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Abstract

Rop is a protein of significant scientific interest for studying protein folding,
which forms a 4-a-helical bundle structure with an antiparallel (syn) topology. This
protein has been studied extensively through its mutants carrying amino acid
substitutions, deletions, additions, etc., to observe their impact on the three-
dimensional structure. The 4-a-helical bundle, forming an anti topology, holds
significant importance in structural biology due to its extensive use in numerous
studies to explore the effects of different mutations on this specific topology.
Unfortunately, our lack of ability to predict the three-dimensional configuration of an
artificially synthesized protein prevents us from fully harnessing the capabilities of the
Rop protein, as well as any other protein. Here, we show the capabilities of
DeepMind's AlphaFold program, which aims to address protein prediction challenges
and seeks to evaluate the program's algorithm by testing it on known mutant Rop
structures. We found that in most cases, AlphaFold could successfully and correctly
predict the structure of an already known Rop mutant, with minor to no differences.
Only one out of seven mutants that we will look into in the following pages appear to
have significant differences between the structure found in PDB and AlphaFolds’

result.



MepiAnyn

Mo mpwtelvn PE ONUAVTIKO EMLOTNUOVIKO evlladépov yla tn UEAETN TNG
avadimlwong Twv MpwTteivwy wg cUVoAo givat n Rop, n onoia dtabtel pla Soun 4-a-
eAlkoelboug Sepatiov pe avtumapdAAnAn (syn) tomoAoyia. Auth n mpwteivn €xeL
HEAETNOEL ekTEVWG MEOW TWV METAAAAYMATWY TNG TOU GEPOUV UTIOKATAOTACELS,
Slaypadég kal mpoodRKeG apVoEEWV KAT, yla va tapatnpnBel o avtiktumog autwv
otnv tplodidotatn doun TnG mpwteivng. H 4-a-eAikwv d€oun, mou oxnuatilet pia anti
TomoAoyia, €xeL onuavtikn onuoocia otn Souikr Blodoyia AOyw TNG EKTETAUEVNG
XpPNong tng o€ moAudplOueg HeAETeG ylwa TN Slepelvnon Ttwv emudpAacewv
Sladopetikwy HETOANAEEWY OE QUTA TN OCUYKEKPLUEVN ToToAoyia. Auotuxwg, n
EMewdn wavotntag va poPAePoupe tnv Tplodldotatn Stapopdwon pLag TexvnTa
ouvTBépevng mpwteivng pog epnmodilel va aglomotjooupe MARPWE TG SuvatdTNTES
™G Mpwteivng Rop, aAAd kat onolacdnmote AAANG npwteivng. Edw mapouoialoupe
TI§ Suvatotnteg tou mpoypappatog AlphaFold tng DeepMind, To omoio enelpet va
QVTLLETWTTILOEL TIG TPOKAROELG TIPOPAEYNG TTPWTEIVWY KOl ETILSLWKEL va. a§LloAOYHOEL
TOV 0AyOpLOUO TOU TTPOYPAMMATOG SOKLUATOVTAG TO OE YWWOTES LETAAAQYUEVEG SOUEG
Rop. Bprkape OTL OTLG TEPLOCOTEPEG TEPUTTWOELS, TOo AlphaFold pmopoloe va
TipoPAEPEL pe emtuyia Kal cwotd T dour evog nén yvwotol petalAdypatog Rop, He
HIKPEG €wg KaBoAou Sladopes. Movo €va amd ta entd petaAldypata mou Ba
€€eTAOOV UE OTIC EMOPEVEG 0eAIOEG, dalveTal va £XOUV ONUAVTIKEC SLadOpEC HETALY
™G Soung mou umdpyxel otnv PDB kol TOU OMOTEAECHATOG TIOU MOG €6WOE TO

AlphaFold.



1. Introduction

1.1. Coiled-coils

The coiled coils are a topological quaternary structure formed by binding two
alpha-helices through various bonds such as hydrophobic interactions, hydrogen
bonds, and Van der Waals forces. These interactions hold the two alpha-helices
together, resulting in the formation of the coiled-coil structure. In 1951, Linus Pauling
described the twisting of two alpha-helices around each other but did not name this
type of topological structure 2. The term "coiled coils" was coined by Francis Crick
around the same time as Pauling 3. Pauling is credited with introducing the term 1,
while Crick is recognized as the first to propose the structure of coiled coils and develop
mathematical methods to predict their structures 3. Crick also proposed the "knobs-
into-holes" structure, where amino acids in the polypeptide chain of a coiled-coil,
known as knobs, fit into adjacent holes, influencing the turning of the helices *>*. This
structure is illustrated in Figure 1 for better comprehension. Unlike most alpha-helices,
the ones forming a coiled-coil are packed somewhat differently, with 3.5 residues per
turn rather than the typical 3.6. The coiled-coil structure has distinct features, such as
hydrophobic residues occupying the "a" and "d" positions every seven residues,

labeled from a to g 4°.

Knobs into holes packing

Figure 1 — A representation of how “knobs-into-holes” work. The amino acids shown in red are seen
in the second representation to enter, with their direction reversed, into the gaps (in the crevices)
between the amino acids shown in blue.



1.2. Four helix bundle

Proteins with a four-helix bundle topology, also known as 4-a-helix bundle
topology, consist of 4 helices packed together. These helices twist and turn in such a
way that place their hydrophobic residues at the center of the bundle, creating a
hydrophobic core. The hydrophilic residues are located on the outer surface of the
bundle, making contact with water molecules while surrounding the hydrophobic core
46 The structure of a helical bundle, which is based on ridges-into-grooves
arrangement in proteins, involves specific arrangements where the protruding ridges
of one protein fit into the grooves of another protein 7. This structure was first
described by Chothia in 1977, who noted a slight twist (about 20°) of all the coiled coils
of the 4-a-helical bundle. This twist creates ridges intermittent with grooves, with the
residues forming both the ridges and grooves having a distance of 4 amino acids (i —
i+4) and about three amino acids (i — i+3) in some cases, as described by Chothia et al.
in the same paper ’. Additionally, the ridges of one helix are packed into the grooves

of the other and vice versa °’.

1.3. Repressor of Primer (Rop) protein

The Repressor of Primer, also known as Rop, is a protein consisting of a 4-a-helix
bundle synthesized in E. coli. Its primary function is maintaining the copy numbers of
the ColE1 and similar plasmids at low levels. The protein's structure has been studied
using X-ray ° and NMR 1° techniques, revealing that the Rop gene encodes it !! after

being genetically identified in 1980 by Twigg and Sheratt 2,

As mentioned previously, the ROP protein, also known as RNA | (One) modulator
(ROM), participates in the mechanism that controls the copy number of plasmid of the
ColEl family by increasing the affinity between two complementary RNAs and helps to
maintain a constant copy number by counteracting occasional deviations from the
steady-state level3. To be more precise, ROP binds to the transiently formed RNA | and
RNA Il kiss complex and reduces the equilibrium dissociation constant of the initial

RNA complex!®. This is achieved by negative control of the frequency of replication



initiation events between RNA |, RNA Il and ROP*3. Furthermore, ROP does not seem
to be an essential component of the ColE1 control system. Deleting the rom gene leads
to a two-to-threefold increase in N (final cell concentration of generations that
occurred between the specified period of time) in slowly growing cells, but it has no

phenotypic consequences on the N-value in fast-growing bacteria®®.

RNA Il pre-primer

Origin

L RNase H

v

Primer maturation No DNA-RNA hybrid

! v

No primer maturation
Replication \L

Replication inhibited

Figure 2 - At the ORC, the RNA Il forms a stable hybrid with the template DNA when it does
not interact with the RNA | (left). RNase H cleaves this hybrid to produce the RNA primer's 3-
OH end, which is where replication begins. The Rom protein facilitates the interaction between
the inhibitor RNA | and the complementary region in the RNA Il preprimer (right). The
maturation of RNA Il into the replication primer is prevented by the RNA I-RNA Il interaction,
which also inhibits the formation of the DNA-RNA Il hybrid at the ORC site. Reproduced
without permission from Gloria del Solar and Manuel Espinosa, 2000.

The protein folds into a homodimeric four-helix bundle comprised of two helix-
turn-helix monomers forming an anti-topology, and each monomer, designated as A

and B, consists of 63 residues and is further divided into two chains; the A monomer



into chains 1 and 2 and the B monomer into chains 1’ and 2’ 1°, These 63 residues form
the structure (Figure 1), separating three residues at positions 29-31 and creating the
two chains . Furthermore, as we will see with the mutant Aso.34, a five-residue loop
region serves as a stoppage to the protein heptad pattern!’. The amino acids are
categorized into heptads, and the core structure consists of 8 layers formed by "a" and
"d" residues. It is important to note that although the first two residues of each chain
are included for convenience, they do not contribute to the helical topology. The
binding forces holding the 4-a-helices together are predominantly hydrophobic, with

ionic bonds playing no significant role 1.

LYs3
SERS!
ASN10
GLU47
PHE14
GiN18 SER40
ASP36
LYs25
d ASP32

ASP30

Figure 3 - The structure of the polypeptide of one of the monomers of the Rop protein. It is viewed
from such an angle that the 2-fold axis is horizontal and behind the molecule. The number of
residues can be seen next to the corresponding amino acid. Reproduced without permission from
Banner et al., 1987.



The loop sections of proteins in general, and not only the Rop protein on which
this work focuses, have been demonstrated in numerous previous studies to be crucial
in determining but also stabilizing the final 3D structure of protein ¥722, Two loop
regions—one in each helix bundle—are present in Rop. Hydrogen bonds are crucial in
stabilizing the chains by forming in the loop area and the adjacent residues, specifically
residues 28 through 34 8. However, only one hydrogen link is seen—the hydrogen bond
between the carboxylate and amino groups of residues 32D (aspartic acid) and 33E
(glutamic acid). Additionally, the 31st residue of the chain exhibits an uncommon

bonding with both helices (26L on the first helix and 35A on the second helix) 8.

We are interested in Rop because it seems to be a perfect natural model system
for understanding the thermodynamic and kinetic folding characteristics of 4-a-helix
bundle structures?. Furthermore, the process by which this specific protein undergoes
folding and assumes its distinct structure has been the subject of extensive research
for numerous years, resulting in numerous articles that thoroughly investigate it 2473,
We base our choice on two critical criteria: high-resolution X-ray data & and the

accessibility of a wide range of strategically mutated proteins 1°.

1.4. Rop mutants

Rop mutants come in various forms, each with unique traits. Except for the A31P
variant and, to a lesser extent, the 2aa variant, which shows slight differences
compared to the original structure of Rop, the tertiary structure of all the other mutant
proteins closely resembles the wild-type topological structure. Most mutants adopt an
anti-topology (native Rop, A31D, 2aa, Cys-free), except for the AL, and Azl,, which
adopt a syn topology. The A31P adopts a topology known as "bisecting-U," which is
covered in more detail below. Furthermore, because the Aso.3a mutant lacks five
residues, it adopts an entirely different configuration and does not appear to fall into

the syn-topology, anti, or bisecting-U categories of A31P.



Furthermore, we shall discuss Rop mutants that remain unchanged despite
changing their amino acid sequence in the parts that follow this thesis and those that
modify their three-dimensional structure even with minute changes. The A31D is one
such mutation. Due to a dearth of studies, we do not have much information about
this particular mutation. However, its amino acidic sequence is known, and upon
loading it into AlphaFold2, we observe that its topological structure does not differ

from that of WT Rop.

WT Rop A3TP Ala,lle,-6
Anti Bisecting U Syn

Figure 4 — The three topologies we will examine below are compared side by side in this image.
A31P is the only one that takes the bisecting-U topology; AL, and A;l, are the only ones that take
the syn topology and the other mutants take the anti. The loop connecting the two helices is orange,

one monomer is grey, and the other is blue. Taken without permission from Y. Levy, Samuel S. Cho
et all 2004.

We start with the mutant known as Cys-free when discussing the mutants for
which we do have some supporting data and research. Although cysteine residues are
often conserved within protein families 3132, they can cause structural and, specifically,

folding complexity in proteins. This is why it is crucial to design a cysteine-free protein

33
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As the name implies, the structure of this specific mutant is identical to that of the
wild-type protein due to the removal of cysteine residues at positions 38 and 52 and
their replacement by alanine and valine residues, respectively 3*. Designing such a
mutant aims to establish a relationship between the thermodynamic modifications

and mutations' impact on proteins 34,

Going further, we will now discuss the mutant known as Axly. It forms a syn
topology, which is achieved by flipping one monomer 180 degrees around an axis that
runs parallel to the dimer interface . Its hydrophobic core, primarily composed of
hydrophobic residues &, has been drastically repacked, redesigning the entire core and
losing its capacity to bind RNA. However, at the same time, the protein's thermal
stability has been increased 3. Under typical circumstances, that is, in the protein's
wild-type form, the core is made up of residues that occupy positions a and d in the
heptad; these residues are typically either leucine, isoleucine, or alanine, cysteine, or
threonine, in that order 8. Because of the little to no polarity in their side chain ¥, these
residues are hydrophobic and help to stabilize proteins in several ways 363839, They
thus form the central region of this protein. However, on Azl, the core undergoes such
a significant redesign that, in addition to being much more densely packed than Rop's
core (Figure 5), the “a” sites are almost entirely made up of alanine residues, while the
“d” sites are almost entirely made up of isoleucine residues. This is how the mutant

gets its name.

(b)

&
(N
>

B
9.5 A

Figure 5 - Side-by-side comparison of the hydrophobic core in Rop and A;l>-6 (mentioned below). The

closer packing of the helices in Azl,-6 is shown (molecule represented in the right image). Reproduced

without permission from Mark A. Willis, Barney Bishop, Lynne Regan, and Axel T. Brunger (2000).
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Continuing, there is ALy, analogous to Axlx. Just like Azlp, it also forms a syn
topology 3°. The protein's amino acid sequence indicates that leucine residues are in
place of isoleucine residues in d positions in sequence %°. These d locations are
occupied by leucine residues, just like in the earlier mutant we discussed. This is
possible due to leucine's hydrophobic properties that shield it energetically inside the
protein's core, which helps maintain stability 384°. Much like Azl,, this results in a more
densely packed core and a more stable structure than the wild-type protein. The
phenylalanine residue in the polypeptide chain of the mutant was found to be present
at position 56 of chains 2 and 2' during the redesign of the mutant's core %°. Two
versions of A;l, were created because it was unclear whether the unique residue for
the Rop protein, which consists of 8 layers, had any structural significance. One version,
Rop21, had all eight layers repacked, while the other included only six layers—the
middle layers—and excluded the outer layers, which contained the phenylalanine
residues. The latter one goes by the name Rop13. The two repacked proteins could
fold into a stable structure akin to the Rop native state and be more
thermodynamically stable #. It's also important to note that this specific mutant has
been observed to oscillate between the syn and anti structures. The protein is still
active and has the same affinity for binding RNA when it is in its anti structure.
However, when it is in its syn topology, it becomes inactive and totally loses its ability

to bind RNA*2.

We then will go over the mutant known as Aszg-34. The Rop protein is a homodimer
of two 63-residue helix-turn-helix monomers in its normal state. Each monomer is
joined to the other by a hairpin, a 5-residue loop region that serves as a stoppage to
the protein heptad pattern!’. The mutant known as Asg.3s, or RM6, was produced by
deleting five residues, specifically from the 30th to the 34th residue, to produce a
continuous pattern of heptads. At the same time, its heptad pattern and its sequence
are inverted. The formation of a homotetrameric protein, which loses its activity to
bound RNA and thus loses its regulatory potency %3, is one of the most prominent and
most noticeable distinctions between the natural form of Rop and the modified form.

As was previously established, the natural structure of Rop consists of two

12



homodimers arranged in an anti topology. The heptad pattern of RM6 and the
protein's amino acid sequence is reversed in revRM6, another variation of the RM6

mutant. This master's thesis will only focus on and use the RM6 mutant.

Until now, all we had discussed was Rop mutants, which retained their capacity to
fold into stable structures and maintain their thermodynamic stability even when one
or more of their residues were replaced. Conversely, things either did not change or
became better. Not all known Rop mutants, though, are the same as that. We shall
then go over the Rop mutation known as 2aa. This specific mutant has been given this
name because two alanine residues have been inserted into the protein loop region
44, Except for their bend region, this mutant and the wild-type protein have remarkably
similar structures #°. The insertion of residues in the loop region led to the correction
of a discontinuity that the protein had before. This also prevented the smooth
continuation of the heptad %*%, found in past research and may help change the

direction of the axis of the Rope-like structure, aka the polypeptide chain #’.

Furthermore, it has been observed that the 2aa mutant of the protein exhibits
hydrogen bond formation between loop region residues, specifically between residues
that are separated by three positions (i = i + 3) #°. This contrasts the wild-type form of
the protein, where no such formation has been observed. Although no correlation
between protein loops and their stability has yet been found #6484 it has been said
that the loss of stability that mutant proteins gain is often correlated with increased

flexibility 4°.

Last but not least, we will discuss the A31P, a Rop mutant with one of the most
noticeable differences when comparing its structure with that of native Rop. The A31P
mutant is being created similarly to the A31D mutant, with the 31st residue of the
amino acid sequence being changed from alanine to proline *°. This causes the
mutant's hydrophobic core to change entirely; it completely changes its topological

>l More

structure, destabilizes its structure, and changes its surface properties
precisely, the protein takes on an anti-topology, left-hand orientation °? in its native

form, where the two monomers are "parallel" to one another, and the loop sections

13



are at opposite ends (Figure 6) 3. On the other hand, the protein adopts a right-
handed orientation and a "bisecting U" topological structure when proline is
substituted as the 31st residue °%°2->4, To allow for the turn of the other monomer, the
distance and the interhelix angles of the helices had also been increased 3%°°, A sizable,

uninterrupted interior cavity forms encircled by the initial pair of hydrophobic layers

50,51

(a)

(b)

Structure

Figure 6 - Comparison between the structure and topology of the native protein next to the
A31P mutant. Reproduced without permission from Glykos, N. M., Cesareni, G., & Kokkinidis,
M. (1999). Protein plasticity to the extreme: changing the topology of a 4-a-helical bundle
with a single amino acid substitution.

Why, therefore, is this occurring following the substitution of alanine with proline?
This is because, unlike alanine, proline lacks the cyclic structure necessary to produce

the standard dihedral angles (¢ and ) .

Furthermore, it has been noted that 31A and 26L establish hydrogen bonds when
things are normal. Because proline cannot function as an H* donor to create a
hydrogen bond, which causes instability and alters the synthesis of Rop, this does not

occur in the mutant 82°,
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Finally, the protein's structural shift also impacts the hydrophobic core. A31P
disregards the WT core's typical periodicity, which follows the adad pattern and

instead uses six layers—instead of eight—depending on layer >°.

1.5. Structure prediction: AlphaFold2

The protein folding problem, first presented in the 1960s and now recognized as
three distinct problems, is one of the most fundamental issues in structural biology. In
summary, it tries to answer how a particular amino acid sequence can reveal a
protein's structure and what forces cause it to fold in a particular way . Stated
differently, the resolution of the protein folding puzzle would enable precise
estimation or ascertainment of the amino acid sequence, furnishing a more
comprehensive understanding of the functions of proteins and the processes by which
these indispensable macromolecules operate. Nearly a decade later, Anfinsen
demonstrated through his now-famous experiment that a peptide may revert to its
original three-dimensional shape by relying on amino acid sequence after unfolding by
unfolding agents >°. It was still unclear how exactly knowing a peptide's sequence could
help us predict its shape. Subsequently, in 1996, CASP °’ was established as a
community where people could predict unknown protein structures in a blind test
setting °°. AlphaFold, a program created by DeepMind that predicts protein structures
using artificial intelligence, was presented to the public as the CASP (CASP-XIII) winner.
The enhanced AlphaFold version, known as AlphaFold 2, won the round in the
upcoming CASP-XIV in 2020 for the second time in a row after submitting protein

models that were significantly more accurate than those of the other competitors >7-°8,

In more detail, AlphaFold2 is an artificial intelligence program whose primary goal
is to predict a protein structure just on its sequence, as was indicated above *°. It
underwent multiple investigations to assess its efficacy in predicting the 3D protein

structure. It was compared to other methods of structural prediction, and typically, it

15



yielded a high rate of success and produced structures that closely resembled the

native protein used in each study %993,

The primary factor contributing to its effectiveness and ability to accurately
forecast the structures of numerous molecules is its ability to accurately map a desired
protein sequence to an existing amino acid sequence, regardless of how closely
connected the two sequences are to one another in terms of evolution 4. AlphaFold2
generates multiple sequence alignments (MSAs) using the protein molecule sequence
we want to study as a mold. After iteratively runs through the sequence, it generates
a complete structure. This structure passes through the Evoformer 48 times
(generating a new structure with each cycle), comparing the resultant structure with
the one that came before it until the polypeptide's final, complete structure appears
6465 The second iteration of AlphaFold outperformed every other participant in CASP
XIV, as demonstrated in Figure 7, in both the TBM (template-based modeling) and FM

(free modeling) categories®.

A TBM-easy B TBM-hard
50 100
e 40 ®
é H 80
0
2 30 § 60
o
@ 20 T
& 2 40
5 E
w 10 3
w 20
0
S N > N A y R 0
V& LELS T L k
& v O 8 < » & D Q0
F¥ ST E S ¥ L& S P P
QU Y v S o) P AFFTLOFTOF S IO
S < FAIFTELOTETT L
& b < Q NN« S K
& & s N> &° NN &
- O & = 8 W W ¥
s & K A
& &
Programs Programs
c TBM/FM D FM
40 100

Summed z-score
Summed z-score
-
=]

Programs Programs

Figure 7 — A four-part graph that contrasts the various competitors and their programs with one
another. AlphaFold2 scored higher in both FM (Free Modelling) and TBM (Template-based

Modelling) within each category.
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DeepMind, the company that founded AlphaFold, made its source code accessible
to the public in 2020, allowing anyone to utilize the deep learning program for free ©°.
Because of certain limitations with AlphaFold, such as the requirement for large GPU
RAM for basic predictions of relatively small proteins and a large number of databases
to be searched concurrently with sensitive homology detection techniques ¢,
scientists had to work around some limitations. This is where ColabFold comes into
play. Using Google Collaboratory % on a local computer system, ColabFold is software

that can be used as a Jupyter notebook. It is approximately 60 times and 90 times

quicker than AlphaFold2 ¢’ for single and batch predictions.

1.6. Main question

We have demonstrated throughout this master's thesis that Rop protein is an
excellent choice for studying the characteristics of 4-a-helical bundles. Several mutants
were generated to understand this structure more deeply; some changed abruptly,
while others retained the same structure as the natural protein. After loading their
previously identified sequence from PDB into ColabFold, the outcomes of only a few
mutants were contrasted with those from PDB and appeared to take an entirely new
structure and topology. On the other hand, the majority of mutants’ structures were
nearly identical; ColabFold could accurately predict the mutants’ protein structure
based on their sequence. The program's inability to accurately predict the 3D structure
of the mutants under investigation indicates that either missing data was supplied to
it, the program processed the data incorrectly, or there are allosteric interactions
between amino acids that caused "confusion" in the program and result in an error in
the prediction of protein structure. The most probable cause for the three reasons
mentioned above is that AlphaFold might lack the necessary tools and computational
skills to predict and compare the structures of 2 or more proteins with slight to no

evolutionary history 6499,
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2. Methods

2.1. AlphaFold web interface and mode of operation

o0 ©) AlphaFold2.pynb

nodeling complexe vers). For example P1...SK:P1...SK for 8 homodimer

). For example P1L_SK:P1...5K for s homodimer

tenplate_mods

Figure 8 - The main page of AlphaFold, the tool using the algorithm of AlphaFold as its base.

A) The first step (1) is entering the protein sequence that we want AlphaFold to predict its structure.
The second step (2) is pressing the option "Runtime".

(B) The third and final step (3) is to run a prediction cycle with the given amino acid sequence by
pressing the option "Run all". Optionally, we can name the job cycle in the field named "jobname"
right before we hit the "Run all" option (red rectangle).

The first screen we view when we visit the ColabFold website is depicted in the
image above. We describe how to load the amino acid sequence into the webpage and
what "buttons" we need to hit to activate the program in the caption of Figure 8. After
the program finishes its calculations, a notification asks if we wish to download the
results. The results are automatically saved in the "Downloads" folder and are stored

in a folder with a name we have already specified (red rectangle).
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2.2. MMalign

We load at least two pdb files from the structure analysis produced by PyMol into
MMalign. A computational biology tool called MMalign compares two or more protein
structures by superimposing them. Once the program has been installed on our
machine via the shell, we can use the following command to compare two structures
(which are conveniently located in the same folder):

MMalign 1Rop.pdb Model_WT.pdb

This command compares data from the PDB and AlphaFold concerning the native

Rop, providing us with the outcomes shown in Table 1.

The command "MMalign 1.pdb 2.pdb" can run this program from within the
Ubuntu terminal. The files designated 1 and 2 contain protein structures; typically, 1
corresponds to the one from the PDB depository and 2 from AlphaFold. Table 1
displays the outcomes of each program computation. The correlation between the
wild-type Rop structure and the anticipated WT Rop structure from AlphaFold is

displayed in Table 1.

We obtain different data for our poorly understood protein structure from every
results line. The names of our chains are initially given in the first section of Table 1
and are indicated by the name of the PDF file and the number of amino acids that
make up each polypeptide chain. The second section provides statistics, including the
number of successful matches between the two (or more) polypeptide chains and the
automatically derived PMSD and TM scores. Subsections that follow will go over the

significance of RMSD and TM scores.

Finally, the aligned residues between the two chains, indicated in red as “a” for
Chain_1 and “b” for Chain_2, are shown in the third section of the results. These
residue pairs are indicated by colons (:) for residue pairs and dots (.) for identical
residues. The two chains' sequences are also displayed, with an asterisk (*) denoting
the chain's conclusion. The third section of the table will be omitted to condense the

amount of data and make the results that are supplied later on more straightforward
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to read. The "." symbol indicates other aligned residues that are not shown here, the
":" symbol indicates other residue pairs that are separated by less than 5.0 A, and the

symbol "*" indicates the location of the stop codon. The symbol "-" indicates sequence

gaps.

Name of Chain_1: 1Rop.pdb:A:B (to be superimposed onto Chain_2)
Name of Chain_2: Model_1Rop.pdb:B:A

Length of Chain_1: 112 residues

Length of Chain_2: 112 residues

Aligned length = 112, RMSD = 0.44, Seq_ID = nidentical/naligned = 1.000
TM-score = 0.98777 (if normalized by length of Chain_1, i.e., LN =112, dO = 3.90) 2
TM-score = 0.98777 (if normalized by length of Chain_2, i.e., LN =112, dO = 3.90)

(":" denotes residue pairs of d < 5.0 Angstrom, "." denotes other aligned residues)

MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARF*MTKQEKT
ALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFE*

MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARF*MTKQEKT b
ALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFE*

Table 1 — An example of a result after running two .pdb files on MMalign. The results have
been divided into three categories for easier explanation. The third part has also been divided
into two sections, a and b, each of them representing one of each polypeptide chain.

2.3. Visualization: PyMol

First, to visually compare the structures of the original Rop protein and its
mutations in three dimensions, we visualize our data using PyMol, a molecular
visualization program. PyMol is an open-source visualization program that shows the
molecule's structure we are studying using pdb files 7%71, We graphically represent the
molecule's structure we investigated using PyMol and the pdb file from the PDB

database. For instance, we utilized the pdb file for the native form of Rop (PDB ID:
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1rop) as the initial step. The outcome was stored for later review and comparison with

every other Rop mutant.

The user interface of the program is shown in the following image:

Edv PyMOL

v2.x

g,fr‘—

http:/pywol.org/edueational [—i— ‘
= ]

[
Figure 9 — The Ul (User Interface) of PyMol. The complete software version was downloaded at no
cost through an institutional email address.

2.4. RMSD score

The Root Mean Square Deviation (RMSD) can be used to assess how similar two
stacked polypeptide chains are statistically. More precisely, it is the mean separation
between the atoms of two stacked protein structures, often the backbone or Ca
atoms. One important use of this metric in structural biology is comparing the three-
dimensional structures of proteins, nucleic acids, and other macromolecules. A smaller

RMSD value indicates a higher level of structural similarity.

The process of determining an RMSD score consists of four steps: first, the
polypeptide chains under study are superimposed to reduce the distances between
atoms; second, the pairs of atoms that make up the chains are identified and
compared, mainly using the Ca atoms (e.g., the Ca of the first atom of the first chain

with the Ca of the first atom of the second chain); third, the distances (also called
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Euclidean distances) between the pairs of atoms are computed; and fourth, the RMSD

is determined using the distances calculated in the step before.

An almost identical structure is typically indicated by a low RMSD score of less
than 1 Angstrom (1 A); a moderate score, between 1 and 3 A, shows slightly different
but generally comparable structures; and a high score, above 3 A, indicates markedly

distinct protein structures 72,

2.5. TM score

The TM score assesses the similarity of two or more protein structures comparable
to the RMSD previously discussed. However, it offers a more accurate, reliable, and
sensitive estimate. The primary distinction between both is that the TM score
compares the polypeptide chains we analyze regardless of length. In contrast, the

RMSD compares the distances between the Ca atoms in these chains.

Furthermore, there are three steps in the TM score computation instead of four in
the RMSD calculation. These steps will only be briefly discussed due to their higher
difficulty level than their RMSD counterparts. These are the following steps: firstly, dO
calculation; secondly, distance addition for each aligned amino acid; and thirdly, the
final TM score computation. The mathematical equations controlling the TM score are
significantly more complex and demanding than their RMSD counterparts despite the

score's seeming simplicity of calculation due to its few stages.

A TM-score above 0.5 indicates a high level of similarity to the native structure and
a correct folding, suggesting that the predicted model is likely to have a similar
structure to the correct native conformation. A TM-score ranging from 0.3 to 0.5
suggests the presence of structural similarity, although the overall fold may not be
correct, and the prediction may lack complete accuracy. TM-scores below 0.3 indicate
that the predicted structure is likely incorrect or significantly different from the native

structure. In this instance, the model is deemed unreliable 73.
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3. Results & Discussion

3.1. The control: predicting the structure of native Rop

The aim was to verify that AlphaFold can correctly predict the known structure
of native Rop. The sequence given to the program was
MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFGDDGENL,
which is the residue sequence for the native form of the Rop protein. In the following
experiments, we are to observe the possible differences and similarities between the
native structure of Rop and the structure given by AlphaFold, depicting its prediction

for the native form.

Figure 10 - The 3D structure of the WT Rop, as seen in Pymol, using the file from PDB.
(A) The protein structure comprises two monomers, each folded as a helix-turn-helix motif,
forming the complete 4-a-helical bundle.

(B) In the WT form of the protein, the 315t position is taken by an alanine residue. It is depicted
as a liquorice stick.

The structure of the Rop protein (PDB: 1rop) is shown in Figure 10, using the

pdb file from the PDB database and loading it into PyMOL. We use the liquorice stick
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style in all structure depictions to minimize unnecessary information. Also, for all the
mutants of Rop, we used the same coloring form, from warm to cool colours, as we go
from the amino terminus to the carboxy terminus so that we can show any differences
that have occurred in the structure of the protein, between the natural structure and
the structure resulted from AlphaFold. Finally, in the case of superimposition between
two three-dimensional protein structures, we use different colors for each polypeptide

chain to make it easier to observe their differences.

Figure 11 - The structure that depicts WT Rop as predicted by AlphaFold.

(A) No distinct structural or topological differences can be noticed at first glance
compared with panel Ain Figure 5. We compare the two structures using the MMalign
tool and the RMSD and TM-score.

(B) Rotation of the structure depicted in panel B by 90° degrees on the x-axis. The image

is zoomed in to better view the 315t amino acid. The amino acid in the 315t position of

the WT RP is an alanine residue. It can be distinguished due to its liquorice stick form.

The MMalign is used for all of the calculations. This tool is used to identify
similarities and differences between them. If some similarities are noticeable after
investigating two protein structures, the tool is also responsible for quantitatively

measuring the degree of those structural similarities. Below is a sample of the output
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MMalign provides, along with the sequence alignment of the two structures, the WT

Rop from PDB and AlphaFold.

Chain Aligned RMSD ™ Sequence ID
length residues
WT Rop (1Rop) 0,98777
PDB 112 (When normalized
Chains 1 & 2 with 1Rop)
112 0,44 1,000
0,87931
WT Rop (When normalized
AlphaFold 126 . )
Chains 1’ & 2/ with AlphaFold’s
WT Rop)

Table 2 — The data derived from comparing the pdb files of the WT and the AlphaFold’s WT
Rop.

Chain 1: MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARF-—-—----— *

Chain 1’ : MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFGDDGENL*

Chain 2: MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARF-—-——----— *

Chain 2’ : MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFGDDGENL*

The MMalign tool's information comes from matching two chains, one
representing the PDB WT Rop and the other the AlphaFolds” WT Rop. With a root mean
square deviation (RMSD) of 0.44, the alignment resulted in an aligned length of 112
amino acid residues, suggesting a perfect fit between the two chains. Moreover, from
the alighment above, we understand that the two structures superimpose each other

perfectly, which is evidence of a perfect sequence ID.

These two protein structures are not significantly different based on the results
from MMalign and the assumption that we also have the superposition of the two
structures, shown in Figure 12. They are reasonably close scores, even though their
TM score varies based on the structure the program uses as a mold. This also holds
true for RMSD. The two polypeptide chains differ in length by 14 amino acids, which is
something to note. The sequence -GDDGENL-, which runs from the 58th amino acid to

the last, is absent from the file obtained from the PDB. Instead, the WT Rop file from
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AlphaFold has this brief sequence. This occurs because these amino acids—the ones
that comprise the C-terminus of the chain—could not be found during the initial study
efforts to determine the three-dimensional structure of this protein. However, the

publication confirmed that these amino acids exist and are a component of proteins 2.

A superposition of the two structures is seen in Figure 12. In Figure 13, we can
easily observe minor to no differences between the resulting protein structure from
AlphaFold and its known structure from Protein Data Bank. So, in conclusion, and

unsurprisingly, AlphaFold predicts the native Rop structure with complete accuracy.

Figure 12 - Alignment of the structures of WT Rop from PDB and AlphaFold. As previously
mentioned, and as we can see in the adjacent image, there are no remarkable changes in the
structure of the two forms of the protein. The orange colour represents the structure of WT
from PDB, and the blue colour the AlphaFold structure.
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PDB

AlphaFold

Figure 13 - Side-by-side comparison of both PDB and AlphaFold structures of the WT Rop
protein.
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3.2. Predicting the structure of the A31D mutant

Before comparing the known structure of A31D with the structure from
AlphaFold, we have to graphically depict the structure of the mutant using the pdb file
from PDB and AlphaFold separately. As far as we know, no difference must be observed
when compared with the native form of the protein. The sequence given to AlphaFold
was
MTKQEKTALNMARFIRSQTLTLLEKLNELDDDEQADICESLHDHADELYRSCLARFGDDGENL.
The structure of A31D consists of 2 monomers. Each monomer consists of two helices,

thus forming the complete 4-a-helical bundle.

Figure 14 - The 3D structure of the A31D variant, as seen in Pymol. The resulting structure

is the one after running the variant sequence in AlphaFold.

(A) The protein structure comprises two monomers/a-helices, which are antiparallel with each
other, just like native Rop.

(B) The amino acid in the 315t position. In this mutation, the alanine found in the WT form of
Rop is replaced by an aspartic acid residue. It is being displayed as a liquorice stick.

Table 3 displays the RMSD and TM scores for AlphaFolds' A31D and the native

Rop, as obtained from MMalign:
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Figure 15 - Superposition between the structures of A31D with WT Rop. Both structures
resulted after running their sequences in AlphaFold. In all of the above panels (A, B, and C),
no structural differences between the two forms of the Rop protein can be seen. The a-
helices in both of the monomers are aligned perfectly. In the third (C) panel, we can see the
mutation in A31D, where instead of an alanine residue, it has been replaced by an aspartic
acid. Due to alanines’ simple form, its been covered by the aspartic acid residue. Both
residues are depicted as liquorice sticks for better visualization. Note that the orange colour
represents the structure of WT Rop, and the blue colour represents the A31D variant.

Chain Aligned Sequence
length residues RMSD ™ ID
WT Rop
AlphaFold
Chains 1" & 2’
126 126 0,88 0,96947 0,984
A31D
AlphaFold
Chains 1 & 2

Table 3 — The data derived from comparing the pdb files of the WT and A31D. Both files that
contained the protein structures came from AlphaFold. Both proteins are identical, with RMSD
and TM scores denoting this identicality.

Chain 1: MTKQEKTALNMARFIRSQTLTLLEKLNELDDDEQADICESLHDHADELYRSCLARFGDDGENL*

Chain 1’ : MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFGDDGENL*

Chain 2: MTKQEKTALNMARFIRSQTLTLLEKLNELDDDEQADICESLHDHADELYRSCLARFGDDGENL*

Chain 2’ : MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFGDDGENL*
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With an RMSD of 0.88, the aligned length between the two links is 126. The
number of identical residues divided by the number of aligned residues yields a value
of 0.984 for the sequence similarity between the two chains, meaning that most
residues in both protein structures are identical, and a nearly perfect alignment was
achieved. The TM-score value adjusted by either protein is 0.96947. Furthermore, it is
evident from the above alignment that the two structures are nearly identical, which

contributes to the exceptional alignment.

The A31D mutant is unique not because of its three-dimensional spatial
structure but instead because, as previously stated in this subsection and the master's
thesis introduction, no studies have been conducted that offer sufficient details for her.
However, we can confidently state that aspartic acid (D)'s spatial structure is the same
as the natural protein and has no effect whatsoever on the mutant's structure. The
data in Table 3 further supports this, as all amino acids in both structures match
precisely, indicating and validating the previously proposed theory. The low RMSD and

TM scores further support this.

In conclusion, as expected, AlphaFold successfully gives the same structure for

the A31D as the known one found in the Protein Data Bank.

3.3. Predicting the structure of the A31P mutant

So far, we have encountered mutants whose structure is the same as that of
the native Rop. Also, on these occasions, AlphaFold created identical structures, with
little to no differences, from that of the wild-type protein. We believe a significant
divergence between the protein's overall topology and native form must be seen. The
sequence given to AlphaFold was
MTKQEKTALNMARFIRSQTLTLLEKLNELDPDEQADICESLHDHADELYRSCLARFGDDGENL.
The A31P structure differs from the WT Rops structure because it has a mutation

where an alanine residue has been replaced with a proline. The outcome is a dimer
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protein with an inverted U topology, meaning that one of the two monomers that
make up the protein enters the cavity of the other monomer, creating an inverted U

when viewed from the perspective of the other monomer.

Firstly, Figure 16 depicts the known structure of the mutant (PDB: 1b6q). On
the contrary, Figure 17, which shows the structure that AlphaFold created using the
mutant amino-acid sequence, does not produce a protein structure similar to the A31P
structure. Instead, the AlphaFold A31P protein's 3D structure is more similar to the WT
Rop (again, from the AlphaFold to have an equal measure of comparison). This can be

verified by inserting the two structures into the MMalign tool:

Figure 16 - The known structure of the A31P variant from PDB.

(A) The A31P mutant seems to change the protein structure dramatically compared with the
WT form and the A31D variant, where the structure is the same. This structural change is
known as “inverted-U” due to the two dimers forming 2 U’s and entering each other’s cavity.

(B) Rotation of the structure depicted in Panel A by 90° degrees on the x-axis. The amino

acid proline, located in the 315t position of the variant named A31P and in the image above,
is depicted as a liquorice stick.
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Figure 17 - This structure is a result by AlphaFold for the mutant A31P. The program does not
give a result that depicts the known structure of the mutant, as shown in Panel A of Figure 16.

Panel B rotates the protein by 90° on the x-axis. The mutation (proline instead of an alanine
found in WT) can be seen. We can easily observe that the structure does not form the

characteristic “bisecting-U” formation.

Chains 1’ & 2’

Chain Aligned Sequence
length residues RMSD ™ ID
WT Rop
AlphaFold 126
Chains 1 & 2
112 0,59 0,982 0,982
A31P
AlphaFold 112

Table 3 — The data derived from comparing the pdb files of the WT and the AlphaFold’s WT

Rop.

Chain 1: MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFGDDGENL*

Chain 1’: MTKQEKTALNMARFIRSQTLTLLEKLNELDPDEQADICESLHDHADELYRSCLARF

Chain 2: MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFGDDGENL*

Chain 2’ : MTKQEKTALNMARFIRSQTLTLLEKLNELDPDEQADICESLHDHADELYRSCLARF
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We have the WT Rop protein, which comprises chains 1 and 2, and A31P, which
comprises the 1' and 2' chains. AlphaFold is the source of the pdb files that contain
these polypeptide chains. The first contains 126 amino acids, while the second has
112. After superposition, the total RMSD of the two is 0.59 A. The TM score further
measures the two proteins' structural similarity. The TM-score of 0.92861 indicates a
high molecular similarity between the two chains. Given that the bulk of the residues
in the two structures are closely aligned, all of the data from AlphaFold, listed in Table
3 above, support the idea that these two structures are comparable. However, there
is an issue. As previously stated, the structure of A31P follows a topology known as
"bisecting U," which is entirely distinct from WT Rop. This appears to elude the
program since, despite the apparent resemblance shown by the MMalign data, when
we load the files it provides, we observe that the program has entirely overlooked the
topological difference between these two proteins through the amino acid mapping.

This will be fully confirmed during the following prediction.

On the other hand, when we ran the A31P variant's two known structures - the
one from the PDB database with the code name 1b6q and the one that resulted from

AlphaFold - we obtained the following details:

Chain Allgned RMSD ™ Sequence
length residues ID
A31P (1b6q)
PDB
Chains 1 & 2
112 80 3,55 0,44780 0,750
A31P
AlphaFold
Chains 1’ & 2’

Table 4 — The data derived from comparing the pdb files of the A31P, with code name 1b6q,
and the AlphaFold’s A31P. Data suggest low similarities between the structures.

Chain 1: MTKQEKT-ALNMARFIRSQTLTLLEKLNELDPD-EQADICES-LHDH--ADELYRSCLARF-—--—--—--- *
................................ *

Chain 17: -MTKOEKTALNMARFIRSQTLTLLEKINELDPDEOAD-TC-SLH-DHA-———— - DELYRSCLARF*
Chain 2: MTKQEKTALNMARFIRSQTLTLLEKLNEL-DPDEQADICES-LHDH--ADELYRSCLARF--—--—--—--- *
................................... *

Chain 2/ MTKQEKTALNMARFTRSOTLTLLEKLNELDPDEOAD-~1C-EST-HDH-—— - ADELYRSCLARF*
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We appear to have two protein chains, the first being the known structure of
A31P taken directly from the PDB archives and the second one being the A31P’s
predicted structure by AlphaFold, with each protein consisting of 112 residues. 80
residues make up the matched length between the two chains, and the sequence
similarity (Seq_ID) is 0.750 with an RMSD of 3.55. Even though 80 of each chain's 112
total residues were identical, indicating some structural homology between the two
chains, their RMSD value of 3.55 and TM-score of 0.4478 indicate that the degree of
similarity is insignificant. Also, the topologies of the two structures appear very distinct

based on the low TM-score numbers.

Examining the two structures together, we notice a significant discrepancy in
their sequence alignment, which validates the conclusion drawn at the end of the
previous prediction. Colon, asterisk, period, and other characters, the meaning of
which we covered in part 2.2, are characters that indicate the alignment between two
sequences. Moreover, there are notable differences between the amino acids
comprising the sequences and those extracted from them. All of these data are tied to
the RMSD score and the data regarding the overall alignment of the amino acids
between the two structures. While the TM score is very low, indicating a structural
resemblance, the RMSD of 3.55 indicates a significant difference in the amino acid

arrangement between the polypeptide chains of these two proteins.

It is important to note that there is a high degree of alignment between the
two structures' total number of amino acids, even though our RMSD score is so high.
This indicates a possible low similarity between them. More specifically, only 80 of the
112 total amino acids in both proteins were successfully aligned, based on the
alignment shown above (directly below Table 4). It also shows that both proteins'
amino acid composition varies after a certain point. Additionally, as mentioned above,
their structural differences are highlighted by the RMSD, TM score, and sequence ID;
this suggests that while their primary structure may be similar, their tertiary structure
may not be as much. Table 4 contains all these data derived from MMalign. All of this

supports our theory that AlphaFold entirely ignores the actual structure of A31P. Based
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on the data, this appears to result in a protein with the A31P mutation but the WT Rop

topology.

To conclude, the experimental data seems to be disregarded by AlphaFold, which
instead produces a structure that is the same as the native Rop. This surprising result
has the following meaning: either the program's algorithm cannot recognize the
mutation or recognizes it but fails to distinguish between alanine and proline. The
amino acid alanine (A) is a nonpolar, hydrophobic amino acid. The same applies to the
proline (P) residue. It should be possible to differentiate between these two residues
due to the prolines side chain characteristics, as it creates steric collisions with
neighboring atoms. This might be one of the reasons why such a unique topological
structure is formed. Though it is known that the integrity of the bend region plays a
critical and significant role in the resulting protein structure, the exact reason why the
specific amino acid substitution at the specific position causes this specific topological
change in the protein
structure has not yet been

determined.
AlphaFold

WT

Figure 18 - A closer
comparison between WT
(AlphaFold) and A31P (PDB
& AlphaFold) structures.
AlphaFold gives a different
PDB A31P structure, which does not
represent, at the least, the
structure of the known A31P
mutant. Instead, the

program provides a

AlphaFold structure that looks like the

A31P WT form of the protein.
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3.4. Predicting the structure of the A,l, mutant

Considering the several locations in the amino acid sequence that have changed,
it confirms that AlphaFold accurately predicts any potential structural alterations to
the stereochemical structure of the A;l, variant (PDB: 1f4n). As far as we know, there
have been some significant changes to the protein's 3D structure, particularly a

repacking of the hydrophobic core. The sequence that was given to AlphaFold was

GTKQEKTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALARFGDDGENL.

Figure 19 - The Rop Azl, mutant's 3D structure as seen in PyMOL using the PDB file. In Panel A,
as was already established, the protein structure consists of two a-helices or monomers,
forming a syn topology, unlike native Rop. The repacked core's alanines and isoleucines may
be seen as liquorice sticks. In Panel B, the mutant's structure as seen from the side of the turns.
We can observe that the modifications brought about by this mutation solely impact the
hydrophobic center of the protein.

As the name implies, the hydrophobic core of the variation known as Azl; has

been repacked. Specifically, its “a” and “d” locations are primarily altered into

hydrophobic alanine and isoleucine residues. The N- and C-termini are now positioned
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on the same side of the protein, but the turns are on the other side, drastically altering
the protein's overall structure. This is because of the chains' new syn topology (in

comparison with the N- and C-termini), as Figure 19 suggests.

Using MMalign, the native version of Rop and this mutant were compared to
determine how much the structure of this variation altered. We obtained the following

findings, as seen in Table 5.

Ali
Chain length igned RMSD ™ Sequence
residues ID
WT Rop 0,65824
(1Rop) (When
PDB 112 normalized
Chains 1 & 2 with 1Rop)
83 1,56 0,578
Azl; (1f4n) 0,67433
PDB (When
Chains 1’ & 109 normalized
2’ with 1f4n)

Table 5 — The data derived from comparing the pdb files of the WT Rop with the A;l, protein.
Different TM scores suggest differences in their structures when comparing each other
structures.

Chain 1: —---—---=--—-—-—-——-——————- MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFE*

P R R R R A A NN Y *
Chain 1’: KTILNMARFIRSQALTILEKANELD--ADEIADIAESIHDHADEIYRSALAR-—————————————————————————— *
Chain 2: MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARF---*

........................................................ *

Chain 2’ : GTKQEKTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALARFGDD*

The findings show that the native Rop and A;l, are not structurally identical.
The polypeptide chain that corresponds to the native protein has 112 residues,
whereas the one that corresponds to the mutant has 109 residues, giving the two
chains different lengths. An 83-residue alignment between the two chains has an
RMSD of 1.56. The two chains have a sequence identity of 0.578, which indicates that
in the alignment, 57.8% of the residues in the two chains are the same. These data
show a weak structural similarity between the two proteins under investigation. Also,
the TM-score normalized by the WT Rop length is 0.65824. The score increases to
0.67433, suggesting an increased structural similarity if the TM-score is normalized by

the length 1f4n.
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We will examine the resulting amino acid sequence when Azl; is superimposed
on top of the wild-type structure and vice versa. The data MMalign provided us during
the superimposition process between these two structures are all listed in Table 5 (the
data are also mentioned in the paragraph above). If we look closely, we can see that
the first monomer, which is made up of the WT Rop's chain 1 and the mutant's chain
1', is notably different from the second, which is chain 2 of WT Rop with the 2' chain
of 1f4n. The first monomer's two chains lack many amino acids present in only one of
them. In addition, the mutant undergoes repackaging of its hydrophobic core, which
results in numerous amino acids being replaced and altered compared to the Rop
protein's natural form. This could also be explained by the topologically distinct

arrangement of amino acids between the two chains.

/I,’, . .‘ %
>~ »

- 4

Figure 20 - The outcome of AlphaFold's 3D prediction of the mutant A;l,. Panel A's alanine and
isoleucine residues are in a liquorice stick form. In Panel B, the repacked hydrophobic core can
be seen.

We then enter the variant's amino acid sequence into AlphaFold to produce the
protein structure shown in Figure 20. When examined closely, the known structure of

the mutant and the structure provided by AlphaFold are almost identical.
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This is confirmed by using MMalign to align both sequences, as seen in the results

below:
Chain Allgned RMSD ™ Sequence
length residues ID
Azl (1f4n) 0(’\?/‘:18(:’15
PDB 109 normalized
Chains 1 & 2 with 1f4n)
107 0,86 0,82384 0,991
(When
Azl normalized
AlphaFold 126 with
Chains 1’ & 2 AlphaFold’s
AzlL)

Table 6 — The data derived from comparing the pdb files of the A;l, protein from PDB and
AlphaFold, respectively.

Chain 1: GTKQEKTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALARF——GDD————*

........................................................ *

Chain 1': GTKQEKTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALARFGDD——GENL*

Chain 2:  ----- KTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALAR-—-—-—-—-—--— *

Chain 2’: GTKQEKTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALARFGDDGENL*

These findings come from the alignment of two chains of proteins: the known
structure of the mutant from PDB and the structure that AlphaFold predicted. Based
on these results, the two protein structures are very similar. With a RMSD of 0.86, the
alignment results in 107 out of 109 residues in 1f4n and 126 in AlphaFolds’ Azl>. Given
that the sequence identity is 0.991, 99.1% of the aligned residues in the two sequences
are identical. The length of 1f4n is used to adjust the first TM-score, which is 0.94845.
Normalized by AlphaFolds’ Axl; length, the second TM-score of 0.82384. The better
overall structural similarity is suggested when 1f4n is utilized as the reference, as seen

by the higher TM-score.

We may determine that these proteins are structurally similar, and AlphaFold

correctly predicts the topological structure of A;l, by using Table 6 and the amino acid

alignment of the two structures, listed directly below.
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Using the above images, we can combine the findings and compare how the
AlphaFold structure differs from the PDB one. In conclusion, AlphaFold accurately
predicts the structure of this particular mutant protein with a very high score on the

RMSD scale.

PDB

AlphaFold

Figure 21 - A more detailed comparison of the A,l, (PDB) and Asl, structures (AlphaFold).

Considering the details mentioned above, AlphaFold provides a highly comparable structure.
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3.5. Predicting the structure of the AL, mutant

Like the other in silico experiments and previously mentioned calculations, our
primary goal was to accurately foresee any potential structural alterations to the AL,
sequence's stereochemical structure. The hydrophobic core of A;L, has been repacked,
and its a and d positions are predominantly changed into hydrophobic alanine and
leucine residues, respectively. Like the Al variant, the twists are now on the other
side of the protein from where they were previously located in the WT form of Rop,
significantly affecting its overall structure. Two different versions of this mutant were
created so that the stereochemical characteristics of this specific mutant could be
studied effectively and accurately. As suggested by the variants’ name, the first variety
had eight layers completely repacked with alanine and leucine residues in the a and d
positions. In contrast, the second variation had its center six layers completely
repacked with these residues but had left its outer two layers unchanged. In the
associated publication that analyzes these mutations, these Rop protein variations

were named Rop21 and Rop13, respectively.

We were anticipating dramatic modifications to the protein's 3D structure,
notably a repacking of the hydrophobic core, similar to the repacking of the core of
the AL, mutant. The sequence given to AlphaFold is the one found in PDB, which for
the Rop21 is
GTKQAKTLLNMARFLRSQALTLLEKANELDADELADIAESLHDHADELYRSALALFGDDGENL
and for the Rop13 is
GTKQEKTLLNMARFLRSQALTLLEKANELDADELADIAESLHDHADELYRSALARFGDDGENL.

Even though we know the variant's amino acid sequence and general 3D
structure from various studies and publications, the structure has not yet been

registered in the PDB. Therefore, we lack any concrete evidence of its 3D structure.
In this present-in-silico experiment, we will look at both variants (Rop21 and

Rop13) and any potential structural changes they may have concerning the protein's

wild-type form. We start with the Rop21 variant and continue with the Rop13.
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Figure 22 - Running the sequence through AlphaFold produced a more detailed depiction of
the Rop21 variant 3D structure of the A,L, mutant. All eight of its layers have been repacked
for improved visibility, and the mutations are displayed as liquorice sticks.

In Figure 22, the Rop21 variant of A.L; is displayed after we run its sequence to
AlphaFold, and Figure 23 depicts the structure of Rop13 of A;L;. The former structure,
when superimposed with AlphaFolds’ WT Rop, has an RMSD of 1.93 A across 92
residues and a TM-score of 0.66477, and when superimposed with AlphaFolds Azl; has
an RMSD of 1.53 for 126 aligned residues and a TM-score of 0.90777. The latter protein
has an RMSD of 1.55 across 89 aligned residues and a TM-score of 0.65565 when
superimposed with WT, but when superimposed with Azl;, it has a RMSD value of 1.86
for 121 aligned residues and a TM-score of 0.86185.

To ascertain how much the structure of this variant changed, the native form
of Rop and Rop21 of AL, were compared using the MMalign program. Both structures
were taken after running their sequences on AlphaFold. The results from MMalign can

be seen in Table 7.
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Figure 23 - The Rop13 variation of the A,L, mutant's 3D structure, where the mutations can be
seen in the illustrations above and are displayed as liquorice sticks; only 6 of its 8 layers have
been repacked. There are no apparent distinctions between these 2 Rop protein structures

when compared to one other.

Chain length Allgned RMSD ™ Sequence
residues D
WT Rop
AlphaFold
Chains 1 & 2
AaL> (Rop21) 126 92 1,93 0,66477 | 0,609
AlphaFold
Chains 1’ & 2’

Table 7 — The data derived from comparing the pdb files of the WT Rop with the mutant AL,.

Chain 1: MTKQEKTALNMARFIRSQTLTLLEKLNELDA-DEQA---DICESLHDHADELYRSCLARFGDDGENL*
. *

Chain 1’: GTKQAKTLLNMARFLRSQALTLLEKANELD---ADELADIAESLHDHADELYRSALARFGDD---GENL *

Chain 2: MTKQEKTALNMARFIRSQTLTLLEKLNELDAD EQADICESLHDHADELYRSCLARFGDDGENL-*
............................................................. *

Chain 2’: GTKQAKTLLNMARFLRSQALTLLEKANELDADELADIAESLHDHADELYRSALARFGDD GEN-L*

First, we have the structure of the native protein as provided by AlphaFold;
second, we have the structure of AL, - Rop21, which is similarly generated from
AlphaFold. Since both chains comprise 126 residues, they are similar in size and should

have a similar overall structure. 92 residues in both chains may be overlaid with a
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distance less than 5.0 A, according to the aligned length of 92 residues. The aligned
residues of the native protein and Rop21 have an average deviation of 1.93 A according
to the RMSD scale. The sequence identity in this instance is 0.609, meaning that 60.9%
of the aligned residues are the same in both chains. Based on the TM-score of 0.66477,
both proteins have many similarities. However, as the alignment reveals, the two

chains, especially the first monomer of both proteins, have noticeable variations.

Table 7, previously discussed in the previous paragraph, is shown directly above
the data produced by MMalign A.L,, especially Rop21, with WT Rop. Additionally,
directly below Table 7 is the precise amino acid match between these two structures.
The two sequences do not align correctly over their whole length, even with the
comparatively low RMSD and TM scores. Similar to the Azl mutant, this is probably
the result of the mutant's hydrophobic core repackaging. Because of this, there is a
significant difference in the overall number of amino acids correctly aligned between
the two structures—only 92 of the 126 amino acids in both proteins have been

successfully aligned.

According to some other experiments, due to isoleucine’s and leucine’s similar
properties, the structure of the variants AL, and Al> are the same. The structures
generated by AlphaFold for the A;L; variant and the Azl; mutant exhibit a significant
level of similarity when closely examined. This is supported by the alignment of both

sequences using MMalign, as seen in the table below.

Next, we will address the superposition of the A,L, with its corresponding Axl,
resulting from AlphaFold. Given that both chains are identical in length at 126 residues,
their size and expected overall structure are comparable. Given that both chains have
an aligned length of 126, all residues may be overlaid. The aligned residues of Rop21
and Azl have an average variation of 1.53 A, according to the RMSD scale. Since the
sequence identity in this instance is 0.889, 88.9% of the aligned residues in both chains
are the same. The length of the reference structure, in this case Rop21, having a length
of 126 residues, is used to normalize the TM-score. With a TM-score of 0.90777, both

proteins are very structurally similar.
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Chains 1’ & 2’

Chain length | Ali&ned RMSD ™ Sequence
residues ID

Aﬂa(ROle)

AlphaFold
Chains 1 & 2

126 126 1,53 0,90777 0.889
Aolp
AlphaFold

Table 8 — The data derived from comparing the .pdb files of the AL, specifically the variant
Rop21, with that of Azl,. Both structures were derived from AlphaFold.

Chain 1:

GTKQAKTLLNMARFLRSQALTLLEKANELDADELADIAESLHDHADELYRSALARFGDDGENL*

Chain 1’: GTKQEKTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALARFGDDGENL*

Chain 2:

GTKQAKTLLNMARFLRSQALTLLEKANELDADELADIAESLHDHADELYRSALARFGDDGENL*

Chain 2’ : GTKQEKTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALARFGDDGENL*

We may conclude that these two structures are comparable and that the

program accurately predicts the structure of A;L,-Rop21 because of the topological

similarities between these two mutant proteins and the highly similar amino acid

sequence between them. Table 8 lists the MMalign data, with the amino acid

alignment of those data just below.

We obtain the data below using the MMalign software to compare the Rop13

variant of the AL, mutant to the WT Rop, where only six layers are repacked in its

hydrophobic core.

Chains 1’ & 2’

Chain length Aligned RMSD ™ Sequence
residues D
WT Rop
AlphaFold
Chains 1 & 2
AsL; (Rop13) 126 89 1,55 0,65565 0,584
AlphaFold

Table 9 — The data derived from comparing the pdb files of the A,L,, specifically the variant
Rop13, with that of WT Rop.

Chain 1: MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFGDDGENL-~-*

*

Chain 1’: GTKQEKTLLNMARFLRSQALTLLEKANELDADELADIAESLHDHADELYRSALARFG-DD-GENL*

N}

Chain
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The AL, - Rop13 structure has the native protein's structure superimposed on
it. Both structures result from loading each protein's sequences into AlphaFold and
running them independently. The length of both proteins is 126 residues. A successful
alignment of 89 residues from both chains is shown by the aligned length, which is 89.
The RMSD score is 1.55, which indicates that the two structures differ significantly. The
number of identical residues divided by the number of aligned residues is used to
compute the sequence identity. The sequence identity in this instance is 0.584, which
indicates that 58.4% of the aligned residues are the same. When AlphaFold’s WT Rop
and Rop13 lengths are normalized, the TM-score is 0.65565. This suggests that the two
structures have a fair amount in common structurally. However, there is a catch, which
we will discuss in the paragraph that follows. When we look at the depiction of the
alignment, we can see that there are gaps where the residues are not aligned. The
comparatively high RMSD number indicates considerable structural variations

between them, as demonstrated by the MMalign findings.

As demonstrated by the comparison of WT Rop vs Rop21, as seen in Table 7,
our findings indicate a structural similarity, but the alignment disproves this theory. Is
this comparable to the aforementioned in purpose? The mutant's topology alters due
to the hydrophobic core repackaging, which also affects the alignment of the amino

acids. This is seen in how chain 2 of WT and chain 2' of Rop13 align.

The Ropl3 variation's structure was then compared to the Ayl variant's
structure, as we had done with the Rop21 variant, to identify any potential changes.

The information we obtained is shown below:

Chain length Aligned RMSD ™ Sequence
residues ID

AL (Rop13)

AlphaFold
Chalzsll = 126 121 1,86 0,86185 0.860

212

AlphaFold

Chains 1’ & 2’

Table 10 — The data derived from comparing the .pdb files of the A,L,, specifically the variant

Rop13, with that of Azl,. Both structures were derived from AlphaFold.
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Chain 1: GTKQEKTLLNMARFLRSQALTLLEKANELDADELADIAESLHDHADELYRSALARFGD-DGENL-*

.......................................................... *

Chain 17: GTKQEKTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALARFGDDGEN——L*

Chain 2: GTKQEKTLLNMARFLRSQALTLLEKANELDADELADIAESLHDHADELYRSALARFGD-DG-ENL-*

......................................................... *

Chain 2': GTKQEKTILNMARFIRSQALTILEKANELDADEIADIAESIHDHADEIYRSALARFGDDG EN——L*

According to the MMalign results, Rop13 will be superimposed on A;l>. Both
mutants have a length of 126 residues. The aligned length is 121, indicating that 121

residues from both chains were successfully aligned.

There are noticeable similarities between the two sequences, as can be seen
by comparing the data in Table 10 with the sequence alignment directly below it.
Because both Rop13 and A;l> are resultant proteins of AlphaFold, their structures are
very similar, as evidenced by their nearly perfect alignment of amino acids, low TM
score, and relatively low RMSD (remember that structures between 1 and 3 A on the

RMSD scale are considered relatively comparable).

The RMSD value is 1.86 A, which suggests moderate differences between the
structures. The sequence identity is 0.860, meaning that 86.0% of the aligned residues
are identical, and the TM-score is 0.86185 when normalized by the length of either
mutant. This indicates a moderate level of structural similarity between the two
structures. In conclusion, the MMalign results show significant structural differences,

as indicated by the relatively high RMSD value.

In conclusion, the structure of the A.L, variant is very similar to that of the Azl
mutant. No noticeable differences were found when comparing the two versions
created to research their topological properties and stability. The main distinction
between Azly, AsL; (Rop21 and Rop13), and the wild-type version of Rop is that the two
latter proteins form a syn topology with their 4-a-helices. In contrast, the former
protein forms an anti-topology. If we ignore this one distinction, Figure 24's
representation of the three variations, Azlz, AsL> - Rop21, and AL, - Rop13, shows that

their 3D structures are nearly identical.
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Al
AlphaFold

Azl.z ROle
AlphaFold

Azl.z R0p13
AlphaFold

Figure 24 - A comparison between the nearly identical variants named A.l,, A;L,-Rop21, and
A;L>-Rop13, respectively (from top to bottom).
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3.6. Predicting the structure of the Cys-free mutant

Another mutant that is worth mentioning is that of Cys-free or C38A C52V
(PDB: 3k79). "Cys-free variation" refers to a particular form of the Rop protein in which
the cysteines in positions 38 and 52 have been replaced by alanine and valine residues,
respectively. This variation, like WT Rop, has all of its cysteines in the secondary a-helix
of its monomer (2 and 2' a-helix), as seen in Figure 25. The 3D structure appears to be
the same as the WT one despite the replacement of these residues. The only notable
alterations are a bit of curvature and the absence of residues that make up the a-helix
in the mutant's N- and C-termini, constituting its monomers. The sequence given to
AlphaFold, which can be found in PDB is:
GTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADIAESLHDHADELYRSVLARFGDDGENL.

The native protein's degree of similarity to the Cys-free variant was calculated
using MMalign, just like it was for the other variations. Figure 25 displays the known
structure of the known structure. Figure 26 depicts the structure of the native protein
obtained by AlphaFold. A superposition of the two structures is seen in Figure 27.
According to MMalign, regarding the superposition between the known structure and
the AlphaFold one, the RMSD across 57 residues is 0,86 A. In more depth detail about

the results given by MMalign is as follows:

Chain Aligned Sequence
length residues RMSD ™ ID
WT Rop 0,97630
(1Rop) (When
PDB 112 normalized
Chains 1 & 2 with 1Rop)
_ 112 1,01 0,946
Cys-free 0,05943
(3k79) (When
PDB 114 normalized
Cha'gf‘ I'& with 3k79)

Table 11 — The data derived from comparing the pdb files of the WT Rop with that of Cys-free.
Almost identical alignment and TM scores, indicating high structural similarity.

Chain 1: MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFE-*
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Chain 1’: GTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADIAESLHDHADELYRSVLAREFG*

Chain 2: MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARFE-*

Chain 2’ : GTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADIAESLHDHADELYRSVLARFG*

There are 112 and 114 residues in 1Rop and 3k79, which is the known structure
of the mutant, respectively. The aligned residues in the two chains have an RMSD of
1.01 A. Lower RMSD values indicate higher structural similarity between the two
chains. The sequence identity between the two chains is 0.946, which means that
94.6% of the aligned residues are identical in the two chains. The TM-score can be
normalized by the length of the native’s Rop or Cys-free sequence to provide a more
meaningful comparison between structures. The TM-score of 0.97630, if normalized
by the length of WT, indicates a high degree of similarity between the two chains.
Similarly, the TM-score of 0.9943, if normalized by Cys-free length, also indicates a high
degree of similarity between the two chains. These results suggest that both structures
have a high degree of structural similarity, with a high TM-score, sequence identity,
and RMSD. The alignment of the amino acids that comprise these two structures and

the data in Table 11 support this hypothesis.

Figure 25 — lllustration of the 3k79 mutant's structure from PDB. The cysteine residues in both
monomers' helices 1 and 1' are portrayed as liquorice sticks. Panel B displays the identical
protein with an x-axis rotation of 90 degrees. When compared to the native protein, not many
differences are immediately apparent (Figure 10).
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Figure 26 - The 3D structure of the C38A C52V mutant as seen in PyMOL when the AlphaFold
file is utilized. The protein structure is represented identically in both panels with no notable
differences. This is supported by the results of MMalign, which show that these two proteins

are identical in their amino acid sequence with a low RMSD and perfect sequence identity.

We then enter the variant's amino acid sequence into AlphaFold to produce
the protein structure shown in Figure 26. When examined closely, the known structure

of the mutant and the structure provided by Alpha Fold are almost identical.

We utilize both structures’ pdb files in the MMalign program to verify this

similarity, and the findings are seen in Table 12.

The structure generated by AlphaFold and the known structure of the protein are in
alignment. There are 114 residues in the former protein and 126 in the latter. It appears
to be a successful alignment in 144 of the total amino acids in these two proteins. The
positions of the comparable residues in the two structures differ by an average of 0.88
A, or root mean square deviation (RMSD), between the two. A lower RMSD value
indicates a better structural similarity between the two structures. Sequence identity
(Seq ID) of 1.000 between the two structures means that all aligned residues are

identical. In this case, the TM-score, normalized by PDB's 3k79, is 0.97999, indicating
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a high similarity between the two structures. Although slightly lower than the initial

TM-score result, AlphaFold's 3k79 TM-score of 0.88771 does not show a significant

structural difference.

Chain Aligned Sequence
length residues RMSD ™ ID
Cys-free 0,97999
(3k79) (When
PDB 114 normalized
Chains 1 & 2 with 3k79)
114 0,88 0,88771 1,000
(When
Cys-free normalized
AlphaFold 126 with
Chains 1’ & 2 AlphaFold’s
Cys-free)

Table 12 — The data derived from comparing the Cys-free PDB files from PDB and AlphaFold.

Figure 27 - A superposition of the WT version of the protein and the variation C38A C52V. As
far as we can tell, there are no obvious variations between the variant's structure and the
native structure. They are oriented in the same direction; however, distinct residues are

present at positions 38 and 52.
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Chain 1: GTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADIAESLHDHADELYRSVLARFG-—-----— *

Chain 1’: GTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADIAESLHDHADELYRSVLARFGDDGENL*

Chain 2: GTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADIAESLHDHADELYRSVLARFG-—-----— *

Chain 2’ : GTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADIAESLHDHADELYRSVLARFGDDGENL*

PDB

AlphaFold

Figure 28 - A closer comparison of the structures resulted by AlphaFold with those stored in
PDB.
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We may infer notable similarities between the two protein sequences based
on the data shown in Table 12, which displays an excellent TM and RMSD score. We
conclude that these two protein structures are almost identical based on the
alignment of the two sequences. Because the final seven amino acids in the Cys-free
amino acid sequence are absent, we can observe a slight divergence in the order of

chains1and 1'and 2 and 2'.

Like most of the mutants we mentioned earlier, AlphaFold accurately predicts
the structure of this mutant with a very high score on the RMSD scale and a perfect

TM score.

3.7. Predicting the structure of the Aszp.34 mutant

Another one of the many Rop mutants is Aso-34 (PDB: 1gx8), as shown in Figure
29 This variation eliminates the turn by deleting five residues from the dimer's turn
region, which links the two a-helices. Due to this loss, the mutant now only has four
a-helices, each consisting of 58 amino acids. The known sequence given to AlphaFold,
representing this protein, is:

MTKQEKTALNMARFIRSQTLTLLEKLNELADICESLHDHADELYRSCLARFGDDGENL

Following that, we use AlphaFold to create the protein structure seen in Figure
30, which depicts the structure of the native protein obtained by AlphaFold by entering
the variant's amino acid sequence. When closely compared, the known structure of
the mutant and the structure supplied by AlphaFold are almost similar, as shown in the
findings from MMalign below. A superposition of the two structures is seen in Figure

31.

According to MMalign, regarding the superposition between the known

structure and the AlphaFold one, the RMSD across 98 residues is 0,81 A.
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Figure 29 - Aso34 mutant's 3D structure as it appears in PyMOL when the PDB file is used. In
Panel A, like all earlier iterations of the Rop protein, the natural form's structure comprises
four identical a-helices rather than two monomers with one a-helix each. Panel B has the same
design as panel A, but as seen from above (rotated 90° on the y-axis).

Chain Allgned RMSD ™ Sequence
length residues ID
0,97172
D30-34 (19x8) (When
PDB 196 normalized
Chains 1 & 2 with 1gx8)
196 0,91 0,82431 1,000
(When
D30-34 normalized
AlphaFold 232 i
Chains 1’ & 2’ e
AlphaFold’s
D30-34)

Table 13 — The data comparing the pdb files of Asg.3s from PDB and AlphaFold.
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Figure 30 - The variation's structure, as provided by AlphaFold. In Panel A, AlphaFold gives four
identical a-helices, just like the known structure of the mutant. The same structure is depicted
in Panel B, but it is rotated by 90° on the y-axis.

Furthermore, to verify the similarities and/or the differences between these
two structures of the Aso.34, we insert the residue sequence into MMalign, and we get

the following results:

Chain 1: ----EKTALNMARFIRSQTLTLLEKLNELADICESLHDHADELYRSCLARF----——- *

Chain 1’ : MTKQEKTALNMARFIRSQTLTLLEKLNELADICESLHDHADELYRSCLARFGDDGENL*

Chain 2: MTKQEKTALNMARFIRSQTLTLLEKLNELADICESLHDHADELYRSCLARF----——- *

Chain 2’ : MTKQEKTALNMARFIRSQTLTLLEKLNELADICESLHDHADELYRSCLARFGDDGENL*
Chain 3: ----EKTALNMARFIRSQTLTLLEKLNELADICESLHDHADELYRSCLARF----—-- *

Chain 3’ : MTKQEKTALNMARFIRSQTLTLLEKLNELADICESLHDHADELYRSCLARFGDDGENL*
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Chain 4: MTKQEKTALNMARFIRSQTLTLLEKLNELADICESLHDHADELYRSCLARF----—-—-— *

Chain 4’ : MTKQEKTALNMARFIRSQTLTLLEKLNELADICESLHDHADELYRSCLARFGDDGENL*

Figure 31 - A superposition between the PDB and AlphaFolds structure of the Asp.34 variant.

Along its axis, we can see that both proteins are almost entirely aligned.

The structural alignment between AlphaFold's Aso-34, which represents
AlphaFold's structural prediction of the protein, and PDB's Azo-34, with the code name
1gx8, can be seen in the above image. Additionally, the program produces a protein
with 232 amino acids, whereas the original form of this mutant has 196. Every residue
in 1gx8 could line up with the structure that AlphaFolds predicted. In this case, the
RMSD is 0.91, indicating a close structural similarity between the two chains. Every
residue in the aligned portions is identical, as indicated by the Seq ID, which in this

case is 1.000 and assesses similarities at the amino acid sequence level. When
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normalized by the length of 1gx8, the TM-score is 0.97172, indicating a substantial
degree of structural similarity between the two chains. When normalized by
AlphaFold's protein, the TM-score is 0.82431; a lower value. The alignment shows that
most of the residues in the aligned sections of the two chains are the same, with very

few dissimilarities.

PDB

AlphaFold

Figure 32 - A comparison of the variant's known structure, which we have been investigating
in our eighth computation and the structure we obtain from running its sequence through

AlphaFold.
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As previously indicated, the Aszo.34 mutant is one of the most unique mutants we
have examined and employed for this master's thesis. This is because, unlike WT Rop
and most other mutants, it comprises four single helices rather than two monomers.
Their alignment also makes this evident. In every previous instance, we contrasted
monomer A's helices 1 and 2 with monomer B's helices 1' and 2', respectively. Four
distinct helices are superimposed here and compared to the equivalent of the other
protein structure. Despite this, the program appears to have accurately predicted the
structure of Aso.34, as evidenced by the data obtained from MMalign, as seen in
Table 13, and the alignment of the amino acids comprising the two almost identical
protein structures. Some of the data that support this are the low TM and RMSD scores

and the high alignment of residues between the two sequences.

Overall, the findings and the data imply that the known structure of this variation
and the one obtained using AlphaFold have extremely comparable overall structures.
At the same time, there may be discrepancies in some locations because of the two

chains' different lengths.

3.8. 2aa mutant

Last but not least is the mutant 2aa (PDB: 1nkd), in which two alanine residues
were inserted at the 30th and 32nd positions. The known sequence for this
polypeptide is
MTKQEKTALNMARFIRSQTLTLLEKLNELADAADEQADICESLHDHADELYRSCLARFGDDGE
NL. Two alanine residues, colored red in the sequence mentioned above, are
positioned in the loop region of the protein at positions 30 and 32 of the amino acid
sequence. The mutant has the same 4-a-helix bundle as the WT structure of Rop and
the same anti-topology, so there are no immediately noticeable differences between

it and the WT structure.

Figure 33 displays the known structure of the 2aa mutant. The topology of the

variant produced by AlphaFold is shown in Figure 34. Figure 35 displays the
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superposition of PDB's WT and 2aa proteins, whereas Figure 36 displays the
superposition of PDB's 2aa and AlphaFold. According to Mmalign, regarding the
superposition between the known structure and the AlphaFold one, the RMSD across

112 residues is 0,57 A.

When comparing the known structures of the protein's WT and 2aa forms using

the MMalign tool, the following information is returned by the program:

Figure 33 - An illustration of the mutant name 2aa's known structure's 3D topology. The two
alanine residues are represented as liquorice sticks, as is better seen in Panel B.

These results result from two protein chains' structural alignment, with 1Rop
superimposed over 1nkd. The aligned regions of the two chains have 112 residues in
common. The two chains' structural divergence is relatively small, as the RMSD value
of 0.57 shows. Most aligned residues are the same between the two chains, with a
high sequence identity of 0.982. The two chains exhibit high structural similarity, as
indicated by the TM-score of 0.97939, normalized by the length of one Rop. When
normalized by the length of 1nkd, the TM-score of 0.93065 is lower, suggesting that

the native protein rather than Chain_2 provides a more accurate reference structure
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for this structural alignment. The 0.57 RMSD score indicates a slight difference

between the two topologies. Furthermore, as can be seen from the image above, the

high sequence identity of 0.982 indicates that the two protein sequences are almost

the same, differing only in a few residues.

Figure 34 - The outcome of AlphaFold's 3D prediction of the mutant 2aa. Panel B shows a closer
look at the mutation in the loop region.

Chain length Allgned RMSD ™ Sequence
residues ID
WT Rop 0,97939
(1Rop) 112 (When
PDB normalized
Chains 1 & 2 with 1Rop)
112 0,57 0,982
2aa (1nkd) 0,93065
PDB 118 (When
Chains 1’ & normalized
2 with 1nkd)
Table 14 — The data derived from comparing the pdb files between WT Rop and the mutant
named 2aa.
Chain 1: MTKQEKTALNMARFIRSQTLTLLEKLNELD--ADEQADICESLHDHADELYRSCLARF-*

Chain 1’:

Chain 2:

Chain 2’:

MTKQEKTALNMARFIRSQTLTLLEKLNELADAADEQADICESLHDHADELYRSCLARFEG*

MTKQEKTALNMARFIRSQTLTLLEKLNELD--ADEQADICESLHDHADELYRSCLARFE-*

MTKQEKTALNMARFIRSQTLTLLEKLNELADAADEQADICESLHDHADELYRSCLARFEG*



Based on our current understanding and the studies conducted to compare
these two structures, the topological structures of 2aa and WT must be nearly
identical. One exception is the alteration caused by inserting these two alanine
residues, which will be noticeable in the loop area and illustrated in Figure 35, which
shows the superposition of the known structures of WT Rop and 2aa. Despite this, the
stability and overall similarity of the two proteins remain unchanged, as indicated by

the MMalign results mentioned above.

Figure 35 - Superposition of the 2aa and WT Rop structures. PDB was used to get both
topological structures. Apart from the loop area, they are precisely aligned along their

sequence for the reasons we discussed.

Chain length Al|gned RMSD ™ Sedvence
residues ID
2aa (1nkd) (i’\(}\;/?f)no
PDB 118 normalized
Chains 1 & 2 with 1nkd)
118 0,89 0,87799 1,000
(When
2aa normalized
AlphaFold 130 with
Chains 1’ & 2 AlphaFold’s
2aa)

Table 15 - The data derived from comparing the .pdb files between the two variations of 2aa,
the one resulting from AlphaFold and the other one is the known structure taken from PDB.
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Chain 1: MTKQEKTALNMARFIRSQTLTLLEKLNELADAADEQADICESLHDHADELYRSCLARFG-—---—-— *

Chain 1’: MTKQEKTALNMARFIRSQTLTLLEKLNELADAADEQADICESLHDHADELYRSCLARFGDDGENL*

Chain 2: MTKQEKTALNMARFIRSQTLTLLEKLNELADAADEQADICESLHDHADELYRSCLARFG----—-— *

Chain 2’ : MTKQEKTALNMARFIRSQTLTLLEKLNELADAADEQADICESLHDHADELYRSCLARFGDDGENL*

Next, we combined the structure predicted by AlphaFold's algorithm with the
structure of the known 2aa. These outcomes come from superimposing the structural
alignment of two protein chains, 1nkd, over AlphaFold's 2aa. While AlphaFolds’ 2aa
has 130 residues, 1nkd has only 118. Based on the aligned length of 118, all of the
residues in 1nkd were aligned with those in AlphaFold's 2aa. The RMSD value of 0.89
indicates a significant difference between the two structures, which is to be expected.
The alignment of all the residues between the two structures was identical, as
evidenced by the sequence identity of the aligned residues, which is 1.000. This result
indicates that conformational changes or model errors are more likely to cause the
differences between the two structures than sequence modifications. Normalized by

PDB's 2aa, the TM-score is 0.96450; when normalized by AlphaFold's, it is 0.87799.

Figure 36 - A superposition of the 2aa from the PDB with the resulting structure from
AlphaFold and are represented by the orange and blue colors, respectively. The two extra
alanine residues inserted into positions 30 and 32 are displayed as liquorice sticks for better
visualization. We can see the direct contrast between the two structures' identical a-helices as

opposed to the loop area, where we can see that they are entirely out of alignment.

As mentioned above, along the axis of the chains, we can see that both

structures are perfectly aligned. The only difference in the overall superposition is the
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variant's different orientation compared with the known structure of 2aa due to the

insertion of these two alanine residues.

AlphaFold

Figure 37 - A side-by-side comparison of the topological structure of 2aa, where Panel A
represents the mutant's known structure and Panel B represents the structure predicted by
AlphaFold. To better visualize and observe the curvature of the loop region and the two alanine

residues, the second photos of both panels are not identical.
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The program findings show structural differences between the crystal structure
and the model, indicating that these differences are most likely due to conformational
changes or model errors despite the aligned residues having perfect sequence identity,
according to the MMalign results. These conformational changes appear to be caused
by the loop's altered orientation in the structure produced by AlphaFold, which closely
resembles the orientation that develops in most variant structures, including WT. As
we previously saw with the A31P variation, when the protein's overall structure is
drastically altered, AlphaFold produces a result that is more like the structure of the

WT version of Rop than the mutant that we are studying.

4. Conclusions

Since the mutants of the Rop protein were created by humans rather than by
natural selection, as was previously noted, this thesis aimed to test AlphaFold's ability
to forecast the architectures of these altered proteins. This allows us to assess the
"power" of the program's algorithm and the degree of accuracy of its findings, as we
are already aware of the protein structures of the mutant proteins we are looking at.
Only one of the seven mutants, A31P, has a different topology and three-dimensional
structure than the normal Rop protein. 2aa, on the other hand, exhibits some minor
differences in its bend region but is nothing too noticeable. Even if some of the
hydrophobic cores of the remaining five mutants have been repacked, they still exhibit
a relatively high similarity index (RMSD and TM scores, total aligned amino acids, and

sequence ID) to that of native Rop.

The conformational changes that appear to occur in A31P once the 31t residue
is swapped from alanine to proline are most likely caused by the unique structure of
proline. As a consequence, the two residues (Leu29 & Asp30) right before proline (31P)
have their ¢ and Uy angles altered, thus creating this peculiar "bisecting U" structure
>0 It also strengthens the notion and belief that, although the turns in a protein's

structure are crucial and fundamental to how the protein folds in three dimensions, a
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single alteration in the amino acid sequence might have unexpected effects >%747>, As
may be seen from the results, AlphaFold incorrectly guesses its structure.
Consequently, the mutation appears to be missed by the program's algorithm, or it

cannot distinguish between proline and alanine.

Furthermore, the 2aa mutant is the other of the two mutant proteins with
localized and minor changes in the turn region in relation to the wild-type Rop. The
comparison suggests that the protein structure results from AlphaFold are pretty
accurate and closely resemble those known from the PDB. The slight differences could
be attributed to the mutant's changed angle, potential model errors, or
conformational changes. It may be necessary to modify the program's algorithm or
conduct additional testing to uncover the reasons behind these discrepancies. Also
important to note is the fact that 2aa maintains a native-like topology even after
correcting its heptad discontinuity with two insertions in the loop region. On the
contrary, Aso-34 topology completely changes and adopts the known homotetrameric
structure when the discontinuity is corrected, but this time through deletions in the
bend region. It’s possible that it takes into consideration evolutionary information
alongside information provided by PDB to predict right its unique structure rather than

predicting a native anti-topology, just like it did with 2aa.

In summary, considering the rapid advancement of technology, especially in
the field of protein structure prediction—especially given the latest data acquired by
the AlphaFold program 7®—it is logical to believe that the day when we will be able to

predict protein structures with accuracy and precision is not too far off.
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