
ribonuclease, Anfinsen (1973) demonstrated that the native configuration
of a protein is determined exclusively by its amino acid sequence, implying
that all essential instructions for folding are encoded within the linear
sequence itself. He also claimed that the native state corresponds to the
most thermodynamically favorable conformation, which reflects the
lowest total energy. However, due to the immense range of accessible
structural states, even for a modest-sized protein, the question of how
proteins reach their native structure so rapidly and accurately has
challenged scientists for years, remaining one of the most fundamental
unsolved issues in molecular biology [5].

Cyrus Levinthal (1968) became known for the Levinthal paradoz, as he
demonstrated that if a protein were to explore all possible conformations
randomly to reach its native state, it would take an astronomically long
time. In reality, however, proteins fold within milliseconds to seconds.
This paradox revealed that protein folding is not a trial-and-error
mechanism in which the molecule passes through every possible state.
Instead, there exist energetically favorable pathways along which each
molecule efficiently finds its stable native conformation. This information

led to the concept of the protein folding energy landscape, where folding



proceeds through a funnel-shaped pathway toward the lowest free-energy
state [6][7][8].

Later theoretical and computational studies provided an explanation for
how this paradox could be understood. Martin Karplus (1997) introduced
a perspective that eliminated the concept of random search, proposing
that folding is guided by a bias toward the native state over much of the
conformational space. Statistical mechanical models and lattice
simulations showed that proteins can reach their native conformation
through multiple parallel pathways, rather than a single individual route.
According to this idea, the folding funnel concept was developed,
describing how the free energy landscape of a protein narrows
progressively toward the native structure. Hence, even though there are
numerous possible configurations, rapid folding is enabled, giving science
a new perspective [7][9].

The shift from the assumption that protein folding is nearly impossible to
the realization that energetic biases and directed pathways make it
achievable has been significant in enhancing the field. Although a
complete mechanistic explanation of protein folding kinetics and
thermodynamics remains an ongoing scientific challenge. The
combination of Anfinsen’s theory, Levinthal’s paradox, and Karplus’s
energy landscape model provides the theoretical basis for understanding

how sequence determines structure [10][11].

1.2.2 Molecular Dynamics Simulations Aimed at
Investigating Protein Folding

While the theoretical models described above contribute significantly to
the conceptual understanding of the protein folding problem,

computational simulations enable an atom-detailed study of the field.
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Among these methods, molecular dynamics (MD) is one of the most
powerful computational approaches for investigating folding mechanisms.
The fundamental concept of MD involves applying Newtonian mechanics
to predict the motion of all particles within a molecular system, thereby
simulating the folding process over time under the influence of physical
forces. These forces are computed as the negative gradient of the system’s
energy landscape [12][10].

To make this possible, the simulation generates atomic trajectories, which
are used for the description of time-dependent coordinates and velocities
of each atom in the molecular system. These trajectories provide a
detailed representation of molecular motion, making them valuable for
future calculations of thermodynamic and structural properties [12].

To accurately represent atomic and molecular movements, it is essential
to determine the system’s overall energy (given as the sum of kinetic and
potential energies). The computation of the kinetic energy is
straightforward, as it is based on the masses and velocities of the atoms.
However, the potential energy cannot be determined precisely, since it
would require solving the Schrédinger’s equation, which is not
computationally feasible for large biomolecular systems. Therefore,
empirical methods known as force fields have been developed to
approximate potential energy, using simplified equations derived from
experiments or quantum mechanical calculations [15][16].

The trajectories discussed earlier contain detailed information about the
motion of all atoms over time. By applying statistical mechanics, these
microscopic data can be used for calculating macroscopic thermodynamic
properties, including temperature, pressure, and internal energy. For
obtaining accurately these values, it is essential to describe the energy
landscape of the system, which would not be possible without the use of

force fields [13].



1.2.3 Force Fields

Force fields describe total potential energy as the sum of two main
components: The first includes bonded interactions, and the second

encompasses non-bonded interactions, as shown below.

Bonded (intramolecular, internal), terms

Eponded = Y Ku(b—bo)*+ > Ko(@—00)°+ > K,(¢— o)

honds angles fmproper
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Figure 2: Potential energy functions used in molecular mechanics. Adapted
without permission from Kenno Vanommeslaeghe, Olgun Guvench and
Alezander D MacKerell (2014)

As illustrated in Figure 2, bonded (internal) interactions include bond
length variations, angle bending, dihedral or improper rotations. Due to
the latter, the maintenance of molecular geometry and the avoidance of
non-realistic conformations are achieved [13]. As a result of these internal
energy terms, atoms remain connected within the molecule.

On the other hand, non-bonded interactions include van der Waals forces,
encompassing permanent dipole-dipole, dipole-induced dipole and London
dispersion contributions which are represented by the Lennard-Jones

potential, as well as electrostatic interactions.



In conclusion, these components collectively define the potential energy
function that determines atomic motion in molecular dynamics

simulations.

1.3 Structural Motifs: Coiled Coils and 4-a-helical Bundles

Coiled coils represent one of the characteristic structural arrangements
found in proteins, formed by two or more right-handed o-helices that
intertwine into a left-handed superhelical structure. Each helix exhibits a
specific sequence pattern known as the heptad repeat, where residues at
the “a” and “d” positions are typically hydrophobic, whereas those at “e”
and “g” are commonly charged. Positions “b”, “c” and “f” tend to
accommodate polar and solvent-exposed residues, forming interactions
with the surrounding environment. This periodicity enhances the
establishment of a hydrophobic core through the integration of side chains
along the a-helix. As suggested by Francis Crick, a-helices are packed
together in a specific arrangement known as the knobs-into-holes model.
According to this model, a side chain from one helix occupies the grooves
formed by four side chains of the neighboring helix. The alignment of the
two helices is highly specific, with the “d” residues positioned directly
opposite one another along the interface [2][17][18].

Besides coiled coils, another common o-helical motif is a 4-a-helical bundle
(4HB). It belongs to the quaternary level of protein structure, as it is
typically formed by two separate monomers. The 4HB consists of two
coiled coil motifs packed together into a compact, cylindrical structure
stabilized by a well-organized hydrophobic core [2]. The orientation of the
helices is most commonly antiparallel, although parallel arrangements
have also been observed, particularly in designed systems [20]. Similar to

coiled coil motifs, the main stabilization of the bundle is achieved through



hydrophobic interactions within its core, formed by residues buried inside.
Additionally, polar and charged residues contribute to further
stabilization by forming both solvent-mediated and electrostatic
interactions, such as salt bridges.

The knobs-into-holes model is preserved in both motifs, although the
arrangement of the four helices is more symmetrical and compact, which
enhances rigidity and stability [20]. Depending on the primary structure
of a 4HB and the interhelical angles formed between the helices, the
structural topology can vary considerably, adopting left-handed, right-
handed or mixed arrangements [21]. This phenomenon is exemplified by
the ColE1 Rop protein, in which the topology of the quaternary structure
can adopt alternative conformations while remaining comparably stable

22].

1.4 The Repressor of Primer Protein (Rop)

1.4.1 Molecular Mechanism of Rop Protein in Escherichia
coli

The Repressor of Primer protein, also referred to as RNA-one-modulator
(ROM), is a small homodimeric molecule involved in controlling the
replication of ColE1 plasmids in Escherichia coli. It does not act as a
specific RNA-binding protein for the RNAI or RNAII but exhibits high
affinity for the region of the RNA complex, known as the “initial kissing
complex”. Rop acts as a structural catalytic protein that stabilizes the
initially unstable kissing complex, transforming it into a more stable
double-helical RNA-protein assembly. The antiparallel helices that form
the 4HB topology create a positively charged interface, providing an ideal



environment for double interaction with oppositely charged RNA
molecules and stabilizing the intermediate region between them. In
conclusion, in the absence of Rop, the interaction between RNA molecules
occurs more slowly, leading to an increased production of plasmid copies,
whereas the presence of Rop promotes rapid duplex formation, thereby

limiting the replication initiation [23][24][25].

1.4.2 Structural Characterization of Rop Protein

At structural level, each Rop monomer is a small o-helical protein
composed of only 63 amino acids. The monomer adopts an extremely
regular helix-turn-helix motif that contributes to the construction of a
superhelical homodimer. The dimer, depicted in Figure 3, exhibits a clear
and well-organized topology, in which two identical monomers pack
together symmetrically through extensive hydrophobic interactions
within the core [26]. This arrangement results in a remarkably stable and
ordered quaternary structure, establishing Rop as an important model for
studying such structural motifs [2]. Along with hydrophobic contacts,
electrostatic interactions between residues carrying opposite charges of
the heptad repeat further contribute to the protein’s overall stability [22]
24].

Figure 3: 3D representation of the 4-Q-helical bundle of Rop native
conformation. Visualized using PyMOL. The model was originally
reported by Kokkinidis, Banner and Tsernoglou (1992) (PDB ID:
1ROP).



1.4.3 Structural Characterization of Rop Mutants: D30P &
A31P

An experimental study involving the substitution of all amino acids at
position 30 was conducted to investigate their contribution in the
structural stability of the protein [27]. The findings indicated that
replacing aspartic acid with proline at this position has little to no impact
on protein stability. The D30P mutant retains a conformation that
closely resembles the native structure (native-like), whose overall
topology remains unaltered. This implies that introducing a proline
residue at position 30, located within the turn region, does not disrupt the
protein’s native fold [27][28].

On the other hand, the A31P mutant displays a markedly different
topology, in which the typical, antiparallel orientated, negative
superhelical four-helix bundle of native Rop is transformed into a positive
superhelical fold comprising a mixture of parallel and antiparallel helical
alignments [28]. This topology is known as bisecting U (illustrated in
Figure 4), characterized by a complete reorganization of the hydrophobic
core, exhibiting an alternative pattern of residue packing within the
heptad repeat. As demonstrated, the fundamental interactions observed
in the knobs-into-holes model are vanished, while unconventional contact
patterns such as “dddd”, “ggaaa” and “gdd” emerge instead [28].
Crystallographic refinement of the A31P mutant further revealed that
this large-scale structural rearrangement is caused by the insertion of a
rigid proline ring at position 31 within the turn region [29]. Consequently,
the local backbone flexibility increased, causing an overall destabilization
in the, otherwise, well-organized Rop structure. The altered turn folding
promotes partial unfolding, exposing part of the hydrophobic core into the

solvent, contributing to the reduced thermodynamic stability of the A31P

10



variant relative to the native protein [30]. Despite the structural
polymorphism adopted by Rop, its molten-globule characteristics remain
essentially unaffected, indicating that, even under different topological
arrangements, the protein retains high conformational plasticity while

maintaining its overall functional properties [31].

Figure 4: 3D representation of the bisecting U topology of the A31P Rop
mutant, visualized using PyMOL. The model was originally reported by Glykos,
Cesareni and Kokkinidis (1999). (PDB ID: 1B6Q)
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1.5 Aim and Scope of the Thesis

The present thesis investigates the capability of Molecular Dynamics
(MD) simulations to reproduce, in a fully reliable manner, experimental
findings concerning the stability of two specific mutants (D30P & A31P)
of the Rop protein. In particular, experimental studies have demonstrated
that the D30P mutant retains a native-like conformation, although its
lower melting temperature value (Tm = 58.9°C) compared to the native
protein (Tm = 68.7°C) indicates reduced structural stability [27]. While
previous modeling approaches and structural predictions suggested that
the A31P mutant adopts a native-like fold [28], experimental evidence has
revealed that its topology rearranges into a right-handed, antiparallel 4-a-
helical bundle, known as the “bisecting U” structure [42]. The Tm was
found to be significant decreased (Tm = 43.0°C), indicating a less
compact structure compared to the native protein which, under the same
experimental conditions, was determined to be 64.5°C [30]. Importantly,
the molecular dynamics simulations were not based on the experimentally
determined structure, but rather on a hypothetical native-like model
carrying the A31P substitution.

Consequently, MD simulations were performed for both mutants, and the
derived trajectories were analyzed and compared in an attempt to
evaluate the ability of molecular dynamics simulations to reproduce the
experimental observations. The title, “The Repressor of Primer protein:
to be native-like or not to be?” reflects our aspiration to investigate
whether a native-like structural model can explain the experimentally
observed behavior of the mutants while focusing on how it affects protein

stability in each case.
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2. Methods

2.1 Molecular Dynamics Simulation Systems: Details and
Parameters

Table 1: Structural and simulation details characterizing the three trajectories

Trajectory Protein atoms Box dimensions Total atoms Number of Simulation
(nm?) frames time (ps)
native Rop 1820 6.12x6.12 x 23140 2000000000 20
6.12
D30P mutant 1824 6.17x6.17 x 23282 2000000000 20
6.17
A31P mutant 1828 6.25x6.25x 24336 4000000000 40
6.25

The protein.psf file for each system provides information on the number
of protein atoms and indicate that they were generated using VMD in a
format compatible with NAMD/X-PLOR. At the beginning of the
gromacs.gro file, information about solvation and the total number of
atoms is provided, while at the end, the box water dimensions are shown,
revealing spatial differences among the mutations and their solvation
systems. Furthermore, information on the parameters of the MD
simulations is provided through run.mdp and md.log files.

Table 2: Simulation parameters used for the three MD systems (derived from
run.mdp & md.log files)

integrator MD
Start time and time step in ps 0, 0.0050
Number of steps 4000000000

Thermostat type
Thermostat-groups

Reference temperature (K)
Thermostat time constant

Step size for minimization of flexible
constraints

Cut-off scheme

Constraints

Barostat type

Nose-Hoover

Protein Water_and_ions
320

1

0

Verlet: particle based cut-offs
All-bonds (lincs algorithm)
C-rescale
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Pressure coupling type isotropic

Reference pressure 1
tau_p 5
software GROMACS, version 2024.2

2.2 Software Used for Molecular Dynamics Trajectory
Analysis and Structural Visualization

2.2.1 Trajectory Analysis Using Carma and Grcarma

Carma is a free, open-source software suitable for analyzing MD
simulations [32]. It combines a wuser-friendly interface with low
computational requirements. Developed in the C programming language,
it operates through a command line and is designed to read and analyze
trajectory data frame by frame, achieving reduced memory consumption.
The latest version of Carma is capable of handling PDB, PSF and DCD
files formats commonly used to store molecular dynamics trajectories.
Notably, it relies on LAPACK libraries for the calculation of eigenvalues
and eigenvectors, which are essential for principal component analysis
(PCA). One of its most important features is the ability to eliminate
overall rotational and translational motions associated with specific atoms
or regions of a molecule. Furthermore, it can compute and visualize
distance maps and average distance maps (along with their associated rms
deviations) for chosen atoms and simulation frames. Carma can also
determine the variance-covariance matrix, representing the fluctuations of
each picked atom related to its mean position. Additionally, eigenvectors
and eigenvalues can be calculated to support further structural analyses.
Carma also provides visualization capabilities, making it a practical tool

for processing and interpreting data from macromolecular systems [32].
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Grcarma is a subsequent and automated version of Carma, developed for
the analysis of MD simulations [33]. It functions as a graphical user
interface (GUI) based on Carma, written in the perl language, and enables
automated analyses through predefined parameters. The software can
extract and cluster molecular structures using Dihedral or Cartesian
PCA, and it performs and visualizes a wide range of analyses such as
RMSD matrices, distance maps, radius of gyration, secondary structures,
and entropy calculations. Moreover, it supports the computation of
variance-covariance matrices, native-contacts fractions, and various
geometric descriptors including bond lengths, angles, and torsions.
Designed for all kinds of users, it provides an efficient environment that
minimizes user intervention while preserving the computational precision

of Carma [33].

2.2.2 XMGR and PyMOL: Plotting and Structural
Visualization Tools

Xmgr (latest version: xmgrace) is a two-dimensional plotting program
that allows the visualization of data derived from molecular dynamics
simulations as well as from other sources. It was used for the
representation of RMSF and RMSD data, cumulative plots and lastly for
distance and angle distributions of atoms connected through hydrogen
bond interactions [40].

PyMOL is an open-source graphics and visualization program developed
by Schrédinger that enables the generation of high resolution 3D
representations of biomolecules [41]. Due to its ability to produce high
quality images, suitable for publications, it was used for the graphical

illustration of all protein structures presented in this thesis.
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2.3 MD Trajectory Analysis: RMSF, RMSD and PCA

In the context of the MD simulation analysis, each of the three trajectories

(native Rop, D30P and A31P), was analyzed using Carma and Grcarma.

2.3.1 RMSF Analysis

The first analysis concerned RMSF (Root-Mean-Square-Fluctuations),
which measures the deviation of each atomic position from its average
position over time in MD simulations. It provides information about the
flexibility of a molecular structure. High RMSF values indicate high
mobility, while low values correspond to a more stable state [34].

To create RMSF plots, the initial step was to generate files containing
only the information for the Ca atoms.

carma -v -w -fit protein.dcd protein.psf

Once these files were obtained, the following step was to generate the
carma.superposition.pdb file, which contains information for multiple
models. Its final column has the B-factor values required for RMSF
calculation.

carma -v -w -col -cov ~-dot -super -atmid ALLID
CAs_fitted.dcd CAs.psf

To avoid superposition from multiple models, only data for model 1 were
used, and the final column was extracted. The RMSF plot was then
generated using the XMGR program, while minor additions made in

GIMP.

2.3.2 RMSD Analysis

The following analysis for comparing the stability among the three

systems is provided through the RMSD (Root-Mean-Square-Deviation).

16



The RMSD represents the average positional deviation of atoms recorded
at a specific time point in an MD simulation to a reference structure. Most
commonly, the reference structure corresponds to the initial frame of the
trajectory or, alternatively, to the experimentally determined
crystallographic model. The RMSD provides insight into the overall
flexibility over time, as each snapshot recorded corresponds to a specific
frame. Taking into consideration the consecutive evolution of the overall
motion through frame-by-frame differences, it is possible to investigate
how stable the structure is and whether progressive unfolding events are
occurring. A continuous increase of RMSD values shows an unstable state
that deviates from equilibrium. An RMSD value equal to zero indicates
that the two compared conformations are identical, whereas higher RMSD
values reflect increasing deviation from structural identity [34].
For a better understanding of the relationships among the three examined
systems (native Rop, D30P & A31P), five separate analyses were
performed:

1. Considering the total residue number across the two identical
chains of the Rop protein
Considering all residues except the N & C terminal regions
Restricting only to the turn regions of the monomer A and B

Focusing exclusively on the turn region of monomer A

AN B S

Focusing exclusively on the turn region of monomer B

To avoid unnecessary information, we used files containing only the Ca
atoms. Based on this, the file carma.fit-rms.dat, which provides the
RMSD values of each frame in the second column, was generated using
the following command:

carma -v -w -fit -segid A -segid B CAs.dcd Cas.psf
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To generate the RMSD plot, only the first two columns of the carma.fit-
rms.dat are required. Using the following command:

awk '{print $1/50000, $2}' carma.fit-rms.dat

we extracted the corresponding columns, dividing the first one by 50,000
for better numerical convenience on the X axis of the diagram. Notably,
the boundaries selection between distinct regions (e.g. turn regions) was
based on the RMSF plot. Additionally, the discrepancy in the number of
frames for the A31P trajectory is due to the A31P simulation lasting twice
the duration of the other simulations.

For the visualization of the frames with the highest RMSD values of the
A31P mutant, the carma.fit-rms.dat file was used, which contains the
RMSD data. They are sorted in ascending order using the command:

sort -n -k2

Thus, the four frames with the highest RMSD values were selected.
However, to avoid representing the same time point, snapshots
corresponding to different moments were chosen. For each of the selected

frames, the following commands was executed:

carma -v -atmid ALLID -pdb -first 1235265 -last 1235265
protein.pdb protein.psf

carma -v -atmid ALLID -pdb -first 1828220 -last 1828220
protein.pdb protein.psf

carma -v -atmid ALLID -pdb -first 3072154 -last 3072154
protein.pdb protein.psf

carma -v -atmid ALLID -pdb -first 3489146 -last 3489146
protein.pdb protein.psf
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2.3.2.1 Statistical Analysis Using the sn Package in R

In order to enhance our investigation into the wide range of RMSD values,
we performed statistical analysis using the R library ‘“sn”, which
provides tools for analyzing and modeling skewed distributions. The
following R code was used to generate the RMSD distribution diagrams:

#R

> library(sn)

Loading required package: stats4

Package 'sn', 2.1.1 (2023-04-04).

Type 'help(SN)' and 'help("overview-sn")' for basic
information.

The package redefines function 'sd' but its usual working is
unchanged.

3 3

Attaching package: ‘sn
The following object is masked from ‘package:stats’:

sd
>testdata <- read.table("filename")

ssummary( testdata )

Vi
Min. :0.0000
1st Qu.:0.8023
Median :0.9121
Mean :0.9774
3rd Qu.:1.0967
Max. :2.8785

>plot(density(testdatasvl))

smod <- selm(Vi ~ 1, data=testdata)

>summary(mod)

Call: selm(formula = V1 ~ 1, data = testdata)
Number of observations: 4000002

Family: SN

Estimation method: MLE

Log-1likelihood: 586076.31

Parameter type: CP
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CP residuals:
Min 1Q Median 30 Max
-0.9829 -0.1806 -0.0708 0.1138 1.8956

Regression coefficients
estimate std.err z-ratio Pr{>|z|}
mean 9.829e-01 1.116e-04 8.806e+03 0

Parameters of the SEC random component
estimate std.err

s.d. 0.2287 0
gammal 0.8848 0
splot(mod)

Hit <Return> to see next plot:
Hit <Return> to see next plot:
Hit <Return> to see next plot:
Hit <Return> to see next plot:

Notably, for fitting the skewness distribution the following command was
used, while for the non-skewness fitting, the second one was applied:

mod <- selm(Vl ~ 1, data=testdata)

mod <- selm(Vli ~ 1, data=testdata, fixed.param =
list(alpha=0) )

Also, to ensure that the Q-Q plots were displayed in the same scale for
proper comparison, an alteration within the selm() function was applied,

in which the Y-axis limits were manually defined by the user.
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2.3.3 Principal Component Analysis

In order to further investigate the structural folding differences between
the native conformation and the two specific mutants, we also performed
Principal Component Analysis (PCA). PCA is a linear algebraic
technique used to detect patterns in data by comparing their similarities
and differences. The initial dataset is transformed into a new coordinate
system, in which the new variables are linear combinations of the original
ones, maintaining the maximum amount of information while reducing
dimensionality.

MD simulations generate a large amount of data, as the motion of each
atom is described in three dimensions (x,y,z). This technique identifies the
principal directions (eigenvectors) and ranking them according to their
magnitude (eigenvalues). Focusing on the principal components with the
largest eigenvalues preserve low-frequency (high amplitude) motions,
while components with the smallest eigenvalues are rejected, as they are
associated with noise or local fluctuations [35] [36].

There is also an advanced variant of PCA called Dihedral Principal
Component Analysis (dPCA), which takes into account the information
from the dihedral angles (9, @) of the protein backbone. Other internal
coordinates, such as bond lengths and bond angles, do not undergo
significant changes. To avoid issues related to the circularity of dihedral
angles, trigonometric functions (sin(@) & cos(¢) ) are used to transform
the data into a linear coordinate space. The main advantage of dPCA lies
in its ability to provide a clear separation between internal and overall
motions, in contrast to Cartesian PCA, in which these two kinds of
motion often get mixed up.

dPCA is frequently used for the construction of free energy landscapes of

molecules that undergo large structural rearrangements, such as those

21



occurring in the protein folding process. For a simplified representation of
an energy landscape to be considered accurate, it must at least properly
generate the number of stable and semi-stable states of the system,
including their energies and positions within the landscape.
Unfortunately, many of these parameters often get lost by projecting the
system into lower dimensional landscapes. However, dPCA allows an
accurate representation of the necessary information in lower dimensions
by including more principal components in the analysis. Thus, it avoids
issues related to empirical parameters such as the number of native
contacts that may lead to artifacts and oversimplifications of the free
energy landscape. A particularity remarkable feature of this method is its
capability of detecting perfectly correlated movements between two atoms
that oscillate in the same direction but with a phase difference of 90°. This
is possible because dPCA is a non-linear method, based on the dihedral
angles and performing a non-linear transformation of the data, revealing

associations that would be impossible to detect using a linear approach

137][38][39).

2.3.3.1 Dihedral PCA of the Turn Regions of Both Monomers

To generate two files per analysis, one containing the eigenvalues
(carma.dPCA.eigenvalues.dat), and a second one containing the
eigenvectors (carma.dPCA.eigenvectors.dat) as well as the illustration
plots of the dominant principal components (PC1l, PC2, PC3) the
following command was used:

carma -v -w -col -3d -segid X -dPCA 5 3 298 protein.dcd

protein.psf
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For the visualization of the representative structure from each frame of
the three trajectories, the dPCA.representative.cluster.pdb was used.
Additionally, the dPCA.5-D.superposition.cluster_(...).pdb file contains
all conformations belonging to the same cluster, as defined in the five-
dimensional (5D) dPCA analysis. Through this file, it is possible to
visualize the internal flexibility that exists within each cluster.

To enable direct comparison among the native, D30P and A31P proteins,
it is essential to set a similar color scale, based on the RMSF values of

each structure.

Table 3: Range of RMSF values for turn A and turn B regions derived from the
dPCA.superposition.cluster_01.pdb file for the native Rop and the D30P and
A31P mutants

Turn A Turn B
native 0.25-0.50 0.24-0.49
D30P 0.24 - 0.57 0.24 - 0.56
A31P 0.31-0.84 0.42 -1.02

In order to ensure that the color coding is common across all systems, the
minimum value was set to 0.24, while the maximum to 1.02 (spectrum b,

minimum = 0.24, mazimum = 1.02).

The maximum RMSF value was extracted through the following
command:

awk '{ print $11 }' dPCA.superposition.cluster_01.pdb |
sort -n | uniq | tail -1

while the minimum value was derived using the following one:

awk '{ print $11 }' dPCA.superposition.cluster_01.pdb |

sort -n -r | uniq | tail -2

Finally, in both dPCA analyses of the D30P and A31P mutants, we
additionally performed a 5D clustering analysis to further investigate the

distinguishable conformational states within each ensemble. In both cases,
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it is essential to compare the 2D variation distribution plots obtained
from the 3D analysis with the corresponding plots derived from the 5D
analysis, aiming to assess whether the higher-dimensional analysis confirm
the previously identified clusters.

For each turn region of D30P and A31P mutant separately, the plot
program was used with the following commands:

plot -k342 < dPCA.5-D.clusters.dat #5D clustering
plot -k342 < dPCA.clusters.dat #3D clustering

2.3.3.2 Cartesian PCA of the Entire Trajectories

Following the Dihedral PCA, performed separately for Turn A and Turn
B regions, the dominant cluster from each analysis was selected for
subsequent whole-structure conformational examination. Specifically, the
file pairs dPCA.5-D.fitted.cluster_01.dcd and dPCA.5-
D.fitted.cluster_01.psf were used as input for the Fitting analysis.

For each case (Turn A & Turn B based dPCA analysis) the Grcarma tool
used to fit only the steady part of each structure (including all amino
acids from both monomers, excluding the C-terminals and turn regions).
Subsequently, fitted files, named carma.fitted.dcd and
carma.selected_atoms.psf, were generated and used as input for the
Cartesian PCA analysis. The resulting superposed cPCA PDBs depict the
entire structure (excluding the tails) of all conformations belonging to the
dominant cluster of each trajectory, allowing evaluation of the overall
structural flexibility associated with the dominant state of either Turn A

or Turn B.
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Table 4: Range of RMSF wvalues for the entire trajectories (excluding C-
terminal residues) derived from the cPCA.superposition.cluster_01.pdb file for
the native Rop and the D30P and A31P mutants

Total trajectory
Turn A Turn B
native 0.35-0.99 0.32-1.01
D30P 0.38 —-1.27 0.33-1.25
A31P 0.39-1.88 0.40-1.44

For representation on a common color coding scale, the overall lowest and
highest RMSF values were used as the limits of the common scale

(spectrum b, minimum = 0.32, mazimum = 1.88).

2.4 Distance and Angle Plots

In order to investigate whether two atoms are connected through
hydrogen-bond interaction, it is necessary to calculate two parameters:

i) the distance between the acceptor and donor atoms and

ii) the angle formed by the donor — hydrogen — acceptor atoms (D-H-:-A).
For these separate calculations, Carma was used using the following
commands:

i) carma -v -dist atoml atom2 -atmid ALLID protein.dcd

protein.psf
ii) carma -v -bend atoml atom2 atom3 -atmid ALLID

protein.dcd protein.psf
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2.5 Ramachandran Plots

To generate Ramachandran plots, the mutant residues as well as the two
adjacent residues on either side were included. For each residue, a
Ramachandran plot was made including all possible pairs of ¢ and
angles from native, D30P and A31P, aiming to compare the differences
according the dihedral angles between the mutants.

The Grcarma program was used to produce the
phi_psi_dihedral_segid(A/B).dat file containing calculated dihedral
angles. Then, the relevant values were isolated using the following
command:

awk '$1 == 29 || $1 == 30 || $1 == 31 || $1 == 32'
phi_psi_dihedral_segid(A/B).dat > resi_29-32.dat
Subsequently, a plot (using xmgr) was created for each of the selected
residues. A two-column format file was necessary to create the plot, in
which the ¢ and {r values were written. For this, the following command
was used for each residue separately:

awk '$1 == residue_number {for (1 = 2; 1 < NF; 1 += 2)
print $1, $(i+1)}' resi_29-32.dat > output.dat
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3. Results

Experimental studies have shown, based on both the melting temperature
values and the already obtained structures, that the native protein
exhibits the most stable and compact structure, with a Tm value of 68.7°C
[27]. The D30P mutant adopts a native-like but less stable structure, as
indicated by its Tm value of 58.9°C [27]. Regarding the A31P variant,
while the experimental data reveal a topological rearrangement into the
bisecting U structure, which is evidently less compact and displays a Tm
value of 43°C [30], molecular dynamics simulations were performed using a
hypothetical model of A31P, carrying the point mutation at position 31.
Therefore, a direct computational comparison of the three systems takes
place in order to examine whether molecular dynamics simulations can
properly reproduce these experimental observations, while also

investigating the stability of the hypothetical native-like A31P model.
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3.1 RMSF Analysis

RMSF

A

L DT P T L
— Native ROP
— D30P ]
A3IP
U 1 I | J 1 | 1 | 1 I 1 I 1 I 1 l 1 | 1 I 1 |
0 10 20 30 40 50 3 13 23 33 43 53
CA atoms
chain A chain B

Figure 5: Representation of RMSF values of Ca atoms for the three
studied systems across the two monomers (chain A & chain B).
Produced with zmgr.

Figure 5 illustrates the variation of RMSF values for each Ca atom in the
three studied protein structures: native Rop, D30P and A31P. Each of
these proteins is a homo-dimer, and the two polypeptide chains can be
clearly distinguished in the plot. Lower RMSF values are observed in the
regions corresponding to the a-helices, as expected, since they are stable
secondary structures characterized by reduced flexibility. The loop region
acting as a bridge between the two constant helices exhibits higher RMSF
values, indicating increased mobility in this segment.
similar fluctuation pattern is observed for all three structures. This

observation is consistent with the fact that the D30P mutant adopts a
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native-like, but still less compact, conformation than the native protein,
since the increased RMSF values are in agreement with the experimental
data reflecting slight destabilization.

In contrast, the A31P mutant shows significantly higher RMSF values,
indicating greater flexibility and reduced compactness compared to the
native conformation. From the RMSF distribution pattern, it can be
concluded that the topology adopted by the A31P mutant retains its
molten globule characteristics, as it has a correspondence distribution to
the native Rop structure. Notably, the exceptionally high RMSF values
observed at both the N and C terminals of each monomer are due to their
flexibility, which is not related to the examined mutations. Therefore,

these regions are not included in the interpretation of the results.
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3.2 RMSD Analysis

RMSD plots illustrate the variation in RMSD values for the three
structures (native Rop, D30P and A31P) during the MD simulations.
Depicting all trajectories in the same plot is extremely useful for
comparison, as it graphically represents the deviation of each molecule
from its reference structure in a comparable manner. Each MD simulation
examines the progressive folding of each molecule, from an initial
conformation, called reference structure, to a final one. In the meantime,
the evolution of MD is monitored by receiving snapshots. Since a
structure remains relatively stable during the simulation, its deviation

from the reference structure is small, resulting in low RMSD values.

All residues are included

RMSD (A)

00 | A31P
0 5 10 15 20 25 30 35 40

Time (us)
Figure 6: Representation of RMSD values of native Rop, D30OP and A31P

systems over the MD simulation. All residues are included . The plot was
produced using the xmgr tool.
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N & C terminals are excluded
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Figure 7: Representation of RMSD values of native Rop, D30P and A31P
systems over the MD simulation. All residues are included, except the N (1-
5) and C (55-57) terminals . The plot was produced using the xmgr tool.

Figure 6 presents the RMSD including the N and C terminal regions of
both monomers of each protein. The terminals are flexible as they do not
participate in a secondary element, leading to increased mobility in
solution. As a result, their positions change in each snapshot, which is
reflected in increased RMSD values, giving the impression that the overall
structure deviates from the reference one. Including the tails can,
therefore, be misleading, since at specific time points RMSD values exceed
3A.In contrast, Figure 7 represents the same analysis excluding the tails,
in order to focus exclusively on the structural stability of the native Rop
and the two mutants, without the influence of terminal flexibility.

The average RMSD value of the native structure, including the terminals,
is 1.071°X, while, in their absence, it decreases to 0.69A. For the D30P
mutant, the same value decreases from 1.12A (with tails) to 0.78A
(without tails), while for the A31P mutant the corresponding reduction is

from 1.48A to 0.96A. This indicates that the terminal residues
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significantly affect the analysis, making it difficult to clearly distinguish
the structural variation of each system. Therefore, it can be revealed that
the native Rop exhibits the highest stability, since it is characterized by
the lowest RMSD values, indicating that each frame deviates only a little
from the reference structure over time. The D30P mutant possesses the
second place, showing marginally higher RMSD values, confirming the
already known native-like conformation. Finally, the A31P mutant
displays the highest RMSD values. The partial unfolding caused by this
mutation leads to instability, as confirmed by the significant variations in
RMSD values. Notably, due to its high mobility, the duration of its MD

simulation was twice as long.

Both Turn A & Turn B
3.0 T i T T T T T T

RMSD (A)

Native

D30P
A31P
00 = L 1 . L i I i 1 L L i 1 e
0 5 10 15 20 25 30 35 40
Time (us)

Figure 8: Representation of RMSD values of native Rop, D30P and A31P
systems over the MD simulation. Only the residues belonging to the Turn A
(24-39) and Turn B (24-39) regions are included. The plot was produced

using the xmgr tool.
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Figure 9: Representation of RMSD wvalues of native Rop, D30P and A31P

systems over the MD simulation. Only the residues belonging to the Turn A (24-
39) region are included. The plot was produced using the xmgr tool.
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Figure 10: Representation of RMSD values of native Rop, D30P and A31P
systems over the MD simulation. Only the residues belonging to the Turn B (24-
39) region are included. The plot was produced using the xmgr tool.
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Figure 8 represents only the residues belonging to the turn regions of
both monomers, in order to focus on the area that has the highest
flexibility. The point mutations are located within turn region, therefore,
this isolation plays an important role in studying how these mutations
influence the mobility of the surrounding residues.

It is important to note that the selection of the boundary residues of this
region was derived from the RMSF plot (Figure 5), which indicates the
deviation of each Ca atom from its reference position. Thus, we already
know that the regions exhibiting increased RMSF values correspond to
the turn regions, as they are more flexible and undergo local
rearrangements. For additional clarity, data from study [28] were also
used to finalize the determination of these regions.

For the native Rop, the average RMSD value of the turn region is 0.63A,
while for the D30P mutant this value increases to 0.80A. Comparison of
these values with those presented in Figure 7 indicates that the turn
regions are relatively stable, since no substantial increase in RMSD values
is observed. However, for the A31P mutant, the average deviation is
1.19A, compared to 0.96A in Figure 7. The observed increase in RMSD
suggests that the mutation in the turn region has altered the structural
conformation, resulting in enhanced overall mobility.

Notably, when the two monomers of A31P are analyzed separately, the
average RMSD value for Turn A is 1.071&, whereas for Turn B it is 0.98A.
The small deviations between the two monomers are possibly due to local
solvent exposure, changes in hydrogen bonding patterns, or ionic
interactions. The difference between the native and D30P systems is
negligible (0.02A). Similarly to the overall structure analysis, the
hierarchical stability ranking among the three studied systems remains

the same.
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3.2.1 Frames Exhibiting the Highest RMSD Values in the
Turn Region

Based on Figure 8, the four frames of the A31P mutant, displaying the
highest RMSD values, were selected for structural visualization using the

PyMOL program.

2nd conformation

st conformation Frame: 1828220 RMSD: 2.9763

Frame: 1235265 RMSD: 3.0794

Figure 11: Structural
representation of A31P mutant
(frame: 1235265, RMSD:

3.07944)  using  PyMOL. RMSD: 2.97634)  using
Helices are shown in cyan and PyMOL. Helices are shown

Figure 12:  Structural
representation  of A31P
mutant (frame: | 1828220,

loops in pink. in cyan and loops in pink.
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3rd conformation
Frame: 807215, RMSD: 2.8653

Structural

Figure 13:
representation of A31P mutant

(frame:; 3072154, RMSD:
2.86584) wusing  PyMOL.
Helices are shown in cyan and
loops in pink.
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4th conformation
Frame: 8489146 RMSD: 2.815/

Structural

Figure 14:
representation of A31P mutant

(frame: 3489146, RMSD:
2.8154A) wusing  PyMOL.
Helices are shown in cyan and
loops in pink.



3.2.2 RMSD Histograms

After obtaining the RMSD plots, the following step is to generate
histograms to visualize the distribution of RMSD values. A histogram
representation provides insight into the amplitude of each trajectory,
since a narrow amplitude indicates a stable structure with a steady
behavior, whereas a broad amplitude reflects the presence of multiple
conformations which is compatible with a more flexible structure.

Additionally, the histogram peak shows the most frequent RMSD value
which reflects how much the dominant conformation deviates from the
reference structure. In this way, histograms allow a direct comparison of
the distribution of frames according to their RMSD values, as it can be
suggested which mutation leads in a more substantial deviation, which
variant adopts a structure closer to the native state, and how each

mutation influences the overall morphological stability.

N & C terminals are excluded
80000 -
70000 | Native

' D30P '
60000 - - A31P 1

50000 -
40000 - :

Frames

30000 * 8l
20000 - 1

10000 - 1

0.0 05 1.0 15 2.0
RMSD (A)

Figure 15: Histogram RMSD for the native Rop, D30P and A31P. All
residues are included, except the N (1-5) and C (55-57) terminals.
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Figure 16: Histogram RMSD for the native Rop, D30P and A31P systems. Only
the residues of the Turn regions (A € B) (24-39) are represented.
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Figure 17: Histogram RMSD for the native Rop, D30P and A31P systems. Only
the residues of the Turn A are represented.
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Figure 18: Histogram RMSD for the native Rop, D30P and A31P systems. Only
the residues of the Turn B are represented.

Figures 15-18 illustrate the frame distribution for each trajectory
(native Rop, D30P and A31P), as it is obtained from the MD simulation.
For the native Rop and the D30P mutant, a direct comparison is possible,
as both simulations have an equal number of frames (2000001). It is
evident that the RMSD range in the native Rop is limited, indicating the
relative stability of its overall structure. The D30P curve exhibits a
slightly broaden distribution and is marginally shifted to the right,
corroborating the native-like character of this mutant, as the deviation
from the native structure remains minimal. This is consistent with the
experimental results as the thermodynamic stability of D30P is
diminished relative to the native form, reflecting by its lower Tm value.
In contrast, the comparison with the A31P is indirect because its
trajectory contains twice as many frames (4000001). Although the area
under the curve corresponds to this increased number of frames, the
position and overall features of the distribution remain unaltered,

meaning that the mutant retain its molten-globule characteristics. In light
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of this, the A31P curve is markedly shifted to the right, confirming that
this variant displays higher instability, with RMSD values reaching up to
2.9A (Figure 18). The broaden distribution indicates that, during the
MD simulation, the system adopts multiple conformations. The presented

illustrations are limited to 2A to maintain the dynamic range of the plot.

According to accurately compare the three different systems in the same
plot, two scripts (1 & 2) were created. Script 1 normalized all
distributions to a maximum of 100, while script 2 addressed the issue of
the different number of frames between the A31P trajectory and the

native one. The normalized histograms represented in Figures 19-22.

Overall, observations deriving from these plots appear to be in agreement
with the experimental data. The narrow RMSD distribution of the native
protein represents the most compact and stable system characterized by a
high Tm value. At the same time, the D30P mutant exhibits reduced
stability consistent with its lower T'm, while still retaining its native-like
conformation. The computational model of A31P reproduces the
increased instability of the mutant, exhibiting a broad range of accessible
conformations. Even if the simulation is based on a native-like
conformation of the A31P, the thermodynamic instability still exists
reflecting the destabilization caused by the substitution of proline at
position 31.

These results are also in agreement with previous computational studies
which demonstrated that the hypothetical native-like A31P structure is
unstable showing a tendency toward unfolded events in the turn region

28]
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RMSD (A)

Figure 19: Histogram RMSD for the native Rop, D30P and A31P. Only the
residues of the Turn A are shown. The distributions have been normalized to
a mazimum of 100 to allow comparison (script 1).

Turn B
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Figure 20: Histogram RMSD for the native Rop, D30P and A31P. Only the
residues of the Turn B are shown. The distributions have been normalized to a
mazimum of 100 to allow comparison (script 1).
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Figure 21: Histogram RMSD for the native Rop, D30P and A31P. Only the
residues of the Turn A are shown. The distribution of A31P has been normalized to
match the number of frames of the compared proteins (script 2).
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Figure 22: Histogram RMSD for the native Rop, D30P and A31P. Only the
residues of the Turn B are shown. The distribution of A31P has been normalized to
match the number of frames of the compared proteins (script 2).
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3.2.3 Statistical Analysis Based on R Package “sn”

In order to further investigate the obtained results, a series of statistical
parameters were calculated to highlight the differences among the
systems. For each of the common RMSD histograms, a histogram was
generated to emphasis the probability density of the observed variables,

illustrating each trajectory separately.

1. All residues (excluded N & C tails) (Figure 15):

Figure 23: native Rop Figure 24: D30P mutant

Figure 25: A31P mutant
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Table 5: Statistical parameters describing the flexibility distributions of the
overall structures of native Rop, D3OP and A31P variants.

Native D30oP A31P
Mean 0.69 0.78 0.97
s.d. 0.12 0.13 0.13
Gammal 0.7 0.56 0.73
Log-likelihood 1527556.19 1256279.06 2666760.23
(skewed)
LLG/observation 0.76 0.63 0.67
Log-likelihood 144005.14 1206433.68 2368609.14
(non-skewed)
LLG /observation 0.07 0.6 0.59

Figure 26: Skewed distribution of the native F. jg_ ure 27: Non-skewed distribution of the
Rop native Rop

Figure 28: Skewed distribution of the D30P Figure 29: Non-skewed distribution of the
D30P
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e

Figure 30: Skewed distribution of the A81P  Figure 31: Non-skewed distribution of the
A31P

As reported in Table 5, the mean values, corresponding to the average
RMSD of all conformations within the same structure, progressively
increase from the Native state to the A31P mutant. The standard
deviation value reflects the spread of RMSD values, with the smallest
observed for the Native form, while the two variants exhibit similar
amplitudes for the overall structure, excluding the tails. The gammal
values indicate that all distributions are positively skewed, meaning most
values are concentrated below the mean, with some larger values
extending the tail to the right. Among them, the A31P has the highest
skew, revealing a more pronounced right tail. The log-likelihood values
show that the skewed model provides a better fit to the data. In
particular, for the native Rop, the skewed model fits substantially better,
as evidenced by the LLG per observation (0.764 vs 0.072), while for the
other two mutants the improvement is modest. Therefore, accounting for
skewness is particularly important for the Native Rop, as a symmetrical

representation would fail to capture the true distribution.
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2. Turn A & Turn B regions (Figure 16):

Figure 32: native Rop Figure 33: D30P mutant

Figure 34: A31P mutant

Table 6: Statistical parameters describing the flexibility distributions of the
Turn A and B regions of native Rop, D30P and A31P variants.

Native D30P A31P
Mean 0.63 0.8 1.2
s.d. 0.12 0.16 0.18
Gammal 0.7 0.43 0.72
Log-likelihood  1413946.12 808145.54 1427874.56
(skewed)
LLG/ 0.71 0.4 0.36
observation
Log-likelihood  1318082.49 782947.85 1091380.44
(non-skewed)
LLG/ 0.66 0.39 0.27
observation
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Figure 35: Skewed dzstrzbutzon of the native  Figure 36: Non- skewed distribution of
Rop the native Rop

/ /

Figure 37: Skewed dzstmbutzon of the D30P gf?%l]gre 38: Non- skewed distribution of the

i

Figure 39: Skewed distribution of the A31P f{?gll]gr e 40: Non- skewed distribution of the
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Similarly to the previous statistical analysis, in the turns region it is
evident that the RMSD mean values follow the same pattern, with the
A31P variant showing the highest overall RMSD values and the greatest
variability, indicating a less stable structure. At the same time, the
LLG/observation values confirm that the skewed distribution model fits
the experimental results better across all trajectories. Notably, the most
significant deviation is observed for the A31P mutant, suggesting that a
symmetrical representation of the data would fail to describe the real
distribution. This indicates that the skewed model is more appropriate in
this case, which is also evident from the comparison between the skewed

and non-skewed distribution diagrams in each trajectory.

3. Turn A region (Figure 17):

NI

Figure 41: native Rop Figure 42: D30P mutant

Figure 43: A31P mutant



Table 7: Statistical parameters describing the flexibility distributions of Turn A
region of native Rop, D30OP and A31P variants.

Native D30P A31P
Mean 0.42 0.57 1.07
s.d. 0.1 0.19 0.17
Gammal 0.8 0.94 0.38
Log-likelihood  1913868.32 759726.74 1367392.53
(skewed)
LLG/ 0.96 0.38 0.34
observation
Log-likelihood  1731866.97 402305.4 1197384.67
(non-skewed)
LLG/ 0.87 0.2 0.3
observation

Figure 44: Skewed distribution of the native Figure 45: Non-skewed distribution of the
Rop native Rop

Figure 46: Skewed distribution of the D30P Figure 47: Non-skewed distribution of the
D30pP
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Figure 48: Skewed distribution of the Figure 49: Non-skewed distribution
A31P of the A31P

4.Turn B region (Figure 18):

Figure 50: native Rop Figure 51: : D30P mutant

Figure 52: A31P mutant
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Table 8: Statistical parameters describing the flexibility distributions of Turn B
region of native Rop, D30OP and A31P variants.

Native D30P A31P
Mean 0.43 0.58 0.98
s.d. 0.1 0.18 0.23
Gammal 0.83 0.91 0.88
Log-likelihood  1862481.84 764473.8 586076.31
(skewed)
LLG/ 0.93 0.38 0.15
observation
Log-likelihood  1647948.93 467741.84 107393.18
(non-skewed)
LLG/ 0.82 0.23 0.03
observation

Figure 53: Skewed distribution of the native Figure 54: Non-skewed distribution of the
Rop native Rop

Figure 55: Skewed distribution of the D30P gg%l}re 56: Non-skewed distribution of the
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Figure 57:Skewed distribution of the A31P fia";fp58: Non-skewed distribution of
the

So, in the Turn A, as in the Turn B region, separately, the statistical
results show a consistent pattern regarding the mean RMSD values, with
the A31P mutant exhibiting significantly higher RMSD averages. The
difference in standard deviation indicates that the RMSD amplitude is
more pronounced in the Turn B region of A31P, while the corresponding
values of the other two trajectories are essentially the same. A general
assessment of the LLG /observation values shows that, in both regions,
the skewed model describes the distribution appropriately. In particular,
in all cases the skewed model fits slightly better, except in the Turn B
region of the A31P variant, in which the deviation between the skewed
and non-skewed distributions is considerable, revealing that the

symmetrical model would be unable to describe the current distribution.

Consequently, the overall statistical analysis supports the conclusions
derived from the initial histograms (Figures 15-18). The average RMSD
value increased progressively from the native Rop to the A31P mutant,
indicating a hierarchical decrease in structural stability among the three
systems. Each distribution exhibits positive skewness along the X-axis.
Applying the normal model into the data, the log-likelihood per

observation value improved when switching to a skewness model
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distribution, indicating that this model provides a better interpretation of
the results.

The Q-Q plots clearly confirms the already presented findings, in which in
the case of the non-skewed distribution, the data deviate significantly
from the theoretical model. These plots also reveal specific frames that

deviate remarkably from the expected theory shown by the faint line.

The corresponding frames presented below:

1. All residues (excluded N & C tails) :

* native Rop: 1319400, 1531044 & 1319402
» D30P: 501868, 501863 & 501867
* A31P: 1828193, 1828548 & 1828220

2. Turn A & Turn B regions:

* native Rop: 1112097, 1112092 & 1112084
D30P : 501868, 501859 & 501867
A31P: 1235260, 1828220 & 1235265

3. Turn A region:

native Rop: 1112084, 1112092 & 1112097
D30P: 263800, 118524 & 125692
A31P: 1828548, 1828549 & 1828550

L[]

4. Turn B region:

native Rop: 1531231, 1531099 & 1531029
D30P: 250887, 250890 & 1179718
A31P: 3066219, 3067285 & 3072154
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3.3 Dihedral PCA

Furthermore, in order to investigate how these point-mutations
structurally affect the conformation of each variant compared to the
native form, dPCA analysis is employed. Projecting the data into a low
dimensional space highlights the most significant conformational changes,
enabling the visualization of the dynamic landscapes of the native and
mutant proteins. This analysis provides information into whether a
mutation preserves a native-like conformation or induces overall
instability by adopting a different spatial arrangement. Ultimately, dPCA
facilitates a deeper understanding of how these specific mutations

influence protein flexibility and stability.
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3.3.1 Application of Dihedral PCA Using Carma and
Grcarma

Native Rop: Turn A

PC2
PC3

PC1 PC1

PC3

PC2

Figure 59: 2D representation plots of the variation distribution for Turn A region
residues (24-39) of native Rop. Three pairs of principal components (PC1-PC2, PC1-
PC3 & PC2-PC3) are shown.
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The cumulative variance curve illustrates how the total dynamical
variance of the system is distributed among the principal components. For
the Turn A region of the native Rop, the motion is not uniformly
distributed across the 60 PCs. Instead, the most dominant PCs have a
greater impact on the system, with approximately the first three PCs
accounting for about 29% of the total variance, the first four PCs
explaining about 35%, and the first five PCs contributing approximately
41%. This smooth and progressively diminishing contribution of each PC
indicates that this region undergoes slight rearrangements which are
normally caused under natural conditions.

As illustrated in the 2D plots of the three most dominant PCs (Figure
59), the density of conformations is concentrated near the center, while
fewer structures appear in the periphery. This distribution confirms the
previous observations, in which no extensive conformational changes
arise. A main cluster is observed, containing the vast majority of
conformations (938448), while there is a secondary cluster encompasses
only 6 conformations. The two distinct clusters are characterized by a
remarkable energetic deviation. For the first cluster, the energy value was
calculated as +0.096 kcal/mol, while the corresponding value for the
second cluster was +7.531 kcal/mol, further confirming that most
conformations exhibit only minor deviations within a generally compact

and stable structure.
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Figure 60: The cumulative variance for the Turn A region of native Rop,
explained by the principal components, is shown by the red curve. Each filled
red circle represents the cumulative contribution up to a given component,
while the faint black line depicts the eigenvalue spectrum.
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PC2

Native Rop: Turn B

PC3

PC1 PC1

PC3

PC2

Figure 61: 2D representation plots of the variation distribution for Turn B region
residues (24-39) of native Rop. Three pairs of principal components (PC1-PC2, PC1-
PC3 & PC2-PC3) are shown.
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As expected, similar results were obtained for the Turn B region of native
Rop. The first five Principal Components account for approximately 41%
of the overall fluctuation, while it is obvious that no significant
rearrangements within the loop of the monomer occur. Accordingly to the
Turn A, most conformations belong to the main cluster, however, the

overall structures distributed within 4 clusters.

Table 9: Distribution of frames among the four clusters for the Turn B region in
the native Rop trajectory

Clusters Frames/cluster Total frames
Cluster 1 938448 2000001
Cluster 2 17 2000001
Cluster 3 8 2000001
Cluster 4 9 2000001
Tun B
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Figure 62: The cumulative variance for the Turn B region of native Rop,
explained by the principal components, is shown by the red curve. FEach filled red
circle represents the cumulative contribution up to a given component, while the
faint black line depicts the eigenvalue spectrum.
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PC2

D30P mutant: Turn A

PC3

PC1 PC1

PC3

PC2

Figure 61: 2D representation plots of the variation distribution for Turn A region
residues (24-39) of the D30P mutant. Three pairs of principal components (PC1-PC2,
PC1-PC3 & PC2-PC3) are shown.
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As shown by the 2D density plots (Figure 61), the conformational
ensemble is mainly concentrated within the first cluster. Nevertheless, the
landscapes appear more extended, capturing a broader surface compared
to the native Rop. In order to further investigate the actual number of
distinct conformational states represented in the ensemble, a 5D
clustering analysis was performed. A direct comparison between the 3D
and 5D analysis allows the evaluation of whether the heterogeneity
observed in lower-dimensional projections corresponds to distinct
conformational states is mainly a consequence of dimensionality

reduction. Overall, this comparison provides a more robust view of the

true conformational complexity of the system.

Figure 62: 2D representation plots of the 3D clustering analysis (left panel) and the 5D
clustering analysis (right panel), showing the three distinct clusters colored in green,
yellow and blue (top-right corner).

The 3D clustering analysis suggests that all conformations are included in
a single, expanded cluster, shown in green. In contrast, the 5D clustering
analysis reveals three distinct regions dividing the conformations. The
majority of them belong to the central, most dominant cluster. Two

additional clusters were defined: the second-most populated -cluster,
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shown in yellow, and a third cluster, colored in blue, containing a notable
fraction of conformations.

The 5D distribution of the D30P mutant appears consistent with the
cumulative variance (Figure 63), as the five most dominant principal
components account for approximately 63% of the total variance,
indicating that each contributes substantially to the overall motion. On
the other hand, the corresponding value for the native Rop is roughly 20%
lower, reflecting a more restricted conformational landscape, occupying a
single, well-defined cluster. This difference suggests that the D30P variant
exhibits greater flexibility, allowing the protein to access multiple

conformational states.
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Figure 63: The cumulative variance for the Turn A region of D30P variant,
ezxplained by the principal components, is shown by the red curve. Each filled
red circle represents the cumulative contribution up to a given component,
while the faint black line depicts the eigenvalue spectrum.

In more detail, Table 10 presents the distribution of frames among the

seven distinct clusters The main accumulation of conformations remains

within the dominant cluster, while there are complimentary clusters
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containing less stable structures characterized by notably higher energy

values.

Table 10: Distribution of frames among the seven clusters for the Turn A
region in the D30P trajectory

Clusters Frames/cluster Total frames
Cluster 1 827018 2000001
Cluster 2 75 2000001
Cluster 3 3 2000001
Cluster 4 23 2000001
Cluster 5 5 2000001
Cluster 6 7 2000001
Cluster 7 6 2000001
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PC2

D30P mutant: Turn B

PC3

PC1 PC1
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Figure 64: 2D representation plots of the variation distribution for Turn B region
residues (24-39) of the D30P mutant. Three pairs of principal components (PC1-PC2,
PC1-PC3 & PC2-PC3) are shown.
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While a similar overall pattern is observed between the Turn A and Turn
B regions in the 2D density plots (Figures 61 & 64), there are a clear
difference in cluster organization. In the 3D clustering analysis of Turn B,
two distinct clusters are identified. Although the general pattern is similar
to that of Turn A (Figure 62), Turn B shows a dominant cluster
containing the majority of conformations, alongside an additional cluster
holding a notable percentage. At the same time, in the 5D clustering
analysis, the three distinct clusters are maintained, although their
distribution exhibits some reshuffling. In particular, the less populated

cluster, shown in blue, contains a greater number of structures, as

indicated by its brighter color.

Figure 65: 2D representation plots of the 3D clustering analysis (left panel) and the 5D
clustering analysis (right panel), showing the three distinct clusters colored in green,
yellow and blue (top-right corner).

The above observations are also supported by the cumulative variance
(Figure 66), which represents that the first five principal components
explain an even higher percentage of the total variance, approximately

68%. This indicates the predominant influence of the first PCs on the
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overall motion of the system. The dynamical behavior is therefore not
evenly distributed across all modes, instead a small number of PCs
describe large-amplitude motions that significantly affect the stability of
the trajectory. In combination with the presence of three distinct clusters,
it is evident that the Turn region of the D30P variant exhibits reduced

compactness compared to the native form.
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Figure 66: The cumulative variance for the Turn B region of D30P variant,
explained by the principal components, is shown by the red curve. Each filled red
circle represents the cumulative contribution up to a given component, while the
faint black line depicts the eigenvalue spectrum.

In Table 11, the detailed distribution of all frames across the total
number of clusters is provided. Most conformations are accumulated
within the two most dominant clusters, corresponding to the most
energetically favorable states. Additionally, eight less-populated clusters

are observed, containing conformations exhibiting higher energy values.
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Table 11: Distribution of frames among the ten clusters for the Turn B region
in the D30P trajectory

Clusters Frames/cluster Total frames
Cluster 1 702372 2000001
Cluster 2 124202 2000001
Cluster 3 19 2000001
Cluster 4 13 2000001
Cluster 5 33 2000001
Cluster 6 6 2000001
Cluster 7 20 2000001
Cluster 8 8 2000001
Cluster 9 6 2000001
Cluster 10 4 2000001
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A31P mutant: Turn A
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Figure 67: 2D representation plots of the variation distribution for Turn A region
residues (24-39) of the A31P mutant. Three pairs of principal components (PC1-PC2,
PC1-PC3 & PC2-PC3) are shown.
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Attempting to investigate the impact of the A31P mutant on the overall
structural topology, density plots were generated, suggesting that the
conformations are distributed across multiple clusters. In the 3D
clustering analysis, three distinct clusters of comparable size were
identified, collectively encompasses all conformations. On the other hand,
5D clustering analysis reveals a more complex organization, with eight
clusters of varying sizes. The majority of conformations are accumulated
within the first four clusters, whereas the remaining clusters are

progressively less-populated, with the last two containing only a marginal

number of structures.

Figure 68: 2D representation plots of the 3D clustering analysis (left panel) and the 5D
clustering analysis (right panel), showing the three distinct clusters colored in green,
yellow and blue (top-right corner).

The cumulative variance (Figure 69) reveals that the five most dominant
components account for approximately 70% of the overall motion. This
contribution far exceeds that of the native Rop, indicating that this
trajectory is characterized by less stable dynamical behavior dominated
by high-amplitude motions. These conformations are distributed across

multiple energetic states, none of which approach the low energy level
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(+0.667 kcal/mol) associated with the cluster occupied by the native
conformations. The presence of multiple conformations within higher
energy clusters also reflects the increased flexibility of the system.
Moreover, the connectivity observed among different clusters suggests
that the system can feasible transition between district energetic states,

revealing the structural instability of this variant.
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Figure 69:The cumulative variance for the Turn A region of A31P variant,
ezxplained by the principal components, is shown by the red curve. Each filled red
circle represents the cumulative contribution up to a given component, while the
faint black line depicts the eigenvalue spectrum.

As shown in Table 12, the total number of frames is divided into three
distinct clusters. Each cluster contains a substantial number of
conformations, reflecting their distribution according to energy values.
The most dominant cluster is characterized by the lowest energy,
indicating that the most populated cluster corresponds to the most

energetically favorable state.
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Table 12: Distribution of frames among the three clusters for the Turn A region
in the A31P trajectory

Frames/cluster Total frames Energy
(kcal/mol)
Cluster 1 979672 (out of ) 4000002 0.67
Cluster 2 357088 (out of) 4000002 1.38
Cluster 3 72144  (out of) 4000002 2.37

A31P mutant: Turn B

PC2
PC3

PC1 PC1

PC3

PC2

Figure 70: 2D representation plots of the variation distribution for Turn B region
residues (24-39) of the A31P mutant. Three pairs of principal components (PC1-PC2,
PC1-PC3 & PC2-PC3) are shown.
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Similarly to Turn A, the 2D variation distribution plots exhibit multiple
clusters, in which the conformations are classified based on their energy
states. According to the 3D clustering analysis, the total number of
structures is separated into four distinct ensembles, whereas the 5D
clustering analysis reveals a broaden range of clusters. As the
dimensionality of analysis increases, the classification transitions into a

more complex network of states, in which each group differs both

morphologically and in population.

Figure 71: 2D representation plots of the 3D clustering analysis (left panel) and the 5D
clustering analysis (right panel), showing the three distinct clusters colored in green,
yellow and blue (top-right corner).

The cumulative variance shows, similarly to the Turn A region, that the
five most dominant PCs account for approximately 71% of the total
fluctuation. This indicates that the Turn B region exhibits extensive
internal motion, in contrast to the native state. These findings reinforce
each other, supporting the presence of a highly dynamic structure in
which each conformational ensemble is characterized by a distinct energy
barrier. Collectively, these clusters encompass the full set of

conformations adopted by the A31P variant.
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Figure 72: The cumulative variance for the Turn B region of A31P wvariant,
ezxplained by the principal components, is shown by the red curve. Each filled red
circle represents the cumulative contribution up to a given component, while the
faint black line depicts the eigenvalue spectrum.

Consistent with the previous analyses, the plots combined with the
dominant principal components reveal a strong similarity between the
Turn B region and the previously described Turn A of the A31P mutant.
A slightly discrepancy is observed, as the conformations in the Turn B are
distributed among four clusters instead of three.

The energy of the first cluster (40.285 kcal/mol) appears to be more
favorable than that of turn A (40.667 kcal/mol), suggesting more stable
conformations in the most populated cluster of the second monomer.
Notably, the upper energy limit of the Turn B region (41.814 kcal/mol)
is significantly lower compared to the corresponding value for Turn A
(4+2.367 kcal /mol), providing evidence of reduced energy barriers among the

Turn B clusters, despite their increased number.
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Table 13: Distribution of frames among the four clusters for the Turn B region
in the A31P trajectory

Frames/cluster Total frames Energy
(kcal/mol)
Cluster 1 1527836 (out of) 4000002 0.29
Cluster 2 484604  (out of) 4000002 1.17
Cluster 3 263038  (out of) 4000002 1.57
Cluster 4 178661  (out of) 4000002 1.81

Collectively, the results derived from the Dihedral PCA analysis confirm
previous observations. Similarly to what had already been observed from
the RMSF and RMSD analyses, the native protein appears to be stable
with only minor conformational changes mostly taking place within the
same energetic basin. The overall motion is distributed smoothly across
the PCs confirming the experimentally determined compact structure of
the protein.

Consistent with the experimental data, the 5D landscape of D30P
demonstrates a broadened distribution compared to the native. Still, there
is a central cluster containing the majority of conformations which is
important evidence for the preservation of its native-like character, while
its lower Tm value is computationally reflected by the increased flexibility
of D30P. Additionally, this is also reflected in the distribution across the
PCs which is more concentrated within the first components. Taken
together, the D30P appears to retain its native-like character while
undergoing slight destabilization.

The 5D clustering analysis of the hypothetical native-like A31P structure
carrying the point mutation at position 31 reveals increased flexibility, as
its conformations occupy multiple accessible energetic states. These
results are in agreement with the experimental data, as the A31P mutant
is characterized as the most unstable among these systems. At the same
time, the variant appears to retain its molten-globule characteristics

without complete structural collapse.
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3.3.2 Dihedral PCA Representative Structures

The representative structure corresponds to the closest to the average
conformation derived from all frames belonging to the same cluster, giving

a brief visualization of the alterations caused by the mutations in the turn

region.

Figure 73: Superposition of the
native Rop structure (cyan), D3OP
mutant (orange) and A31P mutant
(green), as derived from the MD
simulations. Only the backbone atoms
are illustrated in the Turn A region.

The point-mutation residues are

labeled.

Figure 74: Superposition of the
native Rop structure (cyan), D30P
mutant (orange) and A31P mutant
(green), as derived from the MD
simulations. Only the backbone atoms
are illustrated in the Turn B region.

The point-mutation residues are
labeled.

Observation of Figures 73 & 74 reveals that the insertion of a proline

residue at positions 30 and 31 influences the stability of the loop, leading

to local structural rearrangements. In particular, the D30P mutant

generally follows the pattern of the native conformation, except for the



specific proline residue, which deviates from it by protruding from the rest
of the structure.

Following the point-mutation, the overall folding of the D30P structure
appears to return to the initial pattern, indicating that the impact of the
mutation is limited and does not extend out of its local environment. In
the case of A31P mutant, the presence of proline induces structural
alterations that extend over a broaden region, including the o-helices. The
alignment of the representative conformations reveals that this variant
displays noticeable deviations from the reference structure, particularly in
the region immediately adjacent to the mutation site, where their overlap
has been reduced. These conformational discrepancies reflect a
rearrangement of the turn region, which may impair smooth folding.

For direct comparison, the conformations belonging to the main cluster
are shown in Figures 75 and 76, illustrating the representative
structures of native Rop and the two mutants in a common color scale.
Through this visualization, the evaluation of internal mobility becomes

possible.

Native ROP

Figure 75: Superposition of all conformations of the Turn A region belonging to
the dominant cluster of native Rop, D30P and A31P. The most flexible segments
are shown in red, with the color gradually transitioning to blue according to
structural stability. The color scale is common for all illustrations.
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Native ROP D30P A31P

Figure 76: Superposition of all conformations of the Turn B region belonging to
the dominant cluster of native Rop, D30P and A31P. The most flexible segments
are shown in red, with the color gradually transitioning to blue according to
structural stability. The color scale is common for all illustrations.

The assessment of flexibility across the three systems indicates that the
native Rop exhibits the lowest RMSF values. The abundance of segments
colored in cold hues reflects increased structural stability. The D30P
variant is characterized by high structural similarity to the native form,
deviating only slightly from the original folding. Finally, the A31P mutant
adopts the most flexible structure, with warm colors dominating most of
the surface, especially in the turn of monomer B. The presence of
conformations that deviate significantly within the same cluster suggests
that this mutation affects profoundly the overall stability of the structure.
Cluster analysis supports that the native Rop fold represents the most
stable conformational state, followed by the D30P mutant, whereas the

A31P variant exhibits the lowest structural stability.
Finally, the following representation illustrates the flexibility within each

trajectory through the superposition of a representative structure from

each cluster, reflecting the overall flexibility and stability of each system.
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Figure 77: Superposition
of the representative
structures from the two
clusters of Native Rop
(monomer A). Only the
backbone atoms are
shown.

Figure 80: Superposition

of the representative
structures from the four
clusters of Native Rop
(monomer B). Only the
backbone  atoms  are
shown.

Figure 78: Superposition
of the representative
structures from the three
clusters of D30P mutant
(monomer A). Only the
backbone atoms are shown,
with proline residue labeled
and highlighted in orange.

Figure 81: Superposition of
the representative structures
from the three clusters of
D30P mutant (monomer B).
Only the backbone atoms are
shown, with proline residue

labeled and highlighted in
orange.
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Figure 79: Superposition
of  the representative
structures from the eight
clusters of A31P mutant
(monomer A). Only the
backbone atoms are shown,
with proline residue labeled
and highlighted in orange.

Figure 82: Superposition of
the representative structures
from the nine clusters of A31P
mutant (monomer B). Only
the backbone atoms are shown,
with proline residue labeled
and highlighted in orange.



In both the native Rop and the D30P variant, there are no significant
energetic deviations among conformations, leading to their distribution
into only two or three clusters. Nevertheless, the native protein exhibits
the most highly conserved set of conformations, as depicted in Figures 77
& 80. Each representative structure of native Rop is slightly shifted
relative to the others, indicating structural stability and compactness.
The protein backbone fluctuates within a limited spatial range, resulting
in the formation of a small number of clusters, with minor deviations.
These results are consistent with the experimental data, reproducing
properly the experimentally confirmed high stability of the native form.
The D30P conformations are distributed among three clusters, concluding
to three representative structures, as shown in Figures 78 & 81. They
appear to be closely related to each other rather than a segment in the
turn region which distinguishes each conformation. These observations
are in agreement with the experiment, as the point mutation affect
slightly the stabilization of the overall structure. Therefore, compatible to
the previous analyses, the limited deviation further supports the stability
of this mutant.

On the other hand, the A31P conformations (Figures 79 & 82)
occupying multiple distinct energetic states exhibiting greater deviations.
The point mutation site distinguishes among each representative
structure causing rearrangement of the turn region and concluding to a
broadened range of different conformations. The existence of multiple
energetic states reflects the flexibility within the system which is
compatible with the already taken results as the A31P variant presents
the most unstable structure.

Overall, this illustration helps visualize what the dihedral PCA analysis

has already shown in the corresponding plots.
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3.4 Cartesian PCA of the Dominant Cluster

Isolating the dominant cluster from the dPCA analysis of both Turn A
and Turn B, the corresponding frames were subsequently used to perform a
cPCA analysis, aiming to examine the impact of the proline insertion on
the entire structure rather than focusing solely on the turn region.
Therefore, the a-helices which are the steady part of the structures,
remained fitted in order to evaluate the flexibility caused by each

mutation.

Native ROP

Figure 83: Superposition of all conformations of the entire structures
(excluding C-terminals) belonging to the dominant cluster derived from
the dPCA analysis of Turn A for native Rop, D30OP and A31P. Structural
alignment was performed on the a-helical regions. The most flexible
segments are shown in red, with the color gradually transitioning to blue

according to structural stability. The color scale is common for all
illustrations (Fig 83 € 84).
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Native ROP D3oP A31P

Figure 84: Superposition of all conformations of the entire structures
(excluding C-terminals) belonging to the dominant cluster derived from
the dPCA analysis of Turn B for native Rop, D30P and A31P. Structural
alignment was performed on the a-helical regions. The most flexible
segments are shown in red, with the color gradually transitioning to blue

according to structural stability. The color scale is common for all
illustrations (Fig 83 € 84).

All three trajectories are characterized by a common steady part: o-
helices. In both variants, the point-mutation does not significantly affect
the folding of the helices. This region demonstrates the lowest RMSF
values, while flexibility increases in the turn regions, even in the native
state.

The D30P variant exhibits only a minor structural deviation at the
mutation site, especially in the representation of Figure 83. Immediately
after the turn region finishes, the structure is once more associated with
low RMSF values, which indicates structural stability. This variant

adopts a series of conformations compatible to the native form, as it
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depicts in Figure 84 which are observed only minor discrepancies
between the two structures.

On the other hand, the A31P mutant is characterized by more extended
partial unfolding in the turn region, particularly at the point-mutation
site of Turn A, where the highest RMSF value is observed. In contrast to
D30P, the mutation at position 31 seems to influence a broader part of the
structure, as the most pronounced discrepancies among conformations of
the dominant cluster are detected in both Turn A and Turn B regions.
Moreover, the a-helical segments adjacent to the turns are also affected by
this unfolding, as these regions do not immediately adopt their most
stable conformations, indicated by their slightly elevated RMSF values.
At the same time, as shown in Figure 84, all conformations belonging to
the dominant cluster from Turn B display increased structural variability
in the turn region, capturing a wider range of states without, however,
reaching the most extreme RMSF values. Notably, while multiple
partially distinct conformations are adopted, one of them is clearly
separated from the others beyond the point mutation, forming a loop that
is directly connected to the following o-helix with a locally altered
orientation.

Overall, the A31P mutant displays consistently elevated RMSF values,
even within the helical regions, which indicates increased structural

instability.
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MNurnber of frames

3.5 Interpretation of the Different Folding Behavior of the
D30P vs A31P Mutants

Considering that the substitution of two adjacent residues by proline can
affect the topology in such a different way, it arouses interest in a deeper
investigation of the structural role of each residue in stabilizing the overall
fold of the protein. Focusing on the two replaced residues as well as the
previous and the following positions (residues 29,30,31 and 32), a
structural comparison between the two mutants was performed in order

to understand the cause behind the topological alteration.

3.5.1 Hydrogen bonding interactions of Ala31

Initially and foremost, the most intriguing residue is Ala3l, as its
replacement constitutes the distinguishing feature of the A31P compared
to the native and D30P proteins. Based on this observation, the hydrogen
bond connections of Ala3l were studied in order to investigate its
contribution to the stability of the a-helical bundle topology.

A hydrogen bond is determined by two parameters:

i) the distance between the donor and acceptor atoms

ii) the angle formed by the donor — hydrogen — acceptor atoms (D-H-*A)
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Figure 85: In the left panel, the distribution of distances between the
backbone NH group of Ala81 and the backbone CO group of Leu26 of all
conformations of monomer A is shown (black: native Rop, blue: D30P mutant).

The right panel illustrates the distribution of the corresponding N-H:-O angles
formed by the same residues.
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Figure 86: In the left panel, the distribution of distances between the
backbone NH group of Ala31 and the backbone CO group of Leu26 of all
conformations of monomer B is shown (black: native Rop, blue: D30P
mutant). The right panel illustrates the distribution of the corresponding

N-H:-O angles formed by the same residues.

Figures 85 and 86 show that the majority of frames of native Rop
exhibit a distance of approximately 2.9A between the NH and CO groups
in both monomer A and B, which corresponds to an appropriate distance
for a potential strong hydrogen bond. Examination of the angle between
these residues reveals values exceeding 150°, indicating that a strong
hydrogen bond is formed between the turn region (Ala31) and the first
helix of the monomer (Leu26).

The D30P mutant appears to form a weaker hydrogen bond, as the
distance between the corresponding atoms is noticeably higher, reaching
up to 4.0A. Additionally, the majority of conformations are concentrated
between 120° and 150°, which still corresponds to an acceptable value.
Therefore, these observations suggest that the D30P mutant retains a
modest hydrogen bond connecting the turn region with the first helix.

In addition, the formation of a simultaneous hydrogen bond between the

turn region (Ala31) and the second helix (Ala35) was also examined.
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Figure 87: In the left panel, the distribution of distances between the
backbone CO group of Ala31 and the backbone NH group of Ala35 of all
conformations of monomer A is shown (black: native Rop, blue: D30P
mutant). The right panel illustrates the distribution of the corresponding

N-H:--O angles formed by the same residues.
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Figure 88: In the left panel, the distribution of distances between the
backbone CO group of Ala31 and the backbone NH group of Ala35 of all
conformations of monomer B is shown (black: native Rop, blue: D30P
mutant). The right panel illustrates the distribution of the corresponding

N-H:--O angles formed by the same residues.
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Figures 87 and 88 illustrate that in the majority of native conformations
the appropriate backbone atoms of the alanine residue in the turn region
(Ala31), as well as those of the second helix (Ala35), are close enough to
form a strong hydrogen bond (approximately 2.94&). At the same time, the
corresponding angle formed by these atoms exceeds 150° in most frames.
These observations indicate that these residues are connected through a
strong hydrogen bond.

The corresponding curve representing the total number of conformations
of the D30P variant is slightly shifted to the right. The peaks of the blue
curves indicate that the hydrogen bond not only exists but also remains
strong. In the majority of frames the distance remains below 3.0A, while
the angles fall within the range 120° and 150°, exhibiting an appropriate

geometry for hydrogen-bond interaction.

In conclusion, the Ala31 residue plays a significant role in stabilizing the
native structure. By forming two strong hydrogen bonds simultaneously
with both a-helices, it contributes to the proper stabilization of the native
fold of the Rop protein. Even in the case where the local environment is
slightly altered (D30P variant), Ala31 preserves a strong interaction with
the alanine residue of the second helix, while the connection to the first
helix is reduced but still remains present. At this point, it has been
suggested that its absence induces the deformation of these two stabilizing
interactions, which may contribute to the increased flexibility of the A31P

variant.
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3.5.2 Ramachandran plots for residues 29-32

In order to investigate how each of these mutations influences the spatial
arrangement of the polypeptide chain, Ramachandran plots were
constructed to visualize the backbone dihedral angles for each residue.
These plots allow the examination of how the substitution of proline at
positions 30 and 31 may disrupt the topology of the protein. The phi (¢)
angle is the dihedral angle around the N — C, bond and is defined by the
atoms C1) — Ny — Cos) — Njsay , whereas the psi (¢) angle corresponds to
the dihedral angle around the Cy— C bond which is defined by the atoms
N — Cag — Cg) - Nyay. As the definition of these angles involves atoms
belonging to the adjacent residues, it is important to also take into
account the residues preceding and following the substituted positions.

Therefore, residues 29 and 32 were included in the analysis.
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Figure 89: Ramachandran plot representing all pairs of ¢ and ¢ angles of
residue Leu29 in both monomers A and B, belonging to all conformations
of native Rop (black), D30P (blue) and A31P (magenta) mutants.

Figure 89 represents the distribution of the dihedral angles of all possible

conformations adopted by Leu29. The majority of conformations are

concentrated within the range of ¢ from -90° to -45°, while W fluctuates

around -45°. These values correspond to the a-helical region, which is

expected since the Rop protein adopts a helical topology. Native and

D30P structures exhibit a similar distribution pattern of ¢/ angles for
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Leu29, suggesting that the backbone conformation of the D30P variant
remains native-like. On the other hand, the A31P mutant also presents a
concentration in the a-helical region but exhibits a broader dispersion. In
particular, five distinct outliers reach the highest | values, corresponding

to the B/extended regions, indicating increased backbone flexibility.
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Figure 90: Ramachandran plot representing all pairs of ¢ and ¢ angles of
residues Asp30 and Pro30 in both monomers A and B, belonging to all

conformations of native Rop (black), D30P (blue) and A31P (magenta)
mutants.
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Similar to position 29, Figure 90 illustrates that the majority of Asp30 as

well as Pro30 conformations present an o-helical geometry. Although

proline exhibits structural constrains due to its cyclic side chain, small

deviations from the expected region can still be observed. The distribution

of @/Y angles of Asp30 in the A31P variant remains broadened, reinforcing

the previous observation regarding increased backbone plasticity.
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Figure 91: Ramachandran plot representing all pairs of ¢ and ¢ angles of
residues Ala31 and Pro31 in both monomers A and B, belonging to all

conformations of native Rop (black), D30P (blue) and A31P (magenta)
mutants.
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Residue 31 mostly adopts a helical conformation. However, some distinct
pairs of dihedral angles extend to the edges of the Ramachandran plot,
revealing the occasional existence of unfolded states of the turn region
during the MD simulation. Ala31 in the native Rop exhibits the narrowest
distribution, suggesting the most compact backbone geometry. In
contrast, the corresponding residue in the D30P mutant displays a few
frames deviating from the helical region, reflecting a slight local increase
in flexibility caused by the adjacent substitution. Consistently, the A31P
variant exhibits the highest number of outliers, further supporting its

structural instability.
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The Ramachandran plot
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Figure 92: Ramachandran plot representing all pairs of @ and ¢ angles of
residue Asp32 in both monomers A and B, belonging to all conformations
of native Rop (black), D30P (blue) and A81P (magenta) mutants.

Regarding the last residue of the examined segment, Asp32 exhibits a
similar pattern. The distribution of the A31P variant extends towards the
most permissible areas of the plot, indicating increased backbone
flexibility. However, the majority of conformations still remain within the
o-helical region. Overall, these observations are consistent with those

obtained by the previously analyzed residues.
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In conclusion, the substitution of proline at two adjacent positions causes
a different impact on the folding process of each mutant. Although the
two positions are adjacent to each other, this difference may arise from
the structural properties of the replaced residues. As demonstrated by the
hydrogen bond network of Ala31, this residue plays an important role in
stabilizing the native structure. Its absence leads to destabilization due to
the inability of the proline ring to replace the structural role of alanine at

this key position.
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4. Discussion — Conclusions

The present thesis constitutes a comparative computational study of the
D30P and A31P mutants. We analyzed three trajectories derived from
Molecular Dynamics simulations, including the native structure. The
analysis of the native form was an essential step throughout this study, as
it was our reference point for evaluating the structural impact of the
mutation in each case.

Experimental results already indicate the impact of substituting a proline
residue at position 30 (D30P mutant) and 31 (A31P mutant). In case of
D30P variant, it has been concluded that it adopts a structure compatible
to the native state, known as “native-like”. Despite the insertion of the
proline ring in the turn region, the initial form of the 4-a-helical bundle
remains unaltered, maintaining the overall architecture [28].

On the other hand, the replacement of the alanine residue by the proline
ring in the adjacent position in the amino acid sequence has caused a
significant alteration in the overall topology [24][30]. The initially left-
handed, all antiparallel 4-o-helical bundle transformed into a right-
handed, mixed parallel and antiparallel bundle, known as “bisecting U”
topology. This rearrangement leads to a reorganized hydrophobic core
characterized by a thermodynamically less stable organization compared
to the native form. Crystallographic studies confirm the experimental
findings about the different topology adopted by the A31P mutant [28]
[42].

Based on these findings, this study aims to examine the ability of
Molecular Dynamics simulations in reproducing the experimentally
observed conformations. Through the application of multiple structural

analyses on the three trajectories, we investigate the folding behavior of
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these mutants computationally, while also attempting to explain the
structural discrepancy observed between them.

The RMSF distribution indicates the boundaries between the o-helical
segments and the turn regions, while also revealing the highly flexible C-
terminal residues. Notably, the defined turn region was retained
unchanged in all following analyses, in agreement with previously
reported studies [28].

An RMSD analysis aimed at evaluating the overall stability of each
system. Comparing the entire structures with and without terminal
residues, it became clear that their presence introduces additional
instability. For this reason, they were excluded to achieve a more reliable
evaluation of structural stability. Both the analysis of the entire
structures and the separate examination of the turn regions, reveals a
hierarchical relationship among the three proteins. Specifically, the native
structure exhibits the lowest RMSD values, followed by the D30P
mutant, showing slightly higher deviations, suggesting a conformation
similar to the native. In contrast, the A31P variant presents substantially
higher deviations, indicating increased structural flexibility. These
findings are in agreement with the available experimental data [28].
Furthermore, RMSD histograms are meaningful revealing the distribution
of sampled conformations. The native Rop exhibits a narrow distribution,
indicating limited conformational variability and, therefore, a stable
structure. The RMSD values of D30P appear to be slightly shifted to the
right, supporting its native-like character. While at first glance the A31P
histogram deviates significantly from the others, appearing broader and
more extended, this observation is attributed to the larger number of
frames in the A31P trajectory. This discrepancy is addressed by
normalizing the distributions to a maximum of 100 and adjusting the

number of frames to allow direct comparison among the proteins. These
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results, along with the statistical analysis performed using the R package
sn, confirm the previously described hierarchical stability pattern. In
particular, the comparison between skewed and non-skewed models
indicates that the RMSD data are better described by skewed
distributions, as reflected by the higher log-likelihood per observation
values.

The conformational landscapes derived by Dihedral PCA reveal distinct
clustering patterns for each system. The total number of native Rop
conformations are concentrated within a single cluster, indicating limited
structural variability throughout the simulation. The landscape of the
D30P mutant appears to be broadened, with additional minor clusters
surrounding the dominant one. This pattern suggests modest
conformational heterogeneity, which is evidence of native-like behavior.
On the other hand, the A31P variant landscape is characterized by
multiple clusters, indicating the presence of several distinct
conformational states, reflecting increased structural flexibility. The
comparison between the three and five dimensional representations of the
D30P and A31P mutants reveals an in-depth organization of their
conformations. While the three-dimensional clustering analysis grouped
together a large number of conformations within the same energetic
clusters, the higher-dimensional analysis distinguished additional states
that are either connected to each other or remain clearly separated.

The representative structure of D30P suggests that this mutant largely
follows the native fold, with only deviations at the mutation site.
Additionally, the superposition of all conformations from the dominant
cluster exhibits comparable RMSF values to the native form, further
supporting its native-like folding. In contrast, the representative A31P
conformation, presents a clearly pronounced deviation of the turn region,

which also influences the compactness of the upper helical segments.
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Overall, the alignment of the representative structures and the
superposition of the dominant conformations support the experimental
findings: the structure of the D30P mutant remains significantly similar to
the native fold, whereas the A31P variant deviates from it.

Subsequently, Cartesian PCA suggests that the a-helices constitute the
common stable part among the three systems, remaining largely
unaffected by the mutations. Specifically, while the D30P mutant exhibits
only a minor structural deviation at the mutation site, the A31P shows
local rearrangement in the turn, displaying the highest RMSF values.
Finally, these results are particularly intriguing, as proline substitution at
adjacent positions causes markedly different impacts on the folding
process of the two proteins. In particular, the substitution of Ala31 seems
to significantly influence the structure. It is known that the Ala31l has
crucial role in the formation of native topology as it participates forming
hydrogen bonds with both helices simultaneously [42]. Specifically, the
connection to helix A is formed through a hydrogen bond between the
backbone NH group of Ala31l (donor) and the CO of Leu26 (acceptor),
whereas with the second helix takes place through a hydrogen bond
between the CO group of Ala31l (acceptor) with the backbone NH of
Ala35 (donor)[26]. Therefore, the replacement of this specific residue
destabilizes the hydrogen bonds network, causing alteration of the overall
topology. Our study reproduces the experimental results, confirming the
formation of both Leu26 — Ala31 and Ala31 — Ala35 hydrogen bonds in
the native structure. The D30P mutant appears to retain the interaction
between the turn region (Ala31) and the helix of monomer B (Ala35), as
the distance and angle formed by these atoms are consistent with a strong
hydrogen-bond interaction. Although some conformations also maintain a
permissible N-H:--*O=C distance and angle between Ala31 and Leu26, the

majority fall outside the range required for this interaction, suggesting
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either a weak or absent hydrogen bond. On the other hand, both hydrogen
bonds are absent from the A31P variant, due to the inability of the N
atom of Pro31 to participate in this type of interaction.

A further aspect of this interpretation involves the Ramachandran plots of
both the substituted and adjacent positions. The distribution of dihedral
angles for Leu29 indicates that most conformations are concentrated
within the o-helical region, as expected taking into account the helical
topology of the Rop protein. Both the native structure and the D30P
variant exhibit outliers in regions surrounding the a-helical area. The
A31P mutant contains distinct outliers in the upper region of the plot (f-
sheet region), indicating an increased tendency toward disrupted
conformations. Previous studies have reported that a significant shift in
the ¢ angle of Leu29 by 169° in the A31P mutant is associated with a
reorientation of the helices, altering the overall topology of the protein
[42]. According to this, the presence of outliers in A31P may explain the
large rearrangements in topology, while the D30P mutant appears to
maintain a more compact folding.

According to the Ramachandran plot for position 30, the majority of
conformations are located within the a-helical region, supporting the
maintenance of the helical topology. However, the distribution of dihedral
angles of the A31P mutant is broadened, revealing increased flexibility of
the backbone. This observation is consistent with experimental finding,
supporting that changes in the ¢ and ¢ angles by 131° and 119°
respectively, may contribute to the reorganization of the A31P topology
[42].

Position 31 presents the most pronounced discrepancy among the three
systems. In particular, the distribution of the native Rop is significantly
narrower, reflecting a compact and stable helical structure. The D30P

mutant displays a broader distribution, suggesting a local increase in
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flexibility due to the adjacent mutation, while the distribution of the
A31P mutant reveals partially unfolded conformations in the turn region.
This pattern is in agreement with the key structural role of Ala3l, as it
contributes to stabilizing the turn region by simultaneously interacting
with both helices, forming the native topology. A similar representation is
observed at position 32, suggesting that the instability caused by the

mutation affects the adjacent residues.

Taken all these together, the general conclusion may be that molecular
dynamics simulations appear to reproduce properly the experimental
results. Consistent with the experimental results, the native-like D30P
mutant adopts a less stable structure, as indicated by its lower melting
temperature (58.9°C) compared to the corresponding native value
(68.7°C). This difference is reflected throughout the simulation, as the
stability of D30P appears reduced relative to the native protein.
Regarding the A31P variant, experimental studies have revealed a less
compact structure, exhibiting the lowest Tm value (43.0°C) and a distinct
topology known as the bisecting U fold. However, as already mentioned,
the present simulation was performed using a hypothetical native-like
A31P model carrying the A31P substitution. Therefore, the main question
addressed was whether a native-like conformation would be sufficient to
explain the experimentally observed stability or instability of these
mutants. The results suggest that, despite preserving an overall native-
like fold, the hypothetical A31P model displays increased flexibility,
reproducing the experimentally observed destabilization.

These findings highlight the critical role of residue 31 in maintaining the
stability of the native Rop topology, while, additionally, it is evident that
the adoption of the native-like conformation is not sufficient to ensure

native-like stability.
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Certainly, several questions remain open. Since the present work focused
on a hypothetical native-like A31P model, future studies could involve
longer simulations using the experimentally determined bisecting U
topology of A31P. Such an approach would allow a deeper investigation of
the structure of this mutant, including also the role of the hydrophobic
core interactions, providing further insight into the different Rop
topologies. In addition, the experimental structure could be used to
computationally investigate the folding pathways followed by both the

native-like and the non-native forms.
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Appendix

Script 1

#!/usr/bin/perl -w

open ( FILE1, SARGV[O] ) || die "Can not open
SARGV[O]\n";
open ( OUT, "soutput.dat" ) || die "Can not open
output.dat\n";
$pos = 0;
while ($line = <FILE1>)
{
chomp $line;
@values = split(' ' , $line);
$x[$pos] = Svalues[0];
Sy[$pos] = $Svalues[1];
Spos++;
}
Sy _max = 0;

for ( $1 = 0; $1 < $pos; $1 ++ )
if ( $y[$i] > Sy_max )
{ Sy_max = $y[$i] }
$factor = 100 / Sy_max;
for ( $1 = 0; $1 < $pos; S$i++ )
$scaled_y = Sy[$i] * S$factor;
print OUT "$x[$i] $scaled_y\n";

}

close ( OUT );
close ( FILE1 );
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Script 2
#!/usr/bin/perl -w

open ( IN, SARGV[O] ) || die "Can not open
SARGV[O]\n";
open ( OUT, ">output.dat" ) || die "Can not open

output.dat\n";
$pos = 0;

while ( $line = <IN> )
{
chomp $line;
@values = split ( ' ', $line );

$x[Spos] = Svalues[0];
$y[$pos] = $values[1];
S$pos++;

for ( $1 = 0; $i1 < $pos; S1 ++ )
{ Sy[$i] /= 2;

print OUT "$x[$i] Sy[$il\n" ;
}

close ( OUT );
close ( IN );
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