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PART 1. INTRODUCTION

The artist not only carries humanity in himself, but he
reproduces its history in the creation of his work: first
disorder, a general view, aspirations, dazzle, everything is
mized (barbaric era); then analysis, doubt, method,
arrangement of the parts (scientific era); finally he comes
back to the first synthesis, more extended in the execution.

Flaubert, Carnet 2

The genetic information determines the formation of any living being. Its integrity
favors the maintenance of the individual and the conservation of the species. For this
reason, genetic alteration leads on a path strewn with light and shadow. On the one
hand it is the theater of evolution; the one that has led us from a single-cell life form
to the dominant species on the planet. However, the alteration of genetic information
can also generate harmful or dangerous effects, with pernicious consequences. There is
here the mark of an apparent dualism: genetic alteration manifests itself as the catalyst
stimulating the progression and transformation of living organisms, or it presents itself
as the fatal herald of their decline. This last point occurs when the genetic alteration
is too important, so evolution has endowed every form of life with a means of ensuring
the preservation and integrity of the genetic information. If we think of the gateway to
life, then the information repair system is identified with Janus, the Roman god with
two faces and guardian of the city. As the gatekeeper, the first face looks outward to
the environment in which individuals live, and the other face looks inward to cellular
life. The repair system strives to repel the harmful effects of genetic alteration and like
Janus it closes the door to the evils of life. The Janus analogy takes on a special meaning
since the causes of genetic alteration originate from metabolic activity within the cells
themselves, such as replication errors and the production of reactive oxygen species [1], or
they originate in the external environment, of which radiation such as ultraviolet light is
a good example [1]. The universe centered around the mechanism of genetic information
is governed by the laws of nature, but ... « What man calls the laws of nature is nothing
more than a generalization of a problem that escapes him . » This is the question of
the scientist, whose job is to understand and explain these phenomena. It marks the
way of elucidation of the knowledge of all the richness around the genetic information,

its conservation and its alteration. And this is none other than the history of the nucleic

acids; biological molecule that stores the genetic information.

!Quote from Dohko, Golden Knight of Libra, in the Saint Seiya manga (1986).



Subject of this thesis

If the bibliography is very rich with contributions explaining the damage of canonical
DNA, i.e. in the form of a double helix, it remains poorer as concerns the study of the
damage on the non-canonical form of this biological structure. In this respect, this PhD
thesis proposes to understand the structural influence of DNA damages on non-canonical
G-quadruplex folding. Then, the work seeks to elucidate the mechanisms of interactions
between proteins and damaged or non-damaged G-quadruplexes in cellular and viral

systems.



CHAPTER 1

Discovery and structures of nu-

cleic acids

Chapter contents

1.1 A brief historical reminder . . . . . . . . . .. 5
1.2 Structure of nucleic acids . . . . . . .. ... 6
1.2.1 Nucleic acid bases and basepairing . . 6

1.2.2 Double helix: canonical structure of

1.1 A brief historical reminder

The discovery of nucleic acids dates back to 1871 with the work of Johannes Friedrich
Miescher, a Swiss physician and biologist, which he called « nuclein » [2]. A whole series
of works followed to characterize their biological and chemical properties. Moreover the
term « nuclein » was replaced under the name of nucleic acid a few years later, 1889, after
the proposition of Richard Altmann. Then, the different nucleic acids were identified
and their biological role became clearer [3]. In the middle of the 20" century, the work of
Rosalind Franklin, including the famous Photo 51, elucidated the double helix structure
of DNA. It was only afterwards that James Dewey Watson and Francis Crick published a
paper based on her work [1]. The identification of the Watson-Crick-Franklin interactions
between nucleotides: AT and GC, followed shortly [5]. Then different interactions were
identified in the work conducted by Hoogsteen [6]. The continuity of the studies on
nucleic acids have allowed to highlight their biological and structural complexity. Further

on, these organic molecules present an important structural polymorphism: helix [1],

5



CHAPTER 1. DISCOVERY AND STRUCTURES OF NUCLEIC ACIDS

triplet [7], hairpin [8], i-motif [9], and G-quadruplex [10].
1.2 Structure of nucleic acids

1.2.1 Nucleic acid bases and basepairing

Nucleic acids are biopolymers, i.e. polymers of organic molecules. More precisely, nu-
cleic acids are a chain of nucleotides covalently linked together by a 3’,5’-phosphodiester
bond (Figure 1.1). Nucleotides consist of three elements: a phosphate group and a five-
carbon sugar: 2’-deoxyribose (for DNA) or ribose (for RNA) and a nitrogenous base.
There are five natural nitrogenous bases, which are divided into two categories: those
based on a purine base (adenine, A, and guanine, G) and those based on a base (thymine,
T, cytosine, C, and uracil, U). But not all of them are present for each type of nucleic
acid. Thus, A, T, G and C are found in DNA. But T is not present in RNA, where it is
replaced by U[1].

Ribonucleic acid Deoxyribonucleic acid
(RNA) (DNA)
ctc. NH, ctc. e
H,C

\

o) /N | SN
. )
— _ s /

o= r" OCH, [ N~y

e e
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k) g
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o o p N
. . O
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Figure 1.1: The four nucleotides that make up DNA and RNA Reproduced from Garrett and Grisham
[11].

To fold into secondary structures, such as the double helix of DNA, nucleotides interact

with each other through intermolecular hydrogen bonds (Figure 1.1). In the presence of

6



PART 1. INTRODUCTION

two strands of nucleic acid, a pyrimidine necessarily pairs with a purine base. Nucleotide
make the selective pairs: G-C, which forms three hydrogen bonds, and A-T or A-U, which

form only two [12, 1].

L1l nm

1.08 nm

Figure 1.2: Characteristics of Watson-Crick-Franklin basepairing between nucleotides: A-T and G-C
Reproduced from Garrett and Grisham [11].

1.2.2 Double helix: canonical structure of DNA

The best known nucleic acid structure is the DNA double helix [1]. It consists of two
polynucleotide chains wrapped around each other and oriented in opposite directions.
The double helix has two grooves: the major groove, which is located between the sugars
of the backbones of the two chains, and the minor groove which is located between the
paired bases. The presence of deprotonated phosphate groups induces a negative charge
on the DNA. The base pairs globally form a hydrophobic core [13]. Also, they form

m-stacking interactions that stabilize the the double helix [12].

Although seemingly simple, the double helix conformation of DNA has different varia-
tions. The most commonly encountered structure is B-DNA, but two other forms exist:
A-DNA and Z-DNA. Their schematic representations are given in Figure 1.3 and their

structural characteristics are given in Table 1.1.

Although the double helix structure of DNA is the most known, nucleic acids have a
rich collection of secondary structures, as previously mentioned. In addition to the helical
form, we may cite the triplet [7], the hairpin [3], the i-motif [9], the and G-quadruplex
[10]. This last form is part of the main topic of this thesis and will be described in more

detail in the following chapters.



CHAPTER 1. DISCOVERY AND STRUCTURES OF NUCLEIC ACIDS

Figure 1.3: TIllustration of the differ-
ent conformations of the DNA double
helix. Reproduced from Watson [13].

Structural Parameter A-DNA B-DNA Z-DNA
Direction of helix rotation Right handed Right handed Left handed
Residue per helical turn 11 10.5 12
Axial rise per residue 2.55 A 34V 3.7A
Pitch (length) of the helix 28.2 A 34 A 44.4 A
Base pair tilt 20 ° -6° 7°
Rotation per residue 32.7° 34.3° -30 °
Diameter of helix 23 A 20 A 18 A
Configuration of glycosidic bond dA, dT, dC anti anti anti
dG anti anti syn
Sugar Pucker dA, dT, dC C3’ endo C2’ endo C2’ endo
dG C3’ endo C2’ endo C3’ endo

Table 1.1: Structural parameters for the different conformations of the DNA double helix. Reproduced
from Ohyama [1/].
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2.1 DNA mutation

A mutation is the modification of the genome of a living organism, it corresponds to
a modification in the nucleotidic sequence of the DNA (gene mutation), or the arrange-
ment of a chromosome (chromosomal mutation) [15], see Figure 2.1. Finally, mutations
are changes that can have a positive, negative, or neutral biological impact on gene

expression, transcription and phenotype [10].

2.1.1 Gene mutation

There are three types of mutations in the nucleotide sequence (point mutation) [16],

namely:

« Base deletion: Deletion of a nitrogenous base in the nucleotide sequence.

9
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o Base insertion: Insertion of a nitrogenous base in the nucleotide sequence.

« Base substitution: One nitrogenous base is replaced by another in the nucleotide
sequence. When a purine base is substituted by another purine base, or when a
pyrimidine base is substituted by another pyrimidine base, an event called transi-
tion. Conversely, transversion is the substitution of a purine base by a pyrimidine

base, or the substitution of a pyrimidine base by a purine base.

2.1.2 Chromosomal mutation

A chromosome mutation is a change in the arrangement of the chromosome. There

are four types of rearrangements:
o Translocation: a segment of chromosome is moved on another chromosome.
e Deletion: a chromosome segment is lost.
o Inversion: the orientation of a chromosome segment is reversed.

e Duplication: a chromosome segment is doubled.

Deletion

@AmoebaSisters

(b)

Figure 2.1: Schematic representation of the different types of a) gene mutation and b) chromosome
mutation. Reproduced from the work of AmoebaSisters.

10
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2.2 DNA damage

DNA damage is defined as a change in the chemical structure of the nitrogenous base,
the sugar or the phosphodiester bond of a nucleotide. It can be caused by the action of a
mutagenic agent (chemical or physical), or be the result of a spontaneous reaction of the
nucleotides. Depending on the conditions, damage may be present in a single spot, or
it may form clusters of damage in the nucleotide sequence. Finally, damage is classified

according to the chemical nature of the reaction product and the process that causes it.

2.2.1 Mutagenic agent induce

Base analogs It’s a chemical compounds with a similarity close enough to that of the
natural nitrogenous bases can be incorporated at a normal position in the nucleotide
sequence. But their pairing properties are not always equivalent to those of nitrogenous

bases [16]. The introduction of basic analogues can induce cell death [17, 18].

- (0] CH3

N89 /5 6\ 7 /5 3\
, g 21N~-~H—N 1N+ H-~~N
N= N
H/ H Figure 2.2: Illustration of the pairing of
2-AP Thymine Protonated ~ Cytosine ~2-aminopurine (2AP) with thymine and
2-AP cytosine. Reproduced from Griffiths et
(a) (b) al. [16].

Alkylating agents Alkylating agents are molecules that do not form permanent com-
plexes with DNA, but modify the chemical structure of nucleotides. They add alkyl
groups, sometimes ethyl or methyl, on the nucleotides. The modification causes an al-
teration of the pairing properties, and leads to mispairing [16, 19]. But the cells have

systems that can counteract this type of damage [20, 21].

H3C =t CH3
\
HC 0 EMS, pe o
4

& 4, N
/N g o /N_< Figure 2.3: Thymine alkylation induced by
ethylmethanesulfonate (EMS). Reproduced

Thymine O-4-Ethylthymine  from Griffiths et al. [16].
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Intercalating agents They are a class of planar molecules that mimic nitrogenous
base pairs. They intercalate between the base pairs of the helical DNA, causing a distor-
tion of its structure. This results in the deletion or insertion of a base pair in the next

replication cycle [16, 22].

UV and ionizing radiation These are physical mutagenic agents constituted by pho-
tons of different energy. UV light mostly induces the formation of cyclobutane pyrimidine
photodimer and the 6-4 photoproduct between two adjacent nucleotide bases. Here we
can cite the thymine dimer whose presence correlates with the appearance of skin cancer,
because these damages tend to block the replication [23, 24, 25].

lonizing radiation causes the phosphodiester bond to break on one strand (single strand
break) or on both strands (double strand breaks) of DNA [16, 26]. The product of the
break in the DNA backbone gives two types of breaks. There are canonical strand break:
5 — PO, /3" — OH, and non-canonical strand break: 5" — OH/3" — PO, [27, 28]. Double

strand breaks are difficult to repair and hence are particularly toxic, causing high genetic

o e )
H,C CH;/,/‘ e o \ "
a9 z B o ™
\ o} o >==0
[o} H [~ o = N Ny 0
N o) o F/:)
o—F o—F, DG5

instability.
A) o B) T
. ‘ . —s=0 $
o _T:_, </ | | < | .
H,C o, N/H | . = o N
a G‘/ 1>{¥‘5 o B . ¥
L ) CH,
[e] ‘ DG3 | GP3
o —_— )

o

o—p=—0

o o
A

(a) (b)

Figure 2.4: Tllustration of a) the mechanism of formation of a 6-4 photoproduct, thymine dimer, induced
by UV and b) products of ionizing irradiation on the backbone. Reproduced and modified from Griffiths
et al. [10] and Miclot et al. [29]

2.2.2 DNA damage induced by the spontaneous reaction of nu-

cleotides

Depurinatiation / Depyrimidination They correspond to the breaking of the gly-
cosidic bond between the nitrogenous base and the sugar. If the damage occurs on a
purine base (Guanine or Adenine), then it is a depurination. If the damage occurs on

a pyrimidine base (thymine or cytosine), then it is a depyrimidation, the latter being

12
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much less frequent. Both types of damage form sites where only the sugar remains in

the sequence. [16, 30, 31]

h 0 P 0
(5 N N & ? N N H
(‘: H ”N H (o |"‘| H | H
;o; = oo+ AT
Guanine”  —> HGuanineH Figure 2.5: The depurination of a guanine
e induces the formation of an abasic site. Re-
s \ produced from Griffiths et al. [16].

Base deamination This is damage that results from the removal of an amine group
(—=NHj;) from a nitrogenous base. Consequently, only guanine, adenine and cytosine are
sensitive to this type of reaction. For example, deamination converts a cytosine into a

uracil, an RNA-specific nucleotide. [16, 32].

H H
SN

/H
Y Deamination b :
| /l\ — | /K Figure 2.6: The deamination of a cy-
N~ O H,0 NH, N~ O tosin.e transforms the nucleot’ide into an

| | uracil. Reproduced from Griffiths et al.

Cytosine Uracil [16].

Oxidative lesions and Reactive Oxygen Species (ROS) ROS are reactive species
mainly including : superoxide radicals (O3 e), hydrogen peroxide (HyO2) and hydroxyl
radicals (éOH). These molecules are very reactive and modify the chemical structure of
nucleotides into various products [16] through oxidative reactions. Of all the nucleotides,
guanine is the one with the highest reduction potential. In other words it is the most
sensitive nucleotide to ROS, and gives a great diversity of reaction products which may

be highly toxic [33, 34, 35].
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Figure 2.7: Example of some
oxidation products of guanine.
Reproduced from Neeley and
Essigmann [30].

14

Ol OzN
N N N\
HN HN )
LD [ =0 \>_N02 )t
HZN)\N N HZNJ\\N N * o2 )\
R R R
G 8-0x0G 8-NO,-G N2 NOZ-G e
2 e
N HO
ON A7 ]\: il j; Pt Ho\ﬁk J\ /Lji,fzo
< R
Noz-DGh DGh Pa 0a Ua HICA
0 o O
0 0 R <
HNJ&N NH; A N NH, N>=0 HN—C Q HN NH N NH
= = £
S 754 pe \NrH HoN N NN, P AN
N 7// N 2 | H 2 HN” 'N” "NH o> I "0
) 1 R R R R
RO R i
Sp (R) Sp (S) 1 2
NH O o o
OH
HNj:N\>—NH Oj: L OXNHZ HoN NJ\NH BN N HN N\>
- 3
- <y 2 e N NH, OANAO OJ\N/& H;N)\\N ’;‘
) iy R ONO R
Dz 1z Oz CAC Ca nox-G



CHAPTER 3

DNA repair system

Chapter contents
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To assure genetic stability, DNA is the only molecule in the cell that is not simply
replaced, but is repaired when damaged. To carry out this operation cells uses several

repair mechanisms [10].

3.1 Repair activity of DNA polymerase

DNA polymerases are a class of enzymes responsible for DNA replication. In addition
to this function, they have the ability to identify and repair base mismatches. In reality,

the replication/repair activity occurs simultaneously [37, 38, 39].

3.2 Base excision-repair (BER)

The BER repair system is one of the most important in the cell. It acts on spontaneous

DNA damage: abnormal bases, apuric or apyrimidic sites (AP site), and single-strand
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CHAPTER 3. DNA REPAIR SYSTEM

breaks, by involving a whole machinery of enzymes. First, DNA glycosylases, whose role
is to recognize the damage and to cleave the glycosidic bond between the nitrogenous
base and the sugar leading to an AP site which is recognized and removed from the
nucleotide sequence by the AP-endonuclease, by cleavage of the phosphodiester bond.
Then, phosphodiesterase reaches the environment of the backbone cut to remove a sec-
tion of nucleotides. This "gap" is then repaired by DNA polymerase activity exploting
sequence complementarity with the opposite strand [10]. BER activity is illustrated in

Figure 3.1.

3.3 Nucleic excision-repair (NER)

The BER repair system is very efficient, but it is unable to intervene effectively in
the presence of a large amount of damage in the nucleotide sequence or of bulky lesions.
Moreover, it is unable to recognize pyrimidine dimers induced by UV light, nor damage
that distorts the DNA double helix. Therefore, when one of these situations occurs,
another repair system is put in place. This is the NER. In principle, it is very similar to
BER, but involves a much larger protein machinery, see Figure 3.1. A deficiency of this
repair system causes the appearance of two debilitating autosomal diseases: Cockayne

syndrome and Xeroderma pigmentosum [10].

| ROS |

i ﬁg i Non-bulky lesion E%‘E Bulky lesion

Recognition
DNA
Glycosylase

\J

Excision !*
*

Resynthesis

D) o
e/

@ Excision product
@l (22-32nt)

Long-patch Short-patch
(2-~13 nt) BER (1nt) NER

Figure 3.1: Mechanisms of the BER and NER repair systems, with their different protein contributors.
Reproduced from Lee and Kang [/1].
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3.4 Double strand break repair

Double strand breaks are very toxic damage frequently leading to cell death. When
this type of damage is present in the nucleotide sequence, two major repair systems can
be mobilized: homologous recombination (HR) and nonhomologous DNA end joining
(HNEJ). In the first case, the repair system degrades the DNA to obtain single-stranded
sequences bordering the damaged area. Then it searches a healthy strand for a sequence
homologous to the one present on the damaged strand. Then, the healthy complementary
strand matches with the damaged strand and the activity of DNA polymerase allows the
reconstruction of the nucleotide sequence. In the second repair system (HNEJ), proteins
will degrade the DNA to obtain 5’-P and 3’-OH ends, which are recognized and repaired
by DNA ligase IV [12, 13].

v

lEnd trimming

e,
S —

|

v

lStrand invasion

l

—
- / x Double-strand break

/ New DNA
D-loop synthesis Kugo End binding by
\ 4 and protein complex
. . KU70
/ \ Ll x
T =
Unwinding from

template and

annealing Tnmmlng of ends
A 4
iqati ' XRCC4; DNA
lLIgatlon ligase IV
H; Joining of ends
(ligation)
- - [NRNRNRRNRNRRERNRN
(a) (b)

Figure 3.2: Mechanism of double strand break repair a) by homologous recombination and b) by the
HNEJ system. Reproduced from Griffiths et al. [16] and Miclot et al. [29]
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4.1 G-quadruplex and bibliometric impact

Among non-canonic arrangements of nucleic acids G-quadruplex shows a growing in-
terest. Indeed, an analysis of the literature in the Web of Science database shows an
almost exponential increase in the proportion of publications presenting the keyword «
G-quadruplex » , see Figure 4.1; the same is true for the number of citations to articles
on this subject. More precisely, G-quadruplex research area produced few publications
between the years 1990 and 2000. But, in the period between 2001 and 2006, the num-
ber of publications and citations has been steadily increasing. Consequently, starting in
2007 and continuing until now, G-quadruplex represent a research hot topic with a steep

growth.

The importance of G-quadruplexes is not only revealed by the increase in the publica-
tions that mention them. In fact, a complex network is articulated around this research
topic. For example, it is possible to shed light on the universe established around the
research on G-quadruplexes, using the VOSviewer software [11]. This software creates

bibliometric networks from the analysis of search results conducted in a database. The

19



CHAPTER 4. G-QUADRUPLEX: NON-CANONICAL STRUCTURE OF NUCLEIC ACIDS

800
30,000
700 I
25,000
600
Figure 4.1: The analysis of the bibliography by 2.4, q 20,0002
. . s g
the Web of Science database returns a growing .o g
: . . . 2 15,000 3
trend in the number of publications and cita- 5.
tions involving the keyword « G-quadruplex ». 200 10:000
Citation Report graphic is derived from Clarivate Web 1004 5,000
of Science, Copyright Clarivate 2021. All rights re- NiE————— _ .« s 00D D o
OdANMTNONVIOANMNMTNONDNOHANMITNON0OO
served. 00 aeaaaaa888858888800000000000
HreEA A A A A A A A A NANANANNNNNNNNNNNNNNNNNN

result of the analysis of the abstract of the articles from the previous research on the
Web of Science database is represented in Figure 4.2. There is a visual representation of
an important network involving G-quadruplex-related thermes. All of them are grouped
into four distinct clusters: cell biology, genetics, G-quadruplex structure, and detection
and biotechnology applications. Thus, the scientific area interested in the non-canonical

G-quadruplex form of nucleic acids is growing and showing a large area of wealth.

Scytdtoxicity
PO, - s telomerase activity
wonesiaun _celline - yeqment_cancer cell

indugtion_~~~ platinum-

solution giructure  teli@d

Figure 4.2: The universe built around the G-quadruplex is very rich and composed by four large clusters,
represented here by different colors. Yellow : cell biology, Blue : genetic, Green : structural biology,
Red : detection & biotechnologies.

4.2 Biological function of G-quadruplexes

To understand the biological importance of G-quadruplexes, it is necessary to recall
that not all the nucleotide sequences are involved in the replication and transduction of
the genetic information. Indeed, some sequences are involved in the regulation of genetic
mechanisms [1]. The regulatory sequences can be presented in a canonical form, the so
called double-helical or B-DNA| or in non-canonical forms such as G-quadruplexes. The

biological role of the latter is, however,very subtle both considering their biological role
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and the interactions with other non-canonical structures. On this point, we can mention
the interdependence of the stability of G-quadruplexes and i-motifs: the stabilization of
G-quadruplexes leads to the destabilization of i-motifs, conversely the stabilization of

i-motifs leads to the destabilization of G-quadurplexes [15].

G-quadruplexes are involved in various cellular processes, such as transcription, re-
combination, replication and regulation of the cell life cycle [16, 17]. Telomeric G-
quadruplexes (h-Telo) are found at the ends of chromosomes, in the telomeres, and their
formation is controlled by telomere end-binding proteins [1&]. h-Telo G-quadruplex are
involved in the regulation of telomerase activity. Overexpression of telomerase is often
linked to the immortality of malignant cells. Therefore, the understanding of the struc-
ture and dynamics of G-quadruplexes is fundamental to develop appropriate therapeutic
strategies in cancer research [19]. From a more general medical point of view, the study
of G-quadruplexes is also of interest, for exemple Asamitsu et al. [50] showed their role
in the modification of nerves. Furthermore, they are responsible for the development of

neurological diseases, including the X-linked intellectual disability syndrome [51].

In a virological context, G-quadruplexes also represent an interesting therapeutic tar-
get because they play a role in the viral replication cycle [52, 53, 54]. For example, the
SARS unique domain (SUD) of the non-structural protein of SARS-CoV, and SARS-
CoV2, can bind to guanine-rich RNA sequences, including G-quadruplex [55, 56], which
allows the virus to evade the host immune system’s response [57]. In the same con-
text, G-quadruplex RNA structures were identified in the SARS-CoV-2 genome [58].
G-quadruplexes are present in the diversity of life. They are part of the resistance mech-
anism of the bacterium Deinococcus radiodurans towards ionizing radiations [59] and are
involved in the mechanisms of plant development and growth [60, G1]. So, the interest of
G-quadruplexes is so wide that bioinformatic algorithms and tools have been developed

for the sole purpose of tentatively identifying and locating them in the genome [62, 63].
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4.3 Biotechnological interests of G-quadruplex

G-quadruplexes represent an interesting topic in the development of nanotechnologies.
Some G-quadruplexes are lipophilic, so they can be inserted into membranes and mimic
ion channels [64]. They are also able to recruit hemes into cells, moreover the heme/G-
quadruplex association forms a DNAzyme with peroxidase activity [65, 66]. They can
also be used in the assembly of nanotubes [67]. Other biotechnological applications in-
volve ionophores, hydrogel, enhanced fluorescence, assisted polymerization of crystalline

nanorods, DNA Origamis or DNA logic gates [68, 69)].
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5.1 Properties of the guanine and formation

of G-quadruplexes

Guanine is an aromatic organic molecule with the chemical formula: CsHsN5O. It
is one of the nitrogenous bases found in nucleic acids (DNA or RNA). This molecule
adopts a planar structure, which is derived from purine. Figure 5.1 shows the chemical

structure of guanine. The proper nomenclature is as follows [70]:

o when the base only is referred then the name guanine should be used, because the

R moiety is a hydrogen (H);
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o when discussing the nucleoside then the name guanosine, or deoxy-guanosine,

should be used, because the R moiety is a sugar (ribose or deoxyribose);

o when referring to the nucleotide then name guanylic acid, or deoxy-guanylic acid
should be used, because the R moiety is now a sugar (ribose or deoxyribose, for

RNA or DNA| respectively) covalently linked to a phosphate.

%,
SN
N0 T,
\\\\’/, N
& HN \
Figure 5.1: Chemical structure of the guanine, 0 ’
with the representation of the Watson-Crick LN AN N
edge and Hoogsteen edge involve in base pair- N <
ing. Adapted from Leontis [71] R

Guanine present two most prominent patterns leading to the formation of hydrogen
bonds with other nucleotides. The first was described by Watson and Crick, while the
other was described later by Hoogsteen [1, 6]. Each of the two interaction sites is shown
in the Figure 5.1. Due to their different location, these two sites generate hydrogen
matching of different organisation. The Watson-Crick area can make three H-bonds,
and the Hoogsteen area can only make two H-bonds. Consequently, this arrangement
geometrically limits the possibilities of matching with other nucleotides. The Watson-
Crick matching of guanine is complementary to a cytosine, while the Hoogsteen matching
changes this rule and grants guanine the ability to bind other nucleotides. Donohue and
Trueblood [72] showed the possibility of an adenine-guanine pairing, which was then
taken up and discussed further by Hoogsteen [6]. Nevertheless, a guanine is also able to
form hydrogen bonds with another guanine, as shown in Figure 5.2. Although Watson-
Crick type base pairing is the most commonly encountered, the Hoogsteen model also
exists in double-stranded DNA, albeit in smaller proportions. Interestingly, Hoogsteen
base pairs also have a biological role in damage and repair, in DNA /protein interactions
and even in the replication machinery [73, 74].

Watson-Crick and Hoogsteen base pairs represent two different types of matching.
They can also act in concert in the case of triple helix structure of nucleic acids [75]. Re-
verse Watson-Crick and Hoogsteen base pairing act in the formation of i-motifs, cytosine-

rich four-stranded nucleic structures [76]. However, there are particular structures that
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Figure 5.2: Hydrogen bonds of guanine with other nucleotides, according to the Watson-Crick or
Hoogsteen models. H-bonds are shown as dotted red lines.

are formed by Hoogsteen type pairing only. It involves four guanines, in the same G-G
configuration as shown in Figure 5.2, which establish an almost planar arrangement.
This particular configuration was already observed in vitro in 1962 [77], and is called a
guanine tetrad, or quartet. But these quartets are not found alone in a G-quaduplex.
They are stacked on other quartets m — 7 stacking interactions, forming a system of sev-
eral parallel quartets. A guanine quartet arrangement and a schematic representation of

a three-quadrtets G-quadruplex is shown in Figure 1.

(a) (b)

Figure 5.3: Guanine quartet (a) superimposed on two other quartets (b) in a G-quadruplex arrange-
ment stabilised by the presence of alkali metal cations (M represented by yellow spheres).

Hoogsteen pairings in guanine quartets can be formed in anti or syn arrangement with
respect to the glycosidic bond (Figure 5.4) [78]. If a quartet undergoes alteration of the
hydrogen bond pattern, such as a decrease of H-bonds, then the destabilisation of the
quartet usually follows [79].

However, the stabilisation of a G-quadruplex structure does not rely solely on Hoogsteen
base pairs. In fact, a G-quadruplex consists of at least two guanine quartets parallel to

each other and including an alkali metal cation. The presence of the cation is necessary
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to counterbalance the negative charge of the phosphate groups in the sugar-phosphate
backbone. The most common cation is potassium, K*, but there are other types of
cations within G-quadruplexes, such as alkali and alkali earths metals and sometimes
non-metals, such as the ammonium ion, NH,". Despite this rich variety, not all cations
have the same stabilising strength [80, 81]. Largy, Mergny, and Gabelica [32] propose the
following order: Sr*t > K* > Ca®t > NH, ", Na*, Rb™ > Mg*" > Li" > Cs™. However,
the presence of a cation is crucial for the formation and stabilization of G-quadruplexes

[78].

Two last important parameters for G-quadruplex stability and formation are: hydra-
tion and glycosidic bonds angles. Indeed, the hydration state controls the conformation,
also called topology, during the folding of a nucleic acid into a G-quadruplex. More
precisely, it is the dehydration that allows this specific folding. Depending on nucleotide
sequence, length of loops [33], and environmental conditions, a G-quadruplex will fold
in one of three possible topologies: parallel, antiparallel and hybrid (also call mixed
parallel /antiparallel, or 3+1) [81, 85, 86]. Water molecules interact mostly with N2, N3
and O4’ atoms of guanine [78]. Also, we know that the glycosidic bonds angles differ in
the G-quadruplexes topologies [37]. Therefore, the environmental conditions capable of

modifying these angles will also modify the global G-quadruplex topology.

5.2 Topology classification

G-quadruplexes are cation-stabilised stacks of guanine quartets, connected by sugar-
phosphate loops. However, different DNA sequences produce different arrangements, i.e.

conformations in which each nucleotide adopts different geometrical parameters. Factors

28



PART 2. STRUCTURAL PARAMETERS OF G-QUADRUPLEXES

affecting the topology include the number of molecules forming the G-quadruplex, the
organisation of the loops, and the arrangement of the quartets. Some experimental tech-
niques, such as circular dichroism, are able to provide some information on the topology
of G-quadruplexes. However, resolving at an atomistic scale the precise structures of

G-quadruplexes is more delicate and time-consuming.

5.2.1 Bulge formation between quartets

The sequence of G-quadruplexes often consists of repeating motifs: for example TTAGGG
for the human telomeric G-quadruplex. For this reason, G-quadruplex sequences are
often represented with the guanines forming the quartets separated by linking sequences,
such as in the consensus sequence: Gs3. NG5y NpoGsi NisGsy ; where Ny is a nucleic
sequence of arbitrary length [88, 89]. However, it has been seen that G-quadruplexes
can be formed even if there are breaks in the sequence of three guanines, for example in
d(GGG TT GCGG A GGG T GGG CCT), where a cytosine interrupts the guanine sequence.
The latter is however ejected from the G-quadruplex core, forming a small loop called a

bulge (see Figure 5.5) [90, 89, 91].

Figure 5.5: Intramolecular G-
quadruplex containing a bulge,
in red.

5.2.2 Intra- and inter- molecular folding of G-quadruplexes

G-quadruplexes form a four-stranded DNA or RNA superhelix, and thus four grooves.
However, not all G-quadruplexes have the same topology. G-quadruplexes can be formed
by the folding of a single DNA strand, in which case they are said to be intramolecular
(or unimolecular) or of different DNA strands, in which case they are said intermolecular.
For example bimolecular (dimeric) or tetramolecular (tetrameric), are formed by two or

four different DNA strands, respectively [88], as shown in Figure 5.6.

Each G-quartet in a G-quadruplex can be constituted, theoretically, by 1 to 4 DNA
strands, which we will name sequentially from A to D. In the example of a dimeric G-

quadruplex: either two guanine bases in the tetrad belong to strand A and the other two
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Figure 5.6: Schematic representation of intra-

and inter-molecular G-quadruplexes.  Each

green tetragon represents a quartet. (a) Intra-molecular (b) Inter-molecular

to strand B (A2-B2), or three guanine bases belong to strand A and only one to strand
B (A3-B1). From this reasoning, it is possible to summarize in Table 5.1 all possibilities

to form intramolecular and intermolecular G-quadruplexes.

Topology A B C D

Monomeric 4
Dimeric 3 1

2 2
Trimeric 2 1 1
Tetrameric 1 1 1 1

Table 5.1: Possible foldind of a G-quadruplex with a maximum of four strands, from A to D. Each
number represents the number of guanine bases in a G-tetrad belonging to a strand in the G-quadruplex.

5.2.3 G-quadruplexes topologies definitions

Previously it was mentioned that three topologies exist for a G-quadruplex: parallel,
hybrid (or mixed), and antiparallel. These nomenclature originate from the relative
arrangement of the (5" — 3’) directions of the four strands connecting the stacked G-

tetrads [78], see Figure 5.7.

o If all strands forming the guanine tetrads are oriented following the same polarity

with respect to each other, then the G-quadruplex is parallel. (11711)

o If only one strand has a reversed polarity orientation with respect to the others,

then the G-quadruplex is hybrid. (111)

o If two strands are oriented with reversed polarity with respect to the other two,

then the G-quadruplex is antiparallel. (11]])

5.2.4 Linking loops types

In intramolecular G-quadruplexes the guanine bases in the G-tetrads are linked by

loops made by a sequence of nucleotides that do not participate in the formation of
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Figure 5.7: Schematic representa-

tion of the three possible topologies

in an intramolecular G-quadruplexes,
-~~  where the arrows represent the (5" —

3’) strand direction. Arrows with the

same color represent parallel strands
(a) Parallel (b) Hybrid, or Mized (c) Antiparallel with the same direction.

’
-
s,
-

the same guanidic core of the G-tetrad. There are three possible types of loops (see

Figure 5.8): external, diagonal and lateral [78].

o External loops are established between two adjacent parallel strands.
o Diagonal loops connect two opposite anti-parallel strands.

o Lateral loops connect adjacent anti-parallel strands.

Figure 5.8: Schematic repre-
sentation of the three loop ar-
rangements (in magenta) in
G-quadruplex. This examples
are shown in inter-molecular
(a) External, or Propeller (b) Diagonal (c) Lateral G-quadruplexes.

e

< -=—===— -

5.2.5 Quartets stacking and classification

The parallel superposition of quartets is the core motif leading to the G-quadruplex
formation, originating by a m — 7 stacking interactions between the guanine bases. In
each quartet, the guanines are arranged according to a direction of rotation, sometimes
called quartet polarity, as we discussed in the previous section and in Figure 1: either
the two superimposed quartets show homopolar stacking, i.e. the four guanines in the
two tetrads rotate in the same direction; or they show heteropolar stacking, i.e. the

guanines of the two tetrads rotate in opposite directions [35, 92], see figure Figure 5.9.
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(a) Schematic guanine polarity (b) Homopolar stacking (c) Heteropolar stacking

Figure 5.9: Schematic representation of the stacking of two G-tetrads. The O6 oxygen is always near
the center of the tetrad. Adapted from Lech, Heddi, and Phan [92].
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CHAPTER 6

Structural Elucidation by Circular
Dichroism

These days, every Tom, Dick and Harry thinks he knows
what a photon is, but he is wrong.

Albert Einstein — 1951
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The use of circular dichroism (CD) properties of polarized light gives rise to a very pow-
erful molecular analysis technique. By exploiting the optical activity of chiral molecules,
or supramolecular aggregates such as proteins or nucleic acids, it is possible to charac-
terize their secondary structures and monitor their conformational changes, for example
following their interactions with ligands. This chapter proposes to recall some funda-

mental aspects of CD.
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6.1 Wave properties of light

In the history of physics, light has been a subject that has attracted many intellectuals
from all over the world. After the ancient and medieval theories, there was a debate
lasting for some centuries opposing the corpuscular theory enunciated by Newton and the
wave theory enunciated by Huygens [93]. Today, we know that light has both properties,

i.e. it is both a wave and a particle.

The photon is the elementary particle of light, however, light can be described as an
electromagnetic field. For more clarity, a field is what represents all the quantitative
values (q) that a physical entity can take, at any point in a given space (x,y,z) and time
(t) [94, 95]. There is a spatio-temporal dependence (x,y,z,t) of the constituent values of
a field. Thus a field is a five-dimensional object, which is constituted by the set of all

(x,y,z,t,q) possible coordinates.

More specifically, an electromagnetic field is the sum of an electric field (E) and a
magnetic field (]\—4> ), perpendicularly to each other. Both propagate perpendicularly to
the axis of their direction of propagation (j), as represented in Figure 6.1. In fact, this
direction of propagation is none other than that of light. Electric and magnetic fields
have a wave-like behaviour. As a result, an electromagnetic field behaves like a wave [96].
The beginnings of the formulation of the properties of electromagnetism were formalized
by James Clerk Maxwell in the 19 century [97]. Today the wave equations describing

electromagnetic properties are presented in four differential equations [94, 93].

Y

Figure 6.1: Perpendicular propagation in the di- x
rection of an electromagnetic wave, composed
of a magnetic wave M (in green) and an electric

%
wave E (in purple), perpendicular to each other. 2 * M
Here, we will focus only on the following properties of light waves:

o Light is an electromagnetic wave.

o Light can be polarized.
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 The speed of light in vacuum c is exactly 299 792 458 m.s~! [99].

o The wavelength A, which is the distance between two point (usually taken as the
wave maximum amplitude) of the oscillation in phase. The energy of a photon is

directly related to the wavelength of light.

)

: R ANV
‘ \/ A \/ Figure 6.2: A wave is characterized by its wave-

length A and its amplitude A.

e The frequency f, which is dependent on the speed of the light in vacuum c¢ and
the wavelength of the light A :
(6.1)

C
’=x

6.2 Light polarisation

Light is a wave that it can be polarized, i.e. it can be oriented in space. We can
explain this phenomenon if we consider that the oscillation of the electric wave in the
direction d (here, we consider that the direction corresponds to the x-axis) is the result
of two components able to oscillate separately from each other and at a given frequency.
We called this two components : y component and z component. Finally, we notice that,

this reasoning dismantle the simple vectorial picture of the light wave [100].

6.2.1 Linear polarisation

When the oscillations of the y and z components reach a maximum at the same time
they are said to be "in phase". So when the vibrations of the y and z components are in
phase, or in phase opposition, and have a certain proportionality to each other, then the
result is a direction in the polarisation plane P,, [100, 98]. There are several polarization
planes generally ranging from +90° to —90°. A 0° plane is a vertically polarized light and
is perpendicular to a plane at +90° or at —90°, corresponding to a horizontally polarized

light. So there is an equivalence of orientation only between the +90° and —90° planes.
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Plane
Y
Y Plane
z
T z
T
(a) Linear polarisation oriented at 0° (b) Linear polarisation oriented at —90°.

Figure 6.3: 0° polarization plane resulting to Yyiprations = 1 and Zyiprations = 0, and +90° polarisation
plane resulting to Yyibrations = 0 and Zyiprations = 1 [L00]. These two planes are perpendicular to each
other.

6.2.2 Elliptical polarization and circular dichroism

The polarization of light does not always follow a plane, it can be elliptical if the
oscillations of the y and z components are not in phase and present different amplitudes,
leading to elliptically polarized light. But sometimes the phase shift of the y and z
component vibrations is approximately 90° and happens with the same amplitude. In this
case the polarization becomes circular, with two directions of polarization. If the electric
wave describes a circle rotating clockwise with an angular velocity «, then it’s named
right-hand circular polarized light. Conversely, if the electric wave draws a counter-

clockwise circle we are in presence of left-hand circular polarization [96, 98].

(a) Left-hand circular polarization (b) Right-hand circular polarization

Figure 6.4: Right-handed and left-handed circular polarization of light.

To conclude, the designation « Circular dichroism (CD) » refers to the circular po-
larisation of the light wave. Since there are only two possible oscillations, left or right,
the designation is also based on the term « dichroism » which comes from the Greek
word dikhroos which means « of two colors » [L01]. A molecule is said « dichroic » when
it absorbs left and right polarized light differently [102]. Finally, according to Fresnel’s
construction, we can consider that the resultant of two circularly polarized waves is a

linearly polarized wave.[96]. There is an intrinsic link between linear and circular polar-

36



PART 2. STRUCTURAL PARAMETERS OF G-QUADRUPLEXES

ization, since the sum of two left- and right-handed polarized lights, in phase and with

the same amplitude, produces a linear polarized light.

6.2.3 « Natural » light

Light is typically non-polarized, which means that all overlapping waves sent by the

source are polarized according to different and random planes [96].

6.3 Optical activity and chirality

The optical activity is the ability of a substance to change the plane of polarization of
the incident polarized light. This property can be rationalized by the symmetry of the
molecule (or macromolecule), indeed it is related to the absence of reflection symmetry
[100]. Maurizot [96] goes into more details and lists the three geometrical conditions that
a molecule must possess in order to be optically active. The molecule in question must
have neither center of symmetry, nor plane of symmetry, nor improper axis of symmetry.
When we pay attention to these details, we realize that these are the necessary conditions
for a molecule to be chiral. As a reminder, two molecules with the same raw formula, but
a different topology are called isomers. When two isomers are the mirror image of each
other, and their structure is not superimposable, then they are chiral. The two mirror
images of the molecule form a pair and are called enentiomers [103]. For example, the

amino acid alanine, in Figure 6.5, is a chiral organic molecule.

Mirror

COOH COOH

‘ Figure 6.5: The amino acid alanine is a

chiral organic molecule. It has two configu-

G g w O rational isomers: D-alanine and L-alanine

N/ Iy gw \H : :
2 2

H N One is the mirror image of the other, and
CH; CHjz are not superimposable. So D-alanine and
L-alanine are enantiomers, with the inter-

D-alanine L-alanine nal C as chiral center.

Optical activity takes place only for one enantiomer of a chiral molecules. To explain
this phenomenon, we must remember that linearly polarized light is a resultant of left

and right circularly polarized light waves (respectively Wl and Wr) If the optical path in
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a solution is different for W} and Wr Then the solution has a circular birefringence, i.e.
different refractive indices for right and left circularly polarized light. Then a phase shift
between Wl and Wr may be observed [96]. Concretely, the incidence of the polarized light
on the molecule according to the angle o induces a down-up movement of the electrons in
the direction a. Then, it will generate an electric field which comes out of the molecule.
In other words, if the electric wave of the light enters in contact with the molecule at
the point P, it will come out at the point P + D, with D the diameter of the molecule
[100]. Consequently the phase shift between Wl and Wr depends on the diameter of the
molecule and by its capacity to absorb preferentially Wl or Wr Now, by applying the
Fresnel construction to Wl or Wr dephased, we have a polarized light in another plane
[96]: a £ B, as shown in Figure 6.6 below.

2)

(a) (b) (c)

Figure 6.6: (a) Fresnel construction showing the superposition of Wl (red) and V[—/T> (blue) forming a
linear polarized light according to the angle alpha (here, equal to +90°). (b) This light beam is send

to a D-alanine molecule. The ray W, is absorbed by the molecule at point P and comes out at point

P+ D, while W} is not absorbed. So W, has a delay and is out of phase with W; (c) This causes a shift
of the polarization plane to the right, as shown by a second Fresnel construction. Based on Maurizot
[96] and Feynman, Sands, and Leighton [100]

6.4 Circular dichroism

The phenomenon of circular dichroism is intimately linked to absorption and optical
activity. Since it is only observed in the spectral range absorbed by an optically active
molecule. But unlike absorbance which is always positive, circular dichroism can have
positive and /or negative values. In fact, the circular dichroism is explained by developing

what has been mentioned in section 6.3. An optically active molecule preferentially
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absorbs left or right polarized light. This generates a phase shift of the two components,
thus a polarization of the light according to a different angle plane than that of the
incident light. However, if we go back to the Figure 6.6 we notice that the discussion
does not mention the intensity of the absorption of light by the molecule. Indeed, we see
in ¢) that the Fresnel diagram uses vectors of the same radius. But a molecule will not
always send back an absorbed light with the same amplitude. That is to say that there
is an intensity of absorption. When Wr and W} are projected with different radii [96],

the polarization is not linear, but elliptical as we can as can be seen in Figure 6.7 below.

«

Figure 6.7: The construction of a Fresnel diagram allows to ex-
plain the elliptical polarization of a light resulting from an absorp-

tion intensity of W, (blue) and Wl (red) by a molecule. The alpha
angle is the rotation of the major axis of the ellipsis with respect
to the polarisation axis of the incident light [96].

Two specific parameters are used to describe the circular dichroism phenomenon of a
molecule. The first is the dichroic molar absorption coefficient Ae, which is expressed
in mol .em™'. Ac is calculated as the difference between the absoption coefficients of

left and right polarised light : respectively €; and ¢,. So its formula is :
Ae =g — & (6.2)

The last parameter is called ellipticity. In order to explain what this is, it is worth
recalling that the light incident on the sample is circularly polarised, while the light
exiting the sample is elliptically polarised. Then, if we consider a circle as a particular
ellipse, we can characterise the flatness of the ellipse at the sample exit. To do this, the
angle ¥ is determined from the calculation of its tangent, which involves dividing the
smaller half-axis of the ellipse (A) by its larger half-axis (B) [90].

Since the ellipticity corresponds to a geometrical characterisation, thank to Figure 6.8 it
can be seen that there is a maximum and a minimum value. The first is reached when
S = L, that is when ¥ = 45°. In this case, the ellipse is in fact a circle, so the light is
circularly polarized. The latter is reached when S = 0, i.e. when ¥ = 0°. This simply
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U = arctan (g) (6.3)

Figure 6.8: The ellipticity ¥ is (a) a geomet-
ric parameter determining the flatness of an R
ellipse, and is (b) calculated from the two half- el -

axes of the ellipse. (a) (b)

corresponds to plane-polarised light. So we can say that linearly polarized light has an

ellipticity of 0°.

However, the value of ¥ is usually very small, so it is expressed in milli-degrees (mdeg).
This is why, one can consider that ¥ = tan (¥). Thus, another possibility to express
the magnitude of the CD for this second parameter is to use the molar ellipticity [6],

expressed in mdeg.cm?/mol :

0] = (6.4)

Where C is the concentration ! in mol.L~™! and [ is the optic path length in em [906].
On the other hand, there is a variation of the molar ellipticity, applied to proteins and
nucleic acids, it is the Mean residue molar ellipticity (MRME). Its calculation is based
on the formula for molar ellipticity, but adds the number (n) of amino acid or nucleotide
residues of the macromolecule of interest [L04, 105].

v

MBEME = ——— .
1t Cxlxn (6.5)

There is a relationship between the two parameters Ae and [¥]. Indeed, it has often
been shown that for small values of W, one can write the following equation [96, 106,

107] :

4500
0] = —— x log, (10) x Ae (6.6)
T
~ 3208.2 x Ae (6.7)

To finish, the CD spectrum is constructed by calculating the above parameters for each

wavelength A. For exemple, a spectra can be obtain by plotting [¥], in relation to A.

ITo remember 1L = 1000 em?. So the concentration in mol.L~! need to be divided by 1000 to
convert it into mol.cm™2 (equal to mol.mL™1).
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6.5 Origin of the (G-quadruplex CD

Nucleic acids possess two main chromophores in the UV-Vis range: the ribose or de-
oxyribose sugar and the nitrogen bases. Purine and pyrimidine bases, have an electronic
absorption at around 260 nm. But let’s look more closely at the case of guanine, which
is the characterizing base in G-quadruplexes. This base has two absorption bands in the
UV-Vis region, involving two (7 — 7*) excited states at 248 nm and 279 nm [35], whose

dipole moments are shown in Figure 6.9.

Q 279 nm
A

N . .
HN Figure 6.9: Representation of the two
< | | \ 24§ I dipole transitions moments in guanine
J\ )\ causing the relative electronic transitions.
HsN \N N The most important is the one around 248
; nm. Adapted from Chaires and Graves

R [85].

The other chromophore, the sugar, is characterized by an electrical transition around
180 nm. It also has a very interesting property in the context of circular dichroism, be-
cause it is an inherent chiral moiety that can assume D or L configuration (Figure 6.10)
[108]. This property gives it the ability to provide a circular dichroism spectrum. How-
ever, the sugar chirality is usually not exploited in nucleic acid spectroscopic charcateris-
tic since its absorption takes place in the far UV [96]. On the other hand, the secondary
structure formed by nucleic acids procides a chiral arrangement, and hence induced a
CD response. Specifically, the circular dichroism spectrum is derived from the electrical
transition states of bases arranged in a helicoidal chiral structure. This effect is observed
with double-helical DNA, as Z-DNA assumes a left-handed helix structure while both
A-DNA and B-DNA assume a right-handed helix structure [109, 110, 111].

Mirror

| 1
O Base Base O

. Figure 6.10: Charily of deoxyribose-phosphate
D - DNA L - DNA sugar. Adapted form [108].
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For similar reasons, also G-quadruplex structures adopt chiral right-handed or left-
handed helical conformations (Figure 6.11) [85, 112]. However, this right-handed or left-
handed helix folding does not seem to depend on the nucleotide sequence, but rather on
environmental factors such as the presence of other molecules [113, 91, 114]. Interestingly,
Winnerdy et al. [115] have shown experimentally that a G-quadruplex can adopt both
types of helices forming what they name a " right- and left-handed hybrid G-quadruplex
". In conclusion, the electronic transitions of the guanines and their helical arrangement
allows us to obtain a peculiar circular dichroism spectrum. As a matter of fact, CD signal
is highly sensitive to the spoecific arrangements of supramolecular aggregates and hence

it is a technique of choice for structural determination of nucleic acid arrangements.

Mirror

Figure 6.11: G-quadruplex is a ) )
chiral macromolecule. Right-handed helix Left-handed helix

6.6 G-quadruplex characterisation by CD

Circular dichroism spectroscopy is proving to be a very powerful technique for explor-
ing G-quadruplex polymorphism. Each topology (arrangement of quartets and loops)
has in fact its own spectrum. However, some generally applicable trends can be identi-
fied, as shown in Figure 6.12. For example, the spectrum of the parallel G-quadruplex
is characterised by a negative peak at ca. 240 nm and a positive peak at ca. 260 nm.
On the other hand, that of the hybrid G-quadruplex has an additional positive peak at
ca. 290 nm. While the spectral signature of the antiparallel G-quadruplex differs from
the previous two, showing a positive peak at ca. 240 nm, a negative peak at ca. 260 nm

and a positive peak at ca. 290 nm [85, 78].

The spectral characteristics and their structural explanations have also been inter-

preted as in Table 6.1:
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Figure 6.12: Examples of G-quadruplex CD spectra: (a) Tetrameric parallel G-quadruplex; (b) in-
tramolecular hybrid G-quadruplex; (c) dimeric antiparallel G-quadruplex. Modified from Chaires and
Graves [85].

Wavelength (nm)
240 260 290
+ Guanines stack with different glycosidic bond angles.
- + Guanines stack with the same glycosidic bond angles.
+ - No guanines stacking with same glycosidic bond angles.

Signification

Table 6.1: Summary of G-quadruplexes circular dichroism spectra interpretation: + and - indicate
positive and negative peaks, respectively. Adapted from [85].
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Structural parameters
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Daily practice shows that the development of various strategies for structural analysis
of nucleic acids plays an important role in their classification. This started with the
description of the helices of the different forms A-DNA, B-DNA and Z-DNA. Then the
descriptions were refined to the point of describing the different conditions of the pairing
between the bases [1 16, 117]. Today, software such as CURVES+ [118] or SDNA [119] are
able to provide information on the topology and base pairing of nucleic acids. However,

even if the analysis of G-quadruplexes is possible, it is still limited to "general" topological
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information. In fact, only few G-quadruplex-specific parameters are usually provided.
However, several papers mention specific structural parameters for G-quadruplexes, we
will focus on the article by Tsvetkov, Pozmogova, and Varizhuk [120], which gives sev-
eral parameters specific to G-quadruplexes. Moreover, the authors provide a script for
the VMD software [121] that allows to follow the evolution of those parameters along

molecular dynamics trajectories.

Despite many efforts to define the structural parameters of G-quadruplexes, there is
still a gap with respect to the description of the metal cation. Indeed, the totality of
the parameters focus on the arrangement of the bases and the organisation of the sugar-
phosphate chain. No method discusses the geometrical properties of the central cation
with respect to the surrounding guanines. One exception is the article by Reshetnikov
et al. [122], which uses the distance between the Centre of mass (COM) of the ion and
the COM of the eight neighbouring O6 atoms.

7.1 Angle parameters

7.1.1 Dihedral angle

A dihedral angle, also called a torsion angle, is constructed with three successive
vectors that join a chain of four atoms A-B-C-D. More precisely, it is the angle formed
between the plane formed by atoms A B,C and that formed by atoms B,C,D [123]. The

value of this type of angle is, in chemistry, a value between 0° and +180°.

The dihedral angle is an indicator that highlights a out of plane bending of the G-
tetrad. There are two specific variants. The strategy adopted by Mashimo et al. [121] is
to construct a dihedral angle with the O6 atoms of each guanine involved in a quartet.
The other strategy comes from Tsvetkov, Pozmogova, and Varizhuk [120] who propose
to use the N1 atoms to construct the dihedral angle. Basically the two strategies are
equivalent. The arrangement of guanines in a quartet gives a dihedral angle close to
0°. In fact, this value is never reached; it could only be reached if the four atoms were
exactly coplanar. To better understand the construction of the dihedral angle within a

G-tetrad, Figure 7.1 below represents graphically each of the two strategies. Later, we
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will see other quartet bending parameters: "lengthwise" and "diagonal" quartet bending.

Although they have their own characteristics, these three bending parameters give similar

information.
R,
H_V/\
Il H
\N Hi\'/
N N .
| —
H Rs
Sy N 0 H=—N / A\J
Il ]
o N
N C
C L]
JJ\ / N—n O N ~
R, H
% |
N—H N 3
/ N
1,
R R
a) Dihedral angle involving four N1 atoms b) Dihedral angle involving four O6 atoms
(a) g g g g

Figure 7.1: Construction of the two dihedral angle variants in a guanine tetrad. In each representation,
the dihedral angle is calculated between the red and blue vectors.

Mathematically the dihedral angle (Z) is calculated in the same way, whatever the
type of atom, N1 or O6, is chosen. So the equation considers four atoms a, b, ¢ and d
as follows:

180

= —— arccos (Tigp, - Moey) (7.1)
m

(1]

Where m and 7@ are the normals of the planes abc and bed, respectively. Both are

calculated by the same equation, used here with AT example :

- sz ’I“;;c
Nabe = — X —— 7.2
[umbu HrbcH} (7:2)

rpe corresponds to the vector joining two adjacent N1 or O6 atoms.

7.1.2 Guanine-Guanine angle

As explained above, a quartet (or tetrad) is a group of four almost coplanar guanines,
arranged in a square arrangement. Therefore, the angle between the longest side of two
adjacent guanines should be approximately 90° and between two opposite guanines ap-
proximately 180°. If the angles between the guanines change drastically, then also the

geometry of the quartet changes and can become an arbitrary convex quadrilateral. Thus
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the guanine-guanine angle allows to monitor a geometric deformation of the quartet.

Now, it is appropriate to detail the calculation of this parameter. We will refer to
Figure 7.2 to get a visual appreciation of the explanation given below. First, the axis of
a guanine (ﬁc4c5_og) is defined by drawing a vector between C8 and the midpoint of
the distance between the two C4 and C5 carbons. This is repeated for each guanine in
the same quartet, to assign them an axis, then the angle between these axes is simply

measured.

Ry

Figure 7.2: ) is the angle between two
guanine axis. In this example it’s equal
to 90° between red and blue vector, be-
cause they are adjacent. And it’s equal to
180° between red and orange vector, be-
cause they are opposed.

Thus, the equation allowing to calculate the angle 2 may be written as:

180 i _7>
" c4a05-C8 ™ cacs5—-C8
Q_j = — arccos | — — (7.3)
- ;
T cac5—C8 H 17 cacs—c8 H

7.1.3 Normal of guanine - G-quadruplex Axis & Normal of two

guanines angles

These two parameters allow us to define the orientation of a guanine with respect
to the axis of the G-quadruplex, or to another guanine belonging to the same quartet.
Together, they define a local planarity of the guanines in the tetrad, pointing out to
some out of the plane deformations. This method requires a vector to be drawn between
the centres of mass of two quartets called o and [, see Figure 7.3. In this way, we obtain
an axis (Z—ag ) which represents the vertical elongation of the G-quadruplex. But if the
G-quadruplex has more than two quartets, such as three quartets, then the ﬁ axis of
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the firts quartet («) is the vector joining the COMs of the o and § quartets, that of
the second quartet Z—ﬁ7> is the vector joining the COMs of the § and v quartets, so we
consider that the axis of the v quartet is the same as that of the § quartet which precedes
it. Next, we need to establish the plane corresponding to the guanine. To do this, we
draw two vectors: one connects the atoms N9 and N2 (;} ~Non2), while the other connects
the atoms N9 and O6 (;} ~Noo6)- The two vectors thus created are tangent to the guanine,
and form the plane corresponding to the guanine. Subsequently, the normal vector to
the guanine plane 7¢ is drawn. This is a vector perpendicular to the tangent plane and
passing through a point; it is calculated by the normalised vector product of the tangent

vectors [125]. Tsvetkov, Pozmogova, and Varizhuk [120] provide the following equation:

— —
— 7" NoN2 7" N9O6
¥ ¥
HT‘ NQNQH HT N906H

Now the two essential elements are present, namely the vectors of the G-quadruplex
axis and the normal vector on the guanine plane. Thus it is possible to calculate two
parameters: the angle formed between the normal of the guanine and the G-quadruplex
axis (), but also the angle formed between two normal vectors of two guanines (Ayp).
The closer these two angles are to 0° the closer the guanine under study is to the plane of
the quartet or the other guanine. They can be calculated using the following equations

(Figure 7.3):

180 7%
¢ = —— arccos | nj - ——— (7.5)
" |27
180
Ap = — arccos (1] - 7)) (7.6)
s

This can also be seen graphically in Figure 7.3.

7.1.4 Twist angle

The helical twist angle, usually indicated as ©“%, represents the relative rotation angle
of the G-quadruplex. More precisely, it determines the rotation of a quartet relative
to the adjacent one. When extracted from of a molecular dynamics simulation, this
parameter conveys information about the general flexibility of the guanine core. We

have seen that G-quadruplexes are nucleic acid arrangements that can adopt a large
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Figure 7.3: Plot of the construction of the angles ¢ (a) and Deltay (b), completed by the construction
of the plane of a guanine and its normal (c).

variety of topologies. However, depending on its topology, a G-quadruplex has its own
rigidity. That is, the greater the variation in the helical twist angle curve, the more
flexible is the G-quadruplex. On the contrary, the smaller the variation, the stiffer the
G-quadruplex.

The principle of measuring the twist angle is simple: measure the angle between two
quartets. Lech, Heddi, and Phan [92] establish the value reference, i.e. 0, value of this
angle according to the stacking of the O6 atoms. Indeed, the authors have arbitrarily
chosen that the value 0° corresponds to the smallest separation distance of the O6 atoms
of the stacked guanines. This is the arrangement illustrated their original contribution
and reproduced here in Figure 7.4. This method is interesting and quite innovative.
Nevertheless, it is not based on structural evidence. In fact, it requires a pre-established
knowledge of the stacking of the quartets. Secondly, it makes difficult to compare the

twist angle between two G-quadruplexes characterized by a different topology.

Other methods of measuring the helical twist angle have been reported. One of them
also uses the O6 atoms of guanines. For each tetrad, these atoms globally form a planar
square. Thus, it is sufficient to measure the angle formed between the squares of each
quartet [78]. Reshetnikov et al. [126] proposes another method based on the use of the
C1’ atoms of the guanosine sugar. To do this, we draw a vector between the C1” atoms of
two adjacent guanines in the first quartet. Then we do the same in the next quartet. In
this way, we obtain two vectors, one for each quartet. The measure of the angle between

these two vectors determines the twist angle. As a matter of fact, the method proposed
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Figure 7.4: TIllustration of the method estab-
lished by Lech, Heddi, and Phan [92] to define the
0° of the twist angle for quartets with opposite po-
larity (a) or having the same polarity (b). Figure
reproduced from Lech, Heddi, and Phan [92].

by Tsvetkov, Pozmogova, and Varizhuk [120] is equivalent to the previous one, but uses

N1 atoms, as shown in Figure 7.5.

(a) (b)

Figure 7.5: Detailed (a) and simplified (b) representation of the method used by Tsvetkov, Pozmogova,
and Varizhuk [120] to measure the helical twist angle (©) of G-quadruplexes. The angle is measured
between the vectors connecting the N1 atoms of adjacent H-bonded guanines.

Contrary to the first one, this protocols introduce less arbitrary choices and are
grounded on structural evidences, which allows them to compare the twist angle of

G-quadruplexes independently of their quartet stacking, while they can still be easily
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implemented in a software. So, the angle between the vectors of the a quartet and the

[ quartet is calculated using the following equation, where @f}ﬁ is the angle, 7"? is the

]
vector that join guanines 7 and j of the o quartet by the N1 atoms. 7?3 is the same angle

for the g quartet.

Yol

<
=
<

0 — 180 i
] T

=<
=

(7.7)

ol
<

3

Indeed, this formula is not complete, because it does not refer to all guanines of the
tetrad. So the formula of the twist angle is the arithmetic average of the four angles

formed by all the guanines, namely:

B B B s
_ O 05 T O +65

O
4

(7.8)

7.1.5 "Diagonal" and "Lengthwise" bending angles

These two parameters both express the bending of a quartet. They give a more global
view of the information provided by the Normal of Guanine - G-quadruplex Axis angle.
They are however defined in the same way as the previous ones: the quartet is cut into
two planes and the angle formed between them is measured. Then we draw the normal

of each plane and measure the angle form by these two vectors.

(a) "Diagonal" bending (b) "Lengthwise" bending

Figure 7.6: Representation of the construction of the guanine planes and the measurement of their
angle, according to the two bending parameters. Adapted from Tsvetkov, Pozmogova, and Varizhuk

[120].

The "Diagonal" bending parameter (;,_x;) uses the center of mass of three guanines

to form a plane. Consequently the two planes correspond to those formed by the triangles
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connecting the centers of mass of guanines 4,5,k and k,[,7. The normal of each plate is

calculated by an identical formula to the one expressed here for the 4,5,k plane :

— —
= | x (7.9)
Hnin H”jk”

Thus, the "Diagonal" bending angle is:

180 s
ﬁijk—kli = ——— arccos (nijk : n—mz) (7-10)
T

The "Lengthwise" bending parameter (9;;_x) uses two vectors to define each plane.
The first vector connects the N9 and C2 atoms of guanine 7. While the second vector
connects the N9 atom of guanine 7 to the C8 atom of guanine j. The ¢ plane is thus
created; the kl plane is drawn in a similar way. Then the normal of both planes are

calculated in the same way, detailed here for the 7j plane:

—

n_i; o N9C?2 N9CS8 (711)

7

n' ij
‘ ‘ NIC2 Nn9cs

Finally, the "Lengthwise" bending angle is calculated following the equation:

Vijokl = 17?_0 arccos (n_,]) . n_k?) (7.12)
7.2 Distance and area parameters

7.2.1 Planarity of quartets

Planarity (p) corresponds to the fact that all the guanines of a quartet are coplanar.
The distortion from planarity can be easily calculated by the distance between the center
of mass of the tetragon formed by the four O6 atoms and the center of mass of the

tetragon formed by the four N9 atoms [127], see Figure 7.7, using this equation:
p= OOM(Ngtetragon) _ COM<O6tetragon) (713)

93



CHAPTER 7. STRUCTURAL PARAMETERS

Ry

Rs

(a) Separation of the O6 and N9 tetragons (b) Construction of the O6 and N9 tetragons

Figure 7.7: Graphical representation of the calculation of the planarity of a quartet. Adapted from
Reshetnikov, Golovin, and Kopylov [127].

7.2.2 Separation of G-tetrads

The separation distance dy.; is the distance between parallel quartets [92] in a G-
quadruplex. It is obvious that tideally such a definition implies that the guanines in
the quartet should be coplanar, see Figure 7.8. This parameter is equivalent to the

separation distance of the stacked base pairs in double stranded DNA.

Figure 7.8: Schematic repre-
sentation of the separation dis-
tance between G-tetrads.

The separation distance is calculated by the difference of the center of mass of each

quartet stacked on the previous one along the axial elongation of the G-quadruplex:

dyer = COM (quartet™) — COM (quartet”) (7.14)

7.2.3 Guanine-Quartet COMs and Guanine-G4 COMs distances

These are two very useful parameters because they describe the extrusion of each
guanine from the quartet or from the G-quadruplex. They complement the planarity

parameters in the description of G-quadruplex structural conservation and rigidity.
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dGu(t—Q C()J\]Q
COMG"%

dGu,{L—G4 \CO AIG-’]L

Figure 7.9: dgy.— and dguq—Ga are es-
tablished according to the difference of two
mass centers.

As highlighted in Figure 7.9, each parameter is a centre of mass distance. The first
is the distance between the centre of mass of the guanine under study and the centre of
mass of its quartet (Q). The second is the distance between the centre of mass of the

guanine and that of the whole G-quadruplex. Thus we obtain the following equation:

dcua—qg = COM (guanine) — COM (quartet) (7.15)

dGua—ca = COM (guanine) — COM (G — quadruplex) (7.16)

7.2.4 Area of the O6 tetragon

Reshetnikov et al. [122] use this parameter to track the space between the four guanines
in a tetrad. To do this, the four O6 atoms are linked to form a tetragon. Monitoring
the evolution of its area makes it possible to follow any dynamical deformation of the

guanine tetragon.

. Figure 7.10: Plot the area of the tetragon
b formed by the four O6 atoms.
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7.3 Compactness of G-quadruplexes

The radius of gyration is defined as the root-mean-square average of the distance of
all scattering elements from the center of mass of the molecule [128]. It highlights the
compactness of a molecule along a molecular dynamics simulation, because the smaller
the value, the closer the atoms of the molecule remain relative to the global centre of
mass. In fact, its monitoring in different conditions allows to see if an element favours
the compaction, or decompaction, of a G-quadruplex. However, the radius of gyra-
tion while providing a description of the maintaining of the folding pattern of a given
macrostructure, applies preferentially to globular entities. Figure 7.11 underlines the
concept presented here, by comparing the radius of the sphere surrounding the molecule

with the radius of gyration, which is smaller than the sphere surrounding the molecule.

Figure 7.11: The difference be-
tween the radius of the sphere
(R) enclosing the G-quadruplex
and its radius of gyration (Ry).
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PART 3. COMPUTATIONAL METHODOLOGY

Simulation methods as defined by computational chemistry are able to provide infor-
mation that may be experimentally difficult to obtain. This may be due to practical
reasons: the difficulty to obtain a crystal, or it may be due to other methodological
limitations such as systems too large to be analyzed by NMR. In the work presented
here, simulations are used to answer a structural question centered around the impact
of damages introduced at specific locations in G-quadruplexes, to understand the struc-
tural mechanisms of the interaction of its non-canonical forms with proteins, but also
to expose a way to predict the folding type of a G-quadruplex. These objectives were
achieved using different computational methods: classical and QM/MM molecular dy-

namics simulations and DFT calculations.

Molecular dynamics is a method allowing to simulate the temporal evolution of the
structure or the reactivity of a molecular system. To do this, it uses models of molecules
that are sufficiently complete to be useful, but sufficiently simple to be computable. Two

main approaches limit the field of application of theoretical chemistry:

o Simulations using classical molecular mechanics. The equations of motion are
numerically integrated for the nuclei of the atoms of the studied system. It relies
on the use of ad hoc parameters, which depend on the system studied: geometry of
the molecule and types of atoms. More precisely, molecular mechanics uses a set
of potential functions that describe the energy of the system: these are called the
force fields. This type of approach allows the calculation of trajectories of several
thousand atoms over long times, of the order of microseconds (us). Thus this type
of simulation is used for the structural analysis of molecules. For example, its use
allows to study the interaction between a protein and a ligand, or to observe the

structural change of a protein or a nucleic acid.

o Simulations based on the principles of quantum physics: ab initio. It focuses on the
electronic properties of the molecular system, allowing to simulate the formation
and breaking of chemical bonds. Contrary to classic molecular mechanics, this type
of simulation does not use any parameters and seeks to solve the Schrodinger equa-
tion for the molecular system. The absence of parameterization makes the method
applicable to any type of molecular system. However, the use of this approach
makes the calculations more expensive and the method is limited to a hundred

atoms and to shorter simulation times. For example, this type of simulation is
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used for the exploration of chemical reactivity that may take place in an enzyme.

Two other methods are intermediate between the classical method and the (purely)
ab initio method. These are methods that integrate a certain degree of parameterization:
fixed parameters are implemented in the equations to simplify the quantum representa-
tion of the molecular system. Consequently, the use of a parameterization lightens the
calculations and gives access to longer times. The DFT method can use parametrization
and is close to the ab initio method. On the contrary, the semi-empirical method diverges
a little from the ab initio and is closer to the classical approach, while still giving access
to chemical reactivity. Because it uses a parametrization depending on the geometry

and the type of atom [129].

Table 7.1 below summarizes the properties of the four main methods presented in

these paragraphs. But the different aspects of these methods are detailed in the following

chapters.
cthods ab initio DFT semi-empiric | empirical
Features
(molecular
mechanics)
Period of | 1950’s  (resur- | 1990’s 1970’s 1960’s
emergence of | gence with first
the method | computers)
First popu- | GAUSSIAN 70 | ADF (1995) MOPAC MM2 (1977)
lar software | (1970) (1990)
using the
method
Theoretical Quantum Quantum Quantum Classical
formulation (without (with (with  chem- | (parametriza-
parametriza- parametriza- ical  element | tion by type of
tion) tion) by chemi- | atoms)
cal element
parameteriza-
tion)
Modelled ob- | Small Large Large Macromolecules
ject molecules molecules molecules
Performance | Representation | Electronic pre- | Thermodynamid Conformational
criteria in  adequacy | diction prediction prediction
with quantum
theory

Table 7.1: Presentation of the characteristics of the four main methods used in theoretical chemistry.
Reproduced from Bensaude-Vincent and Eastes [129], personnal translation.
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CHAPTER 8

Classical molecular dynamics

I can calculate the movement of heavy bodies, but not the
madness of crowds.

Sir Isaac Newton
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CHAPTER 8. CLASSICAL MOLECULAR DYNAMICS

8.1 Validity of the classical treatment

To simulate a molecular system, it would be more rigorous to solve the Schrédinger
equation corresponding to the system under study. But, it is impossible to perform
this type of calculation on large systems, like proteins. The solution is to use Newton’s
law equation to simulate the motion of each nuclei on top of an empirical parametric
potential. The evolution of the position of the nuclei over time gives a trajectory. Despite
its approximation, this approach is justified by two important properties. First, the Born-
Oppenheimer approximation, proposed in 1927 [130], states to the fact that the mass of
the nuclei of atoms is much greater than that of the electrons. This makes it possible to
consider the motion of the electrons and the motion of the nuclei separately. Based on
this principle, molecular dynamics takes into account only the nuclei of atoms. Then, in
most chemical systems, the De Broglie wavelength, recalled below, is smaller than the
distance that separates an atom from its nearest neighbor. Therefore, nuclear quantum
effects are essentially negligible [131, 132]. So, provided that the potential energy is well
represented by the empirical potential, classical molecular dynamic is valid for structural

evolution, but gives no information over bond breaking and chemical reactivity or excited

h2
A=\ ST (8.1)

Where M is the atomic mass and 1" correspond to the temperature, kg is the Boltzmann

states.

constant and h symbolizes the Planck constant.

8.2 The phase space

The equations of molecular dynamics are described in phase space [133]. That is
to say, an abstract space with 2f dimensions; in which f represents the number of
degrees of freedom. More precisely, this space results from the set of physical quantities
required to calculate the evolution of the studied system. In the framework of classical

dynamics presented here, the physical quantities are the position and the corresponding
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momentum; the phase space is therefore the space of states of the system. It is important
to know the values of these quantities at a precise time space . In this sense, any point

in the phase space is specific to a state of the system under study [134].

Stocker et al. [1341] explains that a trajectory which is carried out in the space of phase
re-situates the periodic movements which give the temporal evolution of the studied
system. This means that the evolution of the system in the course of time is dependent
on the position of the system in the phase space at a given instant . But also that
different trajectories cannot cross each other in the phase space. Otherwise it would not
be possible to know with precision what is the trajectory followed by the system to arrive

at this point.

We recall here that each atom is localized in space by 3 Cartesian coordinates (z,y,z).
So, to describe a molecule of N atoms SN coordinates, corresponding to SN degrees of
freedom, are necessary. Among these, 3 degrees of freedom correspond to rotational mo-
tion and 3 to translational motion of the whole molecule. Such motions are not involved
in the vibration of the molecule. Consequently, the vibration modes of a molecule, in-
volving changes in the relative distance and the angle between atoms, are 3N — 6 (or

3N — 5 for linear molecules) [131].

8.3 Equations of classical molecular dynamics

8.3.1 Newton’s equations

Hamilton’s equations are used to describe the motions of each atoms (i) of a molecule

along a trajectory.

dH
T, =
' dp;
(8.2)
o _dH
%= d?”i

The equations involve the momentum (p;) and the position of the atom (r;). But they

can be reduced to the Newtonian equation of motion:

63



CHAPTER 8. CLASSICAL MOLECULAR DYNAMICS

fi =m; X a; (83)

In which the acceleration (a;) is the derivative of the velocity (v;), which is itself the
derivative of the position r;. So the acceleration is the second derivative of the position.
Hence the following statement, where E is the energy of the system with respect to the

position of the atom 7 :

d?r;
fi = Ty d D)
t
. (8.4)
fi - _dTZ'

So a molecular dynamics trajectory is performed by the integration of Newton’s equa-
tions, for which the force (f;) emanates from the potential defined by the force field.
[133].

To finish, it is important to note that in real systems the equations cannot be solved
analytically so we need to integrate them numerically. This leads to the definition of a

time step.

8.3.2 The integration step

The numerical integration of the equation of motion implies the definition of a discrete
time advancement according to a time step (dt). The time step is a crucial parameter
for the stability of the dynamics. More precisely, a correct time step must guarantee
the conservation of the energy of the system [133, 131]. If the chosen value is too small
then the overall computational cost will increase so much that the simulated time will
be too short to obtain a correct trajectory, despite a more faithful approximation to the
differential equations. But if the chosen value is too large, then there is a considerable
increase in the energy of the system. In such a situation, the system is unstable and
it is not possible to obtain a physically meaningful trajectory [133, 131]. Figure 8.1
explains these principles in a more visual way. In concrete terms, the choice of time
step is made according to the movements with the highest frequency in the system. In
fact, it is important that the time step is smaller than the period of these motions:
0t < Vpmovements maz- 1N molecular dynamics the motions with the highest frequencies are

the vibrations of covalent bonds involving hydrogens. The choice of a time step of 1 fs
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is therefore recommended [131, 132].

C

(a) 4t too low (b) 8t too big (c) 6t suitable

Figure 8.1: Effect of poor and good integration step selections. Modified from Fuchs [135].

The heaviness of molecular dynamics computations often tests the computational
speed of computers. The need to respond to the decrease in computation time has
led to the development of several approaches whose goal is to increase the time step.
We can mention the SHAKE [136] and SEETLE [137] algorithms. SHAKE applies con-
straints by adding a force on the covalent bonds of hydrogens, for example on a bond
of type C—H. This action allows the use of a time step twice as high: it goes from 1
fs to 2 fs. SETTLE instead fixes the geometry of the solvent, water, molecules. Never-
theless, the use of constraints is not the only method to increase the time step. In fact
these algorithms can be coupled to the Hydrogen Mass Repartitioning (HMR) and thus
increase the time step up to 4 fs. This approach consists in increasing the mass of all the
hydrogens, except those of water molecules, from 1.008 to 3.024 a.u. However, the total
mass of the system is conserved because the mass added to the hydrogens is removed
from the heavy atoms directly bound to them as show in 8.2 Indeed, the increase of the
hydrogen mass will induce a slowing down of the higher frequency movements.

1.008 3.024

12.010 5.962

1.008

3.024

=>

12,010 12010 Figure 8.2: Example of the application of an
16000 HMR on a peptide. (a) Canonical dialanine
peptide atomic masses (b) and after Hydrogen
! Mass Repartitioning Reproduced from the article

14.0101.008 12.010 11.990 3.024 9.994

@ b) of Hopkins et al. [158]

16.000

8.3.3 Cut-off

The application of the above equations does not require great computational complex-

ity if the system is very small. But most of the time the size of the studied systems
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requires to restrict the number of interactions remaining in the system. Doing so allows
to reduce the computation time and the memory [131, 132]. The method needed here is
called a cut-off. It consists in ignoring the interactions located at an arbitrary distance
around a particle 7. The application is quite simple. First we build the list of neighbors
of the particle, using the R,eignpors distance. This list is updated regularly, and thanks
to it all the atoms that are located in the cut-off radius are established. Obviously, the
cut-off radius Ru,ss is smaller than the one used to establish the list of neighbors (see

Figure 8.3) [133, 131].

Figure 8.3: The particle 7 is an oxygen of a water molecule
marked in red. The list of its neighbors is established with
the Rycighbors Tadius. Then the cutt-off Reyiory is used to
calculate the interaction between the particles inside this
sphere.

8.4 Solvent, solvation and periodic bound-

ary conditions

8.4.1 Using water as solvent

Water constitutes about 70% of the cells [139]; it is the solvent of biological sys-
tems. This is why the simulated molecules are solvated in water. In other words, water
molecules are added all around the molecule to be simulated. The set is called a box
and it has the shape of a geometrical polyhedron (Figure 8.4); the most common forms
are the cube and the truncated octahedron. During the calculations, water is described
by a force field parameterized especially for reproducing the properties of this liquid
solvent. Some of the most used potentials for water are the TIP3P model (Transferable
Intermolecular Potential 3 Points) or the SPC model (Single Point Charge). Bonomi

and Camilloni [110] explains that these two models are very similar in that the water
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molecule is described by three harmonic potentials, namely: the O——H bond, the

H——H bond and the valence angle HOT established between the three atoms.

Ve o

(b) Truncated (c) Rhombic (d) Hexagonal
(a) Cubic octahedron dodecahedron prism

Figure 8.4: The simulation boxes are polyhedra.

8.4.2 Periodic boundary conditions

The use of a simulation box implies the definition of a finite, and usually relatively
small, system. However, the use of this type of object is not rigorous as regards the
reproduction of thermodynamic quantities and produces edge effects. The solution is
to virtually replicate the box in all directions, which produces a pseudo infinite system
[133, 131]. However, there is a drastically increase of the interactions in the new system.
Consequently, the use of a cut-off becomes necessary to limit the calculation overload.
This means that a particle 7 in the minimal box is able to interact with another particle
j in the minimal box, but also with a particle j” in a virtual box, if they are within
the cut-off limit [133]. The use of cut-off also avoids unphysical self-interaction of the

studied solute with its own image in a nearby box.

A
a
A

To 9|0 oo ©]
©, 0|0, 6|0, &
© © o olo oo o
Q & ©, 6|0, 6|c, 6
o olo oo o
© oo &lo &

Figure 8.5: Periodic boundary condition of a simulation box.
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8.4.3 Solvation and electrical neutrality

Molecular systems are electrically neutral, however this is not always the case with
the solvated molecule. In this sense, it is necessary to ensure the electrical neutrality of
the calculated system because of periodic boundary conditions. Electrical neutrality is
ensured by the addition of ions: some water molecules are replaced by ions, until electrical
neutrality is reached. The process of solvation and addition of ions is schematized by the
Figure 8.6. Secondly, it goes without saying that the addition of ions is not exclusively
limited to charge neutralization. Indeed it is possible to add cations and anions to obtain

a certain salt concentration in the simulation box, namely the physiological concentration

of 0.15 M.

7 o o T oo
e e >
S == g -]
N\ N\ Ny °
®
(a) Molecule preparation (b) Solvatation (c) (d) Addition of ions

Figure 8.6: During the solvation process, water molecules are added around the molecule, while re-
specting the imposed geometrical shape; then the ions are added.

8.5 Statistical sets

The statistical sets represent thermodynamic constraints imposed by the external envi-
ronment on the system [131, 132]. The thermodynamic parameters found in the canonical
sets are: the number of atoms (N), the pressure (P), the temperature (T), the energy of
the system (E), the volume of the box (V), and the chemical potential (x). Canonical
sets are intended to keep some of these parameters constant [131, 110]. Now we can

expose the four most frequently encountered sets:

o NVE : Here the constant parameters are the number of atoms (N), the volume of
the box (V) and the total energy of the system (E). Solving Newton’s equation of

motion in PBC gives NVE because the equations conserve total energy [131].
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o NVT : In this set the constraint of constancy applies to the number of atoms (N),
the volume (V) and the temperature (T) [131]. To obtain the NVT, it is necessary
to apply a thermostat. To obtain the NVT, it is necessary to apply a thermostat.
This means that the velocities must be sclaed to maintain the kinetic energy, and

thus hence T constant.

o« NPT : [131, 132] explains that this set is much more representative of the ex-
perimental conditions. In this case, the constraint of constancy is applied to the
number of atoms (N), the pressure (P) and the the temperature (T). To obtain the
NPT, it is necessary to use a barostat. This means that the volume is changed to

keep the pressure constant.
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9.1 What is a molecular force field ?

Force field is a term that has become widely used, also in science fiction and fantasy
movies, books and video games. In the latter context, its meaning is defined as a barrier
of energy (physical or magical) serving as a passive protection system, such as a shield,

intended to repel various forms of danger, or serving as a trap to enclose enemies [111].

In physics, the notion of force field is a portion of space-time in which a constant force
is exerted and acts outside of contact on an object located in this field. The magnetic

field or the gravitational fields are two examples.

In computational chemistry, the definition of force field is slightly different from that
used in physics. In the context that interests us here: a force field is a function that uses
the positions of the atoms to describe the variations of the potential energy surface of

the molecule [110, 131].

9.2 Overview of empirical potential energy

calculations

In molecular dynamics, a molecule is considered as a set of atoms linked together by
chemical bonds. Each atom is described as a ball with its own radius, mass and partial
charge (or a complete charge for monoatomic ions). Generally, we distinguish two types
of interatomic interaction energies: the one between bound atoms and the one between
unbound atoms, including also atoms of different molecules (intermolecular interactions).
Thus the empirical potential energy (E(r")) for N particles system, depending on the

Cartesian coordinates 7;, is the sum of these two terms [133, 131, 140].

E(TN) = Ebonded atoms T+ Eunbonded atoms (9 1)

This description is very minimalist. In fact, each of the two energies is itself the sum

of several terms. The energy of bound atoms takes into account the elongation energy of
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covalent bonds, as well as bond angle and dihedral angle strain energies. The interaction
energy of unbound atoms includes the Van der Waals and the electrostatic components
(the latter is also called Coulomb energy) [131, 133]. All these terms are explained below.
Before continuing, it is important to understand that the terms of a potential energy
function do not always have a straightforward physical or chemical meaning, instead they
are meant to reproduce as much as possible the form of the potential energy surface.
Some terms have been simply calibrated [133, 110] and their equilibrium values are
obtained by comparison with data obtained by experimental measurements or by high

level quantum chemical calculations.

9.3 Interaction between bound atoms

9.3.1 Elongation energy of covalent bonds

The elongation term is a parameter that establishes the energy potential necessary to
stretch a covalent bond between two atoms. The bond oscillates around an equilibrium
value for which the potential energy of the two atoms is minimal (called Ey) [112],
see Figure 9.1. The oscillation always takes place in an acceptable zone, i.e. close to
the equilibrium value, so that the values of distance (r) and equilibrium distance (rg)
are sufficiently close. The parameter Fy.,q is an analytical function which expresses
the variation of the value of the bond distance around its equilibrium value, using a
force constant of the bond (k). The most used equation is a harmonic function, which

comes directly from the second order truncation of the Taylor expansion of the potential.

Harmonic approximation is simple and requires a relatively small computation time [133].

Ebond = k‘r (’I“ - 7"0)2 (92)

However, the harmonic function does not perfectly describe the stretching-compression
of a chemical bond. In fact, the variation of energy as a function of distance, especially
for large deviations from the equilibrium, is more accurately reproduced by the Morse
dissociate potential function. We can visually compare the harmonic and the Morse
functions in Figure 9.1. The Morse function should be used when theoretical research

requires a more accurate level of calculation [133, 131]. But only harmonic terms are
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used in the methodology of this work.

Equilibrium distance Harmonic function
N .

C‘ C

Energy (kcal/mole)

Acceptable area

~ (Omm( ) ~ - ”
! Equilibrium distance Distance (A)

(a) (b)

Figure 9.1: (a) A covalent bond can be considered as a sprong and the bonded atoms oscillate around
an equilibrium distance, corresponding to the Ey energy value, by attraction-repulsion interactions.
(b) Comparison between the harmonic and the Morse functions. The harmonic (quadratic) function
describes well the bond stretching for small deformations around the equilibrium value.

9.3.2 Angular strain energy

The (Eangle) energy describes the bending of the bond angle () around an equilibrium
value (6p), as shown in Figure 9.2. The relative equation describing this phenomenon is
typically a harmonic function that uses a stiffness constant (k). However, also in this
case the bond angle bending energy can be improved by using cubic and higher order

Q

corrections, as seen for the stretching energy of covalent bonds [131, 132].

Eangle = ko (6 — 65) (9.3)

Equilibrium angle

Figure 9.2: The bond angle oscillates around an equilibrium value.
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9.3.3 Dihedral angles strain energy

The dihedral angle, or torsion terms, have been presented in the discussion of the
structural parameters of G-quadruplexes. This potential isessential for the description
of the flexibility of polymer chains. Indeed, it allows the mutual rotation of chemical

moieties [110].

dral angle, ¢, between planes P and P’, formed by the atoms
ABC and BCD, respectively. The red dashed arrow symbol-
izes the rotation of atom D around the axis formed by atoms
B and C. Adapted from Chipot [1/53].

[}
v
.

P
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/_\/CDD Figure 9.3: Schematic description of distortion of a dihe-
(a4
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The equation describing the potential energy for the rotation around a dihedral angle
(Edihedral) is shown below. It is a periodic function containing three parameters, known
as 1) the "height" of the torsion barrier (V,,/2), ii) the periodicity of the rotation — also
called the multiplicity — which gives the number of minima that the function encounters

during a complete rotation of 360° (n) and iii) the phase of the function (7).

Edinedral = Z % [1 4 cos (ng — )] (94)

n

9.3.4 Improper dihedral angle strain energy

Like the dihedral angle, the improper dihedral (or torsion) angle (¢) is also established
by four atoms, but arranged in a Y shape. In fact, it is essentially used to describe out
of plane movement of atoms in coplanar systems, see Figure 9.4. Its usefulness becomes
obvious when one wishes to force the coplanarity of the atoms constituting an aromatic
ring, for example. Consequently, this potential is used to maintain an improper angle
value as close as possible to 0 [133, 110]. Concretely, we consider four atoms ABCD
chemically linked, where C is the central atom and D is the mobile atom. If the four
atoms lie on the same plane P, then they are said to be coplanar (or in the In-plane
configuration). But if the mobile atom D is outside the plane P, then the configuration
of the four atoms is said to be QOut-of-plane. The improper angle v is formed between
the two planes: P and P’, determined by atoms ABC and ABD, respectively.
MacKerell et al. [115] gives the following equation to calculate the potential of the

improper dihedral angle, where £, is the angular force constant at equilibrium.
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(a) In-plane (b) Out-of-plane

Figure 9.4: Schematic description of the In-plane (a) and Out of plane (b) configurations and of the
improper dihedral angle, ¢, between planes P and P’, formed by the atoms ABC and ABD, respectively.
Adapted from Malliavin [1//]

EImproper = kw (¢ - ¢0)2 (95)

9.3.5 Cross terms

Cross terms are potential energy functions that couple different energy terms. For
example, the stretch-bend is a cross term that couples the elongation energy of a cova-
lent bond with the angular strain energy. It is useful because the distance value of a
covalent bond is often reduced during the opening of the valence angle. The equation
describing the stretch-bend cross term is shown below, in which k¢ is the equilibrium
elongation and angular force constant. The use of cross terms, shown in Figure 9.5,
allows to obtain a better description of the system dynamics. However their use heavily
increases the computation time and furthermore requires often a consequent work of

reparameterization of the force field [132, 133].

EBond—Angle = kr@ (T - TO) (9 - 90) (96)

9.4 Non-bonded interactions

Electrostatic and Van der Waals interactions concern both covalently bonded and non

bonded atoms. These interactions can be described as shown in Figure 9.6:
o Intramolecular interactions, if they involve atoms of a molecule.

o Intermolecular interactions, if they involve atoms of different molecules.
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(d) (e) (")

Figure 9.5: Examples of cross terms: stretch-torsion (a), bend-torsion (b), bend-bend-torsion (c),
stretch-bend (d), stretch-stretch (e), bend-bend (f). Modified from Chipot [1/3].

The interactions between atoms connected by covalent bonds are described by the
bond and angle strain energy terms described above. In this sense, covalently bonded
atoms are type 1-2 connected, atoms forming a bond angle are type 1-3 connected and
atoms forming a dihedral angle are type 1-4 connected. Atoms with more than type 1-4

connections can interact only through non-bonding interactions.

Figure 9.6: Possible interactions between non
bonded atoms. The solid purple lines represent
the intermolecular interactions; the green dashed
lines represent the intramolecular interactions,
within Molecule 2, involving atoms with more
,J”j’". type 1-4 connections; the red dash-dotted lines
b represent the intramolecular interactions, within
the Molecule 2, involving atoms with type 1-4
connections. Modified from Chipot [1/5].

Molecule 1

The electrostatic potential energy function (FEejectrostatic) involves atoms with partial
point charges, or ions possessing a formal charge. The function is described by the
classical Coulomb law. This involves the partial charges of each atom (¢; and ¢;), the
distance between them (7;), the dielectric permittivity of vacuum (ey) and the effective
dielectric constant of the medium (e1) [133, 131].

449,
471'60617”2']'

(9.7)

Eelectrostatic -
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Van der Waals interactions take into account the attraction-repulsion occurring be-
tween non-bonded atoms. The most common description of the Van der Waals potential

energy function is the Lennard-Jones equation, also called 6-12 potential, as follows:

* 12 * 6
7"1']' Tij

Where, R;; is the equilibrium distance between the two interacting atoms, and e;;

EvdW = 61‘]‘ (98)

corresponds to the minimum energy of the function (the depth of the potential well)

[133, 131, 132]:
9.5 AMBER force field

The molecular dynamics simulations performed for the research presented in this the-
sis used the potential energy function (E(r")) of the AMBER (Assisted Model Building
and Energy Refinement) suite of biomolecular simulation programs, whose detailed ex-
planations have been provided by Case et al. [116] and Salomon-Ferrer, Case, and Walker
[147]. Bonomi and Camilloni [110] has provided a mathematical description of this force
field, i.e. of the whole potential energy function E(r"), in which each term has been
discussed previously. A more thorough explanation and discussion of the force field used
for proteins and nucleic acids can be found in articles written by Kollman et al. [118],
Ponder and Case [119], Cornell et al. [150], Cheatham and Case [151], Maier et al. [152],
and Tian et al. [153].

Zk’ r—7p) —|—Zk‘99 90 Z ZV? 1 + cos (ng — )]

bonds angles dihedrals n
1 R}, R;\° 1 i
tor Y Sy ( J) —2( ) o &4y
kaW i<j Tij Tij kCoulomb i<j 47T€061Tij (99)
{i,jte1—4 {i,j}e1-4
12 R*. 6 G5
+ -2 ( . ) - — Y
; ( > Tij ; 4’/('6061 Tij
{i,}>1-4 {i,j}>1-4
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In this equation, there are two terms describing the interaction between non-bonded
atoms: one for those separated by three chemical bonds, the so-called 1-4 contribution,
and the other for atoms separated by more than three chemical bonds. The 1-4 contri-
butions of the Van der Waal and electrostatic interactions are weighted by 1/kl53 and

by 1/kéotomy, Tespectively.

9.6 Ab initio parameterization of AMBER

force field for a general molecule.

The underlying physical laws necessary for the
mathematical representation of a large part of physics and
the whole of chemistry are thus completely known, and the
difficulty is only that the exact solution of these laws leads

to equations much too complicated to be soluble.

Paul Dirac — 1929

The AMBER force field contains a large set of parameters for a large number of
atoms and is able to describe the structure and dynamical evolution of several biological
molecules. However, when considering a new molecule or unit, like a DNA lesions such as
a strand breaks or modified nucleotide or small ligands, it is often necessary to introduce
new parameters for describing the properties of atoms and the bonds between atoms
non present in the force field. This is typically done by performing quantum chemical

calculations on the new molecules.

9.6.1 Geometry optimization

The potential energy function E(rY), also called potential energy (hyper)surface, al-
lows to link the energy of a molecule with its geometry, i.e. with the position of its N
nuclei. And whatever the method used to describe this function, the objective of the
geometry optimization is always to find minima on the potential energy surface function
[154]. In fact, the minimum of the function corresponds to a stable molecular configu-

ration, thus to an equilibrium arrangement of the nuclei. Cramer [133] points out that
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geometric optimization is in fact a mathematical problem, and then asks the following
question to explain his statement: « How does one find a minimum in an arbitrary func-
tion of many variables 7 ». In fact, the algorithm acts on a geometrical parameter, also
called degrees of freedom (for example, a link or an angle), while keeping the others con-
stant. When changing a geometrical parameter causes an increase in energy, then this
indicates that the algorithm is pushing in the wrong direction and needs to be changed.
On the contrary, if the modification of the geometrical parameter induces a decrease in
energy, then the algorithm is pushing in the right direction. The algorithm will continue
in this way until the decrease in energy is no longer possible, and it will explore the
next geometrical parameter, until all degrees of freedom are completely explored. This
represents an optimization procedure. The objective of the algorithm is to perform a
succession of optimization steps until a point is reached where the energy cannot de-
crease any more [133]. From a mathematical point of view, a potential energy minimum
corresponds to a point on the potential energy surface for which the forces are zero and
the first derivative of the energy, i.e. the gradient, is also zero. The force constants are
second derivatives which can then be used for the harmonic terms in the force field. They
are calculated at each step are arranged in a Hessian matrix, which allows to estimate
the curvature of the potential energy surface function [151]. For example, the Gaussian
[155] software may use an optimization tool based on the Berny algorithm [156, 157,

158).

9.6.2 Assignment of atomic charges

This strategy is specific for Amber force field. Charmm and other force fields have

different strategies.

Restrained electrostatic potential (RESP) method allow the calculation of partial
atomic charges based on the local electrostatic potential [133], obtained by a charge
grid in Gaussian. The RESP method, used in the present thesis work, assigns net
charges to the atoms of a molecule, whose sum provides the total net charge [159]. In
the present work, it is used through the Antechamber tool of the Amber suite [116], for

the parameterization of force fields of organic molecules [160].
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9.6.3 Force constants

To calculate bond and bond angle force constants, the easiest way is to use the Parm-
chk2 tool implemented in the AmberTools suite [116]. Its purpose is to find the force
field parameters: geometrical parameters (angles and distances) and the force constant.
Parmchk2 is powerful, but it is not always possible to assign parameters. In this case
there are several solutions. It is possible to search manually in the database file used
by Parmchk2, for example in the GAFF2 file. Otherwise, it is necessary to do a bibli-
ographic search to find the missing parameters. The last options are to make quantum
calculations of vibration frequencies or to use IR spectroscopy on samples containing the
new molecule under consideration. The force constant (k) obtained by IR spectroscopy
can be deduced from the vibration frequency using Hooke’s law [161], where U is the
potential energy, v, is the vibration frequency, and my, my are the masses of atoms 1

and 2:

1
U(r) = §k (r— req)Q (9.10)
1 k
Vyibr = g X T Xy (911)
mi1+ma

On the other hand, software like Gaussian [155] provides force constants by diago-
nalizing the hessian matrix and the corresponding vibration frequencies, assign also the

corresponding vibration normal modes. [133].
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Simulations calculated on the basis of equilibrium molecular dynamics provide infor-
mation on interactions, or structural transformations, that take place on a microsecond
time scale (us). However, there are events which take place on a higher order time
scale. In such a situation, equilibrium molecular dynamics is not properly describing
the physical process we want to study. The solution to such a situation is to renounce
to the explicit time description of the phenomenon and replace it by a description of
thermodynamic properties such as free energy barriers and profiles. To do this a bias is
applied to the molecular dynamic simulation to allow the system to overcome the free
energy barriers leading to the desired event, knowing the biased potential applied will
allow then to reconstruct the free energy profile. The application of this strategy is done
by using accelerated sampling methods, which is also known under the name of biased

molecular dynamics.

Accelerated sampling methods use one or more collective variables, also named reaction
coordinate, to reduce the dimensionality of the free energy surface. Then on obtains free
energy profile depending on a reduc ed number of collective variables, which provide

the description of the desired physical phenomenon, this is also called the Potential
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of Mean Force (PMF). Biased molecular dynamic simulation may be performed using
classical potential or on quantum approaches and hybrid. In this chapter I will explain
the fundaments of metadynamics, eABF and the meta-eABF methods, which has been
used in this work at classical level, and umbrella sampling used at the QM /MM level for

the study of reactive events.

10.1 Metadynamics

Every molecular system has an energy landscape that represents the different possible
states of this system. FEach possible state corresponds to a minimum in the potential
energy function of the system. Metadynamics , introduced in 2002 by Laio and Parrinello
[162], is used to accelerate the exploration of the energy landscape of a molecular system,
To do so, this method accelerates the time scale of rare events by adding a bias potential
around one or two collective variables. Concretely, a Gaussian repulsive potential is
added to the energy of the system. In doing so, there is a repulsion of the system out
of the initial energetic state, towards another one, by passing through a transition state
[163]. To explain it differently, the method prevents the system from returning to states
already explored by molecular dynamics. Interestingly minus the sum of the repulsive
potential converges towards the final free energy potential.

The metadynamics can be represented in the following way: a ball is at the bottom
of a large container and to make it go out, we empty sand bags one by one until the

height of the added sand makes the ball go out of the container.

The accuracy of the metadynamics is dependent on two things:

o The definition of the height and width of the Gaussians, which determines the

accuracy of the method.

o The choice of the collective variables, because a wrong choice can prevent the
observation of the phenomenon or lead to a wrong estimation of the free energy|[163,

164).
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Figure 10.1: In a metadynamics calculation, the gaussians are added gradually over time. Little by
little the system is repulsed and goes to another minima by passing through a transition state.

10.2 Difference in free energy between two

states

Studies often seek to know the free energy between two states of a molecular system.
In biology, this can be the energy required to make a structural change from a Y con-
formation of the protein to a Z conformation. For example, a protein channel can have
two conformations: open or closed. The simplest method to achieve this is to perform
a molecular dynamics to generate a set that contains a number of representative confor-
mational configurations in the Y conformation (Ny) and in the Z conformation (Ny).
Then difference of the free energy is calculated using the equation bellow [165]. This
method has the advantage of being very simple. However, we can notice two important
points limiting its implementation. First, it is necessary that the Y and Z conformations
of the molecular system are not separated by a too large energy barrier. In fact, it is
preferable to apply it to molecular systems whose Y — Z transition has a small energy
barrier. Then, it is necessary that the frequency of presence of each event is sufficient in

the set created. i.e. when the value of AFyy is low.
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10.3 Thermodynamic integration

When the system has a high energy barrier between the Y and Z conformations and/or
when their frequency is low in the created set, then a thermodynamic integration can be
performed. But, before giving the formula of thermodynamic integration, it is necessary
to introduce the basis of the method. The Hamiltonian H (p,r) of the system is also
defined as a function of a coupling parameter (A) between the two conformations of the
molecular system: Y and Z. Consequently the Hamiltonian is written as H(p, 7, A), where
the parameter X is chosen to correspond to the Hamiltonian of each conformation. This

leads to :
e Ay corresponds to the Hamiltonian of conformation Y : H(p,r, A\y) = Hy (p,r)
e Az corresponds to the Hamiltonian of conformation Z : H(p,r, Az) = Hz(p, )

The consequence of the expression of the Hamiltonian with respect to the parameter is
that the derivative of of the free energy is also expressed as a function of this parameter.

As a result, the free energy formula is written in the following equation [165]:

ddF; = <ag§A)>i (10.2)

In this equation, the system is forced to be confined according to a fixed value of
lambda. As a result, it is necessary to calculate the average gradient of the Hamilto-
nian. This being said, we can explain the principle of thermodynamic integration. It
is an empirical way to calculate the energy between state Y and state Z by integrating

Equation 10.2 throughout the segment [Az, Ay [165].

F\y) — Fy) = /:Y <ag—9)>iw (10.3)

The implementation of this method requires the use of a large number of calculation
windows, in order to cover the whole energy profile of the molecular system. But this

process is very costly in terms of computation time.
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10.4 eABF and meta-eABF

To solve the computational time problem, other methods such as eABF and meta-
eABF have been proposed. Their objective is to improve the formulation of the thermo-

dynamic integration.

eABF method The Adaptive Biaising Force (ABF) method [166] directly biases the
chosen collective variable. It is the origin of the extended Adaptive Biaising Force (eABF)
method [167], yet the two methods differ. First, eABF relies on extending the molecular
system ¢ by a dummy collective variable A, which fluctuates around the chosen collec-
tive variable . This results in an extended molecular system (g, A). A has no physical
character, is of mass m,, and changes progressively under the same temperature con-
dition as the molecular system under study. Next, it is imperative to approximate the
dummy collective variable A to the chosen collective variable &. This step is done simply
by coupling the two variables into a harmonic potential, namely : £(£(g) — A)%. After
these explanations we can see that the application of the eABF method on a collective
variable &, corresponds to the application of an ABF method on an extended collective
variable £, Here, it should be understood that £*(¢, \) = A [167]. Finally, the eABF
is a potential of mean force (PMF) method which has the advantage of being accurate

and whose convergence can be calculated. However, it requires long computation times,

as well as the establishment of computation windows.

meta-eABF method Fu et al. [168] propose a new framework to combine the ad-
vantages of metadynamics and eABF, in the strategy called meta-eABF. This method
requires only a limited number of windows, in some cases just one, and provides accurate
and converged results in usually shorter time then eABF. Concretely, the meta-eABF
applies the metadynamics to sample the less important regions and applies the eABF

on the more important regions.
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10.5 Umbrella Sampling

Umbrella sampling is a method proposed by Torrie and Valleau [169] (see Figure 10.2).
It varies a harmonic bias potential which is introduced on the coordinate of the path cho-
sen to make the molecular system pass from state Y to state Z. Similar to other methods
such as eABF, Umbrella sampling requires the use of several computational windows.
But, here, it is very important to have a good overlap of the windows, i.e. between the
distributions of the values of the chosen collective variable. Indeed, the sampling is done
on the center of each window to provide a distribution set. The distribution sets of each
window are biased by the introduced harmonic potential [170]. However, the energy
profile of the Y — Z transition is found by applying the Weighted Histogram Analysis
Method (WHAM) [171]. Concretely, WHAM combines all the windows of calculations

and then removes the bias, which is known [172].

AF

Figure 10.2: Schematic representation of the Umbrella sampling method. Each umbrella represents a
calculation window.
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Classical molecular dynamics is very adapted to the study of the conformational evolu-
tion of large molecular systems. However, this approach is useless when we are interested
in enzymatic reactions, because it requires the study of chemical bond formation or break-
age. The same is true for studying the spectroscopic properties of a molecule, because
it is necessary to describe the electronic transition states. So when this type of study is
considered, it is necessary to orient the calculations towards a quantum description of

the molecular system, which necessarily involves solving the Schrédinger equation.
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11.1 The Schrodinger equation

The classical approach describes atoms by considering only their nuclei while the
electrons are treated implicitly via the force field. On the contrary, the quantum approach
describes atoms by explicitly considering their nuclei and electrons. The quantum state
of a system is a superposition of the configurations that this system can adopt. It is
therefore impossible to describe precisely all the aspects of this system. The solution
is to describe the system according to its wave function [173], which depends on the
coordinates of nuclei and electrons (r). When we look for a stationary state independent

of time ®(7), the Schrodinger equation is written in the following terms [173]:

O(7) = EO(7) (11.1)

In the time independent formalism, the Hamiltonian of a system composed of N elec-
trons and M nuclei, contains the following terms: the electron kinetic energy (Te), the
nuclear kinetic energy (7},), the interaction term between electrons and nuclei (V,.), the
electrostatic repulsion between the electrons (Vne), the electrostatic repulsion between
the nuclei (V;m) So the Hamiltonian equation may be written as:

~ ~ A

H:Te+Tn+V;ae+V;e+V;zn (112)

The terms of the above equation can be decomposed according to: the mass of the nuclei
(M), the atomic number of the nuclei (Z), the electrons (7 and 7), the distance between
the electrons r;; , the electron-nucleus distance (r;4) and the distance between two nuclei

(rap), which gives [133]:

R N 2 M V N M 747
H:—Z# Z2MA ZZT +ZZ—+ZZ (11.3)

i=1 j>1 Tij 4TS Be1

Solving the time-dependent Schrodinger equation gives the time-dependent wave func-

tion W (7, t) of a system. In this case the equation is written [173]:

. )
HU(F ) = ihs (7. 1) (11.4)
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It is possible to relate the time-independent steady state (®(7) with the time-dependent
wave function (¥(7,t)), by the following formula [173]:

HU(7 1) = O(F, t) (11.5)

However, the Schrodinger equation cannot be solved analytically because of the corre-
lated motions of particles [133]. That’s why several forms of approximations have been

proposed.

11.2 The BornOppenheimer Approximation

The motion of the nucleus of an atom is much slower than that of its electrons, so that
the electronic relaxation can be considered as instantaneous compared to the motion of
the atoms. Thus, it is possible to decouple the two motions. This leads to consider
that the nucleus has a fixed position and that the electrons are in motion. The Born-
Oppenheimer approximation is therefore to calculate the wave function based on the
decoupling of the motion of the nucleus and that of the electrons. By reasoning in this
way, the Schrodinger equation is written for a polyelectronic system. It uses several
terms: the kinetic energies of the electrons, the attraction between nuclei and electrons,
the repulsion between electrons and a constant for a given set of fixed nuclear coordinates
(V,,). But in practice V,, is often ignored. Note that by solving the Scrhodinger equation
for different nuclear arrangement one explicitly obtains a potential energy surface, whose
importance has been described earlier. In conclusion, the Born-Oppenheimer approxi-
mation gives the following equation [133]. But, this approximation gives a multivariate

N-electron function that remains impossible to solve for polyelectronic atoms

h2 9 €2Zk €ZZkZl 2
(—;5% —Z; +> Vi W (ri, Ra) = EV (r;,Ra)  (116)

Tij kel K
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11.3 The Hartree-Fock approximation

Because electrons are fermions it’s important to consider the spin-orbital asymmetry
when exchanging two particles. So the polyelectron wave function (V) is expressed as a

Slater determinant [133, 131]:

xi1(&)  x2(&) - xw(&)

\11(517627"' 761'75]’7"' 761\7) = L Xl(é-Q) X2(€2) XN(é-Q) (117)

B

) x2(én) - xw(én)

11.3.1 The Hartree-Fock approximation

The Hartree-Fock approximation proposes to solve the Schrodinger equation by de-
scribing separately the interaction of an electron with the nuclei and the mean local
electron repulsion field. To do this, this approximation is based on a single determinant,
each term of which represents an orbital. In fact, a "pseudo" monoelectronic operator
replaces the search for the eigenvalues and eigenfunctions of the Hamiltonian operator.
It appears that the Schrodinger polyelectronic equation can be rewritten as a set of
equations based on monoelectronic Hamiltonians (h;), the energy of the ¢ orbital (e;)

and the the set of spin orbitals i (spinorbit) (&;) [133]:

hixi(&) = exi(&s) (11.8)

Classically the Hartree-Fock equation is written according to the Fock operator (F ) and

the monoelectronic space function (¢;(7)) [174]:

F%’(F) = €;i(T) (11.9)

The Fock operator is the monoelectronic Hamiltonian and it is expressed as follows

[174, 133]:
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1 M 7 N N
fo—_—yg2_\N 24 2.0 (r;) — K;(r; 11.1
i 2V1 ;TM "’;;( Jj(r:) (1) ( 0)

This writing considers two things. First, the electron Coulomb repulsion, which is ex-
pressed through a Coulomb operator (J;). Secondly, the Pauli principle which is ex-
pressed under an exchange operator (K;) [133, 132]. But this writing remains heavy.
Also, it can be rewritten by considering the kernel operator. This is a monoelectronic
operator which describes the evolution of an electron in the field of the nuclei. It is
calculated by the sum of the kinetic energy and the coulombic attraction energy by the

nuclei [131, 132]:

M
- 1 Z
h=—5Vi-D (11.11)
a— liA
The Fock operator is thus written as follows:
N N
Fy=he+ ) ) (205(r) — K;(ry)) (11.12)
i=1 j>1

Finally, it must be pointed out that the Hartree-Fock approximation neglects the
electronic correlation. This often leads to a very bad reproduction of the experimental

data.

11.3.2 Concept of atomic orbital basis

An atomic orbital basis is a linear combination of functions centered on the nuclei
of atoms. The functions are associated to the atomic orbitals and can be expressed in
two ways. Either by the use of Slater function (Slater Type Orbital), or by the use of
Gaussian function (Gaussian Type Orbital). [133, 132, 131].

Solving Schrodinger’s equation means to reproduce exactly the molecular orbitals. To
do this, it is necessary to use an infinite number of functions. That is to say that it would
be necessary to use an infinite basic set. It is obvious that such a thing is technically
impossible. This is why it is necessary to introduce approximations. Obviously, the
larger the base set, i.e. with a large number of functions, the more precise the calculations
will be, but the longer they will take. To answer the demand of this problem, several

basis sets have been developed and then implemented in the code of quantum chemistry
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software [133], like Gaussian [155]. As an example of base, we can quote 6-31G which
uses a combination of six Gaussian for the internal electronic layers, and a combination
of three Gaussian and a diffuse function for the valence electronic layers. While the base
6-31G**, more precise, adds 6 primitives of order 2 for the atoms other than hydrogen

[133].

11.4 Density functional theory (DFT)

In 1998, the Nobel Prize in Chemistry was awarded to Walter Kohn for his devel-
opment of the density-functional theory and to John A. Pople for his development of

computational methods in quantum chemistry [L75].

DFT is a method which consists in using the number of electrons per unit volume at
the point in space with coordinate r, also named electronic density n(r), of a N-electrons
system to obtain its energy F[n(r)]. DFT method is based on two theorems established
by Hohenberg and Kohn:

 In the ground state, the electron density no(r) sets the external potential V'[ng].
Therefore, the electron density conditions the Hamiltonian of the system. Conse-
quently, all observables of the system resulting from the electron density can be
known: such as the wave function ¥, the type of atom, or the electronic energy of

the system E [133, 131].

o The minimization of the total system energy (variational principle) established
for the wave function is transposable to the electron density. Thus if the spatial
distribution of the electron density of the system is in the ground state, then the

energy functional is minimal [133]:

min  E[n(r)] = E[no(r)] = Ep (11.13)

n(r)—no(r)
In the DFT case, the Born-Oppenheimer approximation remains valid. So the Hamil-
tonian describing each system is written according to the same formula stated previously
(Equation 11.3). For an N-electron system, the DET problem is solved considering a fic-

tious wavefunction representing non interacting particles but giving the exact electronic
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density electronic density (¥), which determines the state of the system, and spin and

space coordinates (7;) [131]:

n(r) = N/yqz(n,@,--- ) dr, dry, - - dry (11.14)

Then, it is important to specify the main characteristics of the electron density:

n(r = o) =0 (11.15)

/n(r)dr =N (11.16)

The electronic energy of the system E is a density functional and is calculated in the

following way, in the framework of DFT:

E = En,] (11.17)

In the ground state, the energy is a unique functional of ny.

E = Elny (11.18)

A

The energy is expressed according to the kinetic energy (7'[n(r)]) and the electron/electron

~

interaction energy (Ve.[n(r)]), it is the term of repulsion between the electrons, and the

~

electron/nucleus interaction energy (V,,.[n(r)]) [131, 133]:

Eln,| = T[n(r)] + Vee[n(r)] + Vie[n(r)] (11.19)

The equation is also written as [133]:

Eln,] = (U|T + E..|¥) + /dr Vet (1)12(7) (11.20)

For a system with N-electrons, kinetic energy (7'[n(r)]) and the electron/electron in-

teraction energy (Vi[n(r)] or E,.) are written as [133]:

N
T=->V (11.21)
=1
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N N
i=1 j<1 Y

The addition of the two terms T and H gives rise to the universal Hohenberg-Kohn

functional (Fyg[n(r)]). It can be written simply as follows [133]:

Fln(r)] = (¥n()]|T + Ee|¥) (11.23)

Which means that the energy is written:
Eln,] = F[n(r)] + /dr Vet (r)n(T) (11.24)

However, there is a complication: F[n(r)| is unknown. The result is that E[n(r)]
cannot be calculated exactly. Fortunately, it is possible to solve this difficulty thanks
to the second Hohenberg-Kohn theorem, which was mentioned above. Here, we simply
recall that the ground state energy (Fjy) is obtained for the electronic density when the
system is at the ground state of (ng(r)).

11.4.1 The Kohn-Sham equations

Kohn and Sham [176] calculate the energy functional of the system using an expres-
sion close to the Hartree-Fock, and making use of the fictious wavefunction following
the equations (Equation 11.10). The only difference is that the exchange potential, in
Hartree-Fock, is replaced by an exchange-correlation potential (V) in the Kohn-Sham

method [133].

prs = L1y i Za +/ n(r) dr' +V, (11.25)
(2 2 7 |T . 7a,| xc .

A1 TiA

The Kohn-Sham operator (FX5) replaces the Fock operator (F) in the Hartreee-Fock

equationEquation 11.9, which gives:

EfS0i(7) = eipi(7) (11.26)
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So, in the Kohn-Sham theory the electronic energy of the fundamental state of the

system is written [133]:

Eln(r)] = — Z %VQ — Z zk: rZi_j + Z % / |:(_7‘2/|d7" + Ege[n(r)] (11.27)

Now it is necessary to explain that the exchange-correlation potential (V.) is the

functional derivative of the exchange-correlation energy (E..), so it is written [133]:
Vio[n(r)] = =zl (11.28)

From a formal point of view, the Kohn-Sham equation is exact. However, E,.[n(r)]
contains a kinetic contribution. But this poses a consequent problem: it cannot be
known. Consequently this term must be approximated, this is the role of the function-
als which have been developed for this purpose [133]. There are different families of

functionals, some of them are detailed in the next subsection.

11.4.2 The three different families of functions

Local density approximation (LDA). It is the simplest functional. Because it uses
the perfect gas model. This requires the assumption of a uniform electron density. The
disadvantage of its use is that such an assumption misrepresents molecular and most
atomic systems. In fact, it does not adequately reproduce the weak interactions: van
der Walls and hydrogen bonds. Therefore, the dissociation energies are overestimated,

while the bond lengths are underestimated [133].

Generalized Gradient Approximation (GGA). This type of functionals will in-
troduce information on the Vn(r) charge density gradient. This results in a better

estimation of the binding energies, compared to the LDA [133].

Hybrid functionals. This type of exchange-correlation functional allows to correct
the self interaction error generated in DFT. The introduction of percentage of the
Hartree-Fock exact exchange eliminates the repulsion of an electron by itself. We can

cite the example of BSLYP which is one of the most used hybrid functional[l33].
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11.5 Quantum mechanics coupled to molec-

ular mechanics (QM/MM)

In the previous sections, the advantages and limitations of the classical and quantum
approaches have been seen. The first one allows to simulate the structural behavior of
large systems, the second one is able to simulate the formation and breaking of chemical
bonds of smaller systems. But what to do when we want to study the reaction of
an enzyme, for example? The solution is to use a hybrid method, named Quantum
Mechanics/Molecular Mechanics (QM/MM), which aims at coupling the quantum with
the classical approach. To do this, the method separates the system into two regions
(Figure 11.1). One corresponding to a small number of atoms on which a quantum
approach is performed (QM) to simulate the chemical reaction, while The other one
includes all the other atoms on top of which a classical approach is used (MM), because
they do not participate to the chemical reaction [177]. So, the advantage of QM /MM
is the separation of the MM and QM parts of the system. In other words, the classical
approach is performed only on the MM region, keeping the accuracy of the quantum

approach on the QM region, which is the site of interest of the chemical reaction.

MM °

L.} [
[ )
[ 2 . ]
QM 4
[}
L ]
[ ] [ ] f 2 —Q
) { [ ] [ 2 L ]
°

SR BN -

Figure 11.1: Representative diagram of a QM /MM coupling scheme.

In QM /MM the system is characterized by an effective Hamiltonian, which consists of
three terms: QM Hamiltonian, MM Hamiltonian and coupling QM /MM Hamiltonian.
Depending on the case, the QM /MM Hamiltonian can be added or subtracted to the

other two. So the possible equations to obtain the effective Hamiltonian are [133]:

ﬁeff = F[MM + F[QM + ﬁQM/MM (11.29)
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ﬁeff = HMM + f{QM - HQM/MM (11.30)

However, QM /MM presents a problem. Since the two parts of the system are treated
at different level of theory, it becomes difficult to link the two parts together. This
remark is more understandable if we consider a molecule where some atoms are located
in the MM part, while the others are located in the QM part. For example, in the case
of a nucleotide belonging to a DNA, it is possible to put the base in the QM part and
the backbone in the MM part. By doing so, we realize a cut of the molecule at the level
of the C—N bond between the sugar and the base. So two atoms involved in the same
chemical bond are in the QM and tin the MM region, respectively. Thus, the problem
comes from the description of the system at the border between the QM and the MM
part [133].

To answer this problem, the simplest solution is to add a monovalent atom, usually
hydrogen, to the center of the bond located at the boundary [133] to avoid unpaired
electrons or unphysical charge distributions. This is a procedure proposed by M. Karplus.
So, if the A— B bond is at the boundary, the application of this solution results in having
an A—H in the MM part and an H—B bond in the QM part. Generally, it is better
to add the atom in a bond where the A and B atoms are of the same kind, for example

a C—C bond.

The use of QM /MM methods was first proposed in 1976 by Warshel and Levitt [177]
and was the subject of a Nobel Prize awarded in 2013 to Martin Karplus, Michael Levitt
and Arieh Warshel for the development of multiscale models for complex chemical systems

[178].
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CHAPTER 12

in vitro model validation of
G-quadruplexes structure

The study of nucleic acids often requires to know their three-dimensional structure.
Several experimental techniques allow to access it, among the other NMR, X-ray crys-
tallography, or crioelecrtonmicroscopy. However, not all structures are known, either
because no study has been conducted, or because of experimental constraints. Compu-
tational approaches are able to predict the three-dimensional structures. Here, we can
quote AlphaFold [179] which uses Deep Learning to predict the structure of proteins
from their sequence. Unfortunately there is no software as powerful as this one for G-
quadruplexes, and there are comparatively fewer structure solved. For example, a search
in the NDB database [180], specifying only Quadruple Helixz in the Nucleic Acid Struc-
tural Conformation section, returns 365 DNA and 38 RNA G-quadruplexes for a total of
403 structures. So if the structure of a G-quadruplex is not known, it becomes necessary
to use a strategy to determine it. This is what is presented in the following article. More
precisely, the research focuses on an in silico approach explaining the construction and
validation of a model of G-quadruplex structure formed by the RG-1 RNA sequence of
the SARS-CoV-2 genome. The model is first constructed using molecular homology and
validated using a combination of classical molecular dynamics and QM/MM modeling.
The validation strategy is based on the correspondence between the circular dichroism
spectrum obtained experimentally by Zhao et al. [58] and the one that has been calcu-
lated on top of the structures obtained by our molecular dynamic simulations thanks to
QM/MM TD-DFT calculations. In this approach the whole G-quadruplex core has been
considered in the QM partition, other ways to calculate a theoretical circular dichro-
ism spectrum of a macromolecular system exist based on Fragment Diabatization-based

Excitonic (FrDEx) or Frenkel excitonic model [181].
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Structural stability of
G-quadruplexes
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Understanding the mechanisms affecting the stability of G-quadruplexes is, along with
their identification, a subject of great interest. Several studies exist and show different
approaches to study the structural stability of G-quadruplexes. They have highlighted
the importance of the central ion, which is somehow the keystone of G-quadruplexes
since its loss leads to unfolding, and that parallel topology is more easily unfolded than
the antiparallel conformation [182]. Other studies have focused on the involvement of
adenines in the structure of G-quadruplexes. First, the substitution of an adenine in the
quartets does not prevent the formation of a G-quadruplex, but there is a position effect.
Indeed, replacing a guanine of the central quartet by an adenine causes the formation
of a G-quadruplex structure that is not very stable and bimolecular [183]. It has alsop
been shown that the position and the number of adenines present in the loops of G-
quadruplexes influence the formation and the stability of the folding [184, 185], and can
drive the structural conformation of G-quadruplex [186]. Other studies have focused on
the influence of loop size on the structure of G-quadurplexes. They reveal that large-size
loop may influences the syn-anti orientation of guanines present in quartets [187]. But
also that the convention that the maximum length of 7 bases for loops is overrated.
Indeed, Guédin et al. [188] have shown that G-quadruplexes can be formed even in

the presence of a loop exceeding 12 nucleotides; and that it is still possible to form a
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relatively stable G-quadruplex with a 30 nucleotide loop. Further on this topic, loops
do not always appear to be destructured as a single flexible strand. This means that the
loops can also adopt a secondary structure: hairpin, and participate in the formation
of a stable G-quadruplex [189]. Finally, the stability of G-quadruplexes should also be
considered in the framework of DNA lesions, and in particular guanine oxidation and

strand breaks. These are the main focus of this chapter.

13.1 Introduction of oxidized guanine into

G-quadruplex

Guanines represent the keystone of G-quadruplexes, However, guanine is also the most
sensitive nucleotide to reactive oxygen species, its most common oxidation product being
8-0x0-7,8-dihydroguanine (8oxoG) [33, 34, 35]. The introduction of this oxidized form
of guanines in G-quadruplexes has been studied. It has been shown that the structural
impact is dependent on the position of 8oxoG, but that telomeric G-quadruplexes remain
globally stable [190]. The following paper presents a multidisciplinary approach using
molecular dynamics calculations in combination with circular dichroism experiments and
cellular immunofluorescence assays to assess the resistance of G-qudruplexes to oxidative
lesions. The calculations show that the conformation of G-quadruplexes remains globally
stable when a single lesion is introduced. Also that the introduction of a double lesion,
i.e. of two 8oxoG, gives some unfolded structures even if the majority of the structures
remain globally stable. These theoretical results are in perfect agreement with the cir-
cular dichroism curves which highlight the resistance of G-quadruplexes to an increasing
concentration of hydrogen peroxide. Furthermore, immunofluorescence assays reveal a
simultaneous increase between the amount of 8oxoG and G-quadruplex when cells are

exposed to hydrogen peroxide.

The introduction of more than one 8oxoG in a G-quadruplex may seem unlike to occur
in biological conditions since 8oxoG are even more sensitive to oxidation than guanine.
So there should not be several 8oxoG in a G-quadruplex. From a certain point of view,

an 8oxoG 'protect' the structure from oxidation. However, it is quite possible that
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oxidation occurs on the DNA strand before it folds into G-quadruplex. In this case, it
is possible to have several 8oxoG in a G-quadruplex, especially if they are distant in the

sequence.

Personal contribution My involvement in the paper was the part on molecular dy-
namics simulations, as well as their analysis. I also carried out all circular dichroism

measurements.
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13.2 G-quadruplexes resistances to strand

break damage

Strand breaks consist into the cleavage of the phosphodiester bond ___ __ PO, — O —
of DNA backbone. This lesion can be produced by ionizing radiation [27], oxidative stress
[191, 192], or enzymes [193]. In fact, there are several types of strand breaks and they are
treated by different repair pathways [194]. On this subject, the bacterium Deinococcus
radiodurans shows a remarkable resistance to DNA damage induced by ionizing radia-
tion. First of all, it possesses a protein named DdrC which is able to colocalize at the
level of multiple damage sites located on a single DNA strand [195]. This is not the
only resistance strategy employed by the bacterium, as it possesses the ability to repair
non-canonical forms of strand breaks ending in 5 — OH/3" — PO, ends [196]. Further
into the main topic of this thesis, the resistance of D. radiodurans also involves the pres-
ence of G-quadruplex in its genome [52]. Concerning the impact of ionizing radiation on
G-quadruplexes we can point to the work of Kumari et al. [197], in which it is shown that
damage is localized in the G-quadrplexes. When a strand break damage takes place in a
loop, it causes it to open. But their work highlights the resistance of G-quadruplexes core
to ionizing radiation and tends towards the idea that they provide radiation protection.
The effect of ionizing radiation and stand breaks on the stability of G-quadruplexes is
poorly documented, when one looks for a description at the atomic level. In this context,
the following paper proposes a structural study on the effect of introducing one, or more,
strand breaks. It is known that this type of lesions can produce two types of canonical
5 — PO, /3’ — OH, and non-canonical 5" — OH/3" — PO, ends [28]. Thus using molec-
ular dynamics simulations, the study proposed here shows that telomeric G-quadruplex
DNAs are resistant to canonical or non-canonical strand break, even when present at

the quartet level
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CHAPTER 14

G-quadruplexes can promote the
dimerization of proteins.

The article presented here is part of our mobilization at the beginning of the 2020
global pandemic. The work focuses on the mechanism of infection of the SARS-CoV-2
virus. More precisely, the SARS Unique Domain (SUD) is a dimeric protein composed of
two symmetrical monomers. It interacts with the RNA of the host cell, also in the form of
G-quadruplex [198, 199]. The role of the SUD protein is to inhibit the apoptosis signaling
pathway and hence promote cell survival, which leads to increased viral replication and
evasion from the immune system [198]. Thus, SUD is an important topic of interest,
since understanding the mechanisms of its interaction with G-quadruplexes may provide
leads for the design of therapeutic molecules. The research presented below gives a
structural explanation at the molecular level of these mechanisms, and in particular the
role of G-quadrupolexes in promoting the active dimeric form. The analysis of molecular
dynamics simulations reveals two possible modes of interaction. One is an interaction
between G-quadruplex and a single monomer of the protein, the other is an interaction
between G-quadruplex at the monomer/monomer interface. Furthermore, free energy

calculations show that the dimeric interaction favors the active form of the protein.

Personal contribution I created the models of the two starting complexes between
G-quadruplex and the SUD protein and performed the molecular dynamics simulations,

carrying out a series of structural analysis on the trajectories.
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Specific recognition of c-Myc by
DARPin 2E4

Several strategies have been developed in order to identify and localize G-quadruplexes
in cellulo, for analytical or therapeutic purposes. Generally, these involve small molecules
that interact with G-quadruplexes [200, 201, 202]. Also, antibodies have been designed
for the same purpose [203], however, the design of antibodies is often complex. Another
class of protein, named DARPins, has been identified as being able to interact prefer-
entially with G-quadruplexes [204]. DARPins are a class of synthetic protein inspired
by natural ankyrin proteins. More precisely, they are small repeating proteins consist-
ing of a succession of ankyrin motifs: two helices and a loop. Each motif is called a
module. DARPins have an N-terminal module and a C-terminal module, called caps.
Between the caps, there are one or more internal modules that are designed according
to the purpose [205]. DARPins have found multiple applications as cell marker, protein
cap to facilitate crystalography or as therapeutic agent [206, 205, 207]. In 2014 Scholz,
Hansen, and Pliickthun [2041] performed a study highlighting the recognition specificity
of DARPin 2E4 towards the G-quadruplex of the c¢-Myc promoter. The specificity is
extremely well defined experimentally, although the exact mechanism of recognition is
still not known. Accordingly, the following paper presents an approach to provide an
explanation of the mechanisms behind the specific recognition. Our strategy is based
on homology modeling, docking and molecular dynamics simulations. By comparing the
behavior of DARPin 2E4, specific to ¢-Myc, and that of DARPin 2G10, non-specific,
towards three G-quadruplexes: c-Myc, h-Telo and Bel-2. Analysis shows that the speci-
ficity of the 2E4/c-Myc interaction arises from the recognition of a structural motif

induced by a peculiar folding of the c-Myc G-quadruplex.
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It is not enough to strike the ear and occupy the eyes, it is
necessary to act on the soul.

Discours sur le style - Georges-Louis LECLERC, comte de
BUFFON - 1753 — Personal translation

G-quadruplex structure and dynamics represent a rich and varied research topic with
potential applications ranging from medicine to biotechnology. These unique nucleic
acid structures are the subject of much research and multiple national and international
projects have emerged. The aim is not only to understand the biological mechanisms
involving G-quadruplexes, but also to use them in innovative technologies. In this per-
spective, the works presented in this manuscript, realized during three years of thesis,
aims at deepening the knowledge of G-quadruplex structural complexity and the related
properties. In particular, we focus on different aspects of G-quadruplex, ranging from

understanding their structural stability to their interactions with proteins.

The results obtained revealed that the use of multi-approach strategy allows to propose
sounding models of G-quadruplex. In details, a sequence homology search allows to
find the experimentally resolved structure of a G-quadruplex with similarity with the
target. The latter is then used as a basis to reconstruct the G-quadruplex structure
of interest. This model is then subjected to molecular dynamics simulations to find
its conformational landscape. Finally, QM /MM calculations can be performed to obtain
the corresponding theoretical circular dichroism spectrum, which can be easily compared
with the experimental one. The structural model of G-quadruplex is valid if there is a

good matching between the calculated and the experimental spectrum.

8-oxo-guanine or strand breaks have been introduced in the structure of telomeric G-
quadruplex, h-Telo. These are two types of damage caused by reactive oxygen species
and ionizing radiation, respectively. 8-oxo-guanine and strand breaks were introduced
according to the same pattern: singularly or in clusters and at different positions. The
trajectories resulting from molecular dynamics highlight the high structural stability of
G-quadruplexes, even in poresence of lesions. Indeed, the introduction of strand breaks
in the loops or in the quartets does not perturb the structural parameters or the global
conformlation of the G-quadruplex. The introduction of one 8-oxo-guanine lesion slightly

perturbs the structural parameters, but the overall structure remains stable. Only the
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introduction of two 8-oxo-guanines can significantly distort the G-quadruplex structure

and, in few cases, disrupt it.

The importance of G-quadruplex RNA in the dimerization of the SUD protein of
SARS-CoV-2 was also investigated. The analysis of the molecular dynamics evolution
shows two possible binding modes. The first involves a single monomer of the protein
and G-quadruplex. The other binding mode involves two dimers of the protein for which
the G-quadruplex is positioned on both monomers. A free energy calculation on the
SUD/G-quadruplex complex shows that the dimeric interaction is the most stable and
favors the assembly of the SUD protein in its active conformation. The understanding
of this mechanism is very important and provides clues for the development of a possible

treatment to fight effectively against the viral infection.

The specific recognition of the G-quadruplex of the c-Myc promoter by the DARPin
2E4 protein was finally. Previous experimental studies highlighted this specificity. How-
ever, no structural or sequence explanation has been proposed. As a consequence, the
application of molecular docking followed by molecular dynamics simulations on several
possible positions pointed out that the specificity of 2E4 towards c-Myc is due to the

recognition of a structural motif adopted by this G-quadruplex.

Finally, the work presented in this PhD manuscript is part of a research effort enriching
the knowledge on G-quadruplexes. It highlights the high resistance of these particular
structures, as well as the importance and specificity of their interactions with proteins.
Yet the perspectives of this work can be pushed further. Such as establishing the role of
alkali metal cations in the stabilization of damaged G-quadruplexes, by calculating their
interaction energy. Or, sought to perform similar work on the effect of 8-oxo-guanine and
strand breaks can be implemented on G-quadruplex RNA. Thus, it will be possible to
verify if there is a difference in stability between DNA and RNA. But it is also possible to
consider the rational design of DARPins specific to certain G-quadruplex. This will allow
to have an efficient material for the rapid identification or the cellular localization of G-
quadruplexes. There is no lack of research avenues concerning this type of non-canonical

structure of nucleic acids.
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PART 6. CONCLUSIONS

Afterwards, I would like to end this work with this few words from the music

Maintenant je sais by Jean (GABIN :

]

All my youth, I wanted to say « I know ».

But, the more I searched, the less I knew.

]

I'm still at my window, I look out, and I wonder ?

Now I know, I know that we never know !

]

That’s all I know ! But this I know ... !

Personal translation.
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Interview

We know what we are, but know not what we may be.

Ophelia, in Hamlet, Act 4, Scene 5. William Shakespeare.

At the beginning of my second year of thesis, Dominique DALOZ, director of the
C2MP doctoral school, gave me the honor to propose me to realize a profile of my
academic career and my PhD thesis. Questions was led by Caroline SOBOLEWSKI, PhD

Communication Officer at the University of Lorraine.

The interview was published in the University of Lorraine’s news journal, named
Factuel. The following page presents a reproduction of this interview (in french), with

the web links.

With these few lines, I would like to thank Dominique DALOZ and Caroline SOBOLEWSKI

and convey to them all my consideration.
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NOS LABORATOIRES |
[Rencontre] Tom Miclot, doctorant au Laboratoire de physique et chimie théoriques

Publié le 3/11/2020

Tom Miclot, doctorant en deuxieme année de thése, nous présente son parcours et sa these
réalisée en co-tutelle France-Italie.

Quel est ton parcours ?

Mon parcours d'étude est assez atypique. Aprés mon Bac technologie en Physique et Chimie
de Laboratoire, j'ai choisi de m'orienter vers le BTS Biotechnologies au lycée Stanislas a
Villers-Lés-Nancy. C'est lors de ces études que j'ai eu I'opportunité de partir faire un stage de
deux mois dans un laboratoire, a I'Université de Limerick (Irlande). Puis, j'ai intégré la Faculté
des Sciences de Nancy en 2015 ou j'ai obtenu un DEUG et une Licence en Science de la Vie.
Ensuite, jai continué mon cursus en m'inscrivant au Master Biotechnologies - option
Ingénierie Moléculaire. La, j'ai eu un premier contact avec la recherche théorique grace a un
stage de Master 1 au sein du Laboratoire de Physique et Chimie Théoriques. L’année d’apres,
j'ai préparé un sujet de mémoire sur les protéines répétées Armadillo, a I'Université de Zurich
(Suisse). S'ajoute a cela mon entrée au Master d’Epistémologie, Logique et Histoire des
Sciences (MADELHIS) a I'Université des Sciences Humaines et Sociales a Nancy. Je I'ai suivi
a distance et parallélement a la seconde année de mon premier master, ainsi que pendant
ma premiere année de thése en 2019. Aujourd'hui, je plonge dans ma deuxieme année d'une
these que j'effectue en cotutelle entre le Dipartimento di Scienze e Tecnologie Biologiche
Chimiche e Farmaceutiche (Universita degli Studi di Palermo, ltalie), et le Laboratoire de
Physique et Chimie Théoriques (FST Nancy, France).

Je suis également étudiant entrepreneur : je suis porteur d’un projet d’entreprise innovante qui est accompagné par le Pdle
entrepreneuriat étudiant de Lorraine (PEEL). Nous formons une équipe de cing personnes et nous travaillons sur une
nouvelle technologie visant a éliminer plus facilement les perturbateurs endocriniens présents dans I'eau potable. Bien sar,
ce projet n'est encore qu'a un stade embryonnaire. Vu la portée du sujet, nous espérons le voir se concrétiser d'ici quelque
temps.

Sur quelle thématique travailles-tu ?

Mon sujet de thése porte sur I'étude des lésions des acides nucléiques (ADN et ARN) et de leurs interactions avec des
protéines. Afin de mener a bien mes recherches, j'utilise des techniques informatiques qui opérent comme un « microscope
virtuel » permettant d'observer les molécules a I'échelle atomique. Concrétement, jexploite des structures résolues d’acides
nucléiques et de protéines qui proviennent de banques de données telles que la Protein Data Bank ou la Nucleic Acid
Database. Ensuite, j'utilise des logiciels pour modifier la structure d’'un G-quadruplex (une forme particulicre d’ADN a 4
brins) en lui ajoutant des Iésions. Puis, jemploie d’autres outils informatiques capables de donner le comportement des
molécules dans de I'eau. En fait, il s’agit de simulations numériques qui modélisent le mouvement des atomes au cours du
temps. C'est ce que I'on nomme la dynamique moléculaire. Puis, lorsque cela est nécessaire, je réalise des calculs
d’énergie libre sur les modéles issus des dynamiques. Réaliser ce type de calculs permet de connaitre les grandeurs
d’association entre deux molécules. Par exemple, cela permet de savoir si une protéine s’associe préférentiellement avec
un ADN sain, ou avec un ADN lésé.

Pourquoi as-tu décidé de faire une thése en co-tutelle France-ltalie ?

Mes voyages internationaux en Irlande et en Suisse m’ont beaucoup appris, surtout sur la valeur de la Science et le savoir-
faire bati hors de France. Alors, c’est en cosmopolite que j'ai souhaité poursuivre une thése a I'étranger. D’abord, j’ai pensé
a I’Amérique ou a I'Australie. Puis, I'occasion d’'une these en co-tutelle m’a été présentée par Antonio Monari que je
connaissais déja depuis mon stage de Master 1 sous sa supervision. Je fus donc séduit, car j'y ai vu I'opportunité de
prendre part a un projet de recherche s’inscrivant dans une portée européenne et pluridisciplinaire, avec la promesse d’'un
double dipldme décerné par chaque université.

Outre le haut intérét scientifique, la thése en cotutelle est avant tout un échange : elle concrétise I'aspiration justifiée de
chercheurs a fonder un projet commun et marque la volonté d’établir et de valoriser une science libre dans une société
mondialisée. En fait, la co-tutelle symbolise la détermination de plusieurs acteurs visant a promouvoir 'ouverture de la
science, tant a I'échelle locale que dans la dimension internationale.

Que fais-tu en Italie ?

Le LPCT a Nancy est spécialisé en recherche théorique, mais le laboratoire italien dispose d’'un équipement expérimental
important et me permet d’étudier et de caractériser les structures G-quadruplex. En fait, modéles théoriques et expériences
se complétent.

http://factuel.univ-lorraine.fr/node/15443
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APPENDIX

Abstract in french

La structure et la dynamique des G-quadruplex représentent un sujet de recherche
riche et varié dont les applications potentielles vont de la médecine a la biotechnologie.
Ces structures uniques d’acides nucléiques font 'objet de nombreuses recherches et de
multiples projets nationaux et internationaux ont vu le jour. L’objectif est non seulement
de comprendre les mécanismes biologiques impliquant les G-quadruplexes, mais aussi de
les utiliser dans des technologies innovantes. Dans cette perspective, les travaux présentés
dans ce manuscrit, réalisés au cours de trois années de these, visent a approfondir la
connaissance de la complexité structurelle des G-quadruplexes et des propriétés associées.
En particulier, nous nous concentrons sur différents aspects des G-quadruplex, allant de

la compréhension de leur stabilité structurelle a leurs interactions avec les protéines.

(a) (b)

Figure 1: (a) Quatret de guanine (b) superposé a deux autres quatets dans un arrangement G-
quadruplex stabilisé par la présence de cations de métaux alcalins (M représentés par des spheres
jaunes).
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Les résultats obtenus ont révélé que 'utilisation d’une stratégie multi-approche permet
de proposer des modeles solides de G-quadruplex. En détail, une recherche d’homologie
de séquence permet de trouver la structure résolue expérimentalement d’un G-quadruplex
ayant une similarité avec la cible. Cette derniere est ensuite utilisée comme base pour
reconstruire la structure du G-quadruplex d’intérét. Ce modele est ensuite soumis a des
simulations de dynamique moléculaire pour trouver son paysage conformationnel. Enfin,
des calculs QM /MM peuvent étre effectués pour obtenir le spectre de dichroisme circu-
laire théorique correspondant, qui peut étre facilement comparé au spectre expérimental.
Le modele structurel du G-quadruplex est valide s’il y a une bonne correspondance entre

le spectre calculé et le spectre expérimental.

A) B)
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Figure 2: (A) Spectre ECD expérimental, d’aprés Zhao et al. [58] et simulé de la séquence de 'ARN
RG-1. Notez que le spectre simulé a été décalé de maniere homogene de 40 nm. Le spectre simulé est
obtenu par QM /MM au niveau TD-DFT avec la fonctionnelle M06-2X et la base 6-31G(d), en calculant
60 états excités. (B) La partition QM choisie est mise en évidence dans la représentation de la boule et
du baton, tandis que le squelette G4 et les bases pendantes sont représentés dans le dessin animé.

La 8-oxo-guanine ou les ruptures de brin ont été introduites dans la structure du
G-quadruplex télomérique, h-Telo. 1l s’agit de deux types de dommages causés re-
spectivement par les especes réactives de l'oxygene et les rayonnements ionisants. La
8-oxo-guanine et les ruptures de brin ont été introduites selon le méme schéma : de
maniere singuliere ou en grappes et a des positions différentes. Les trajectoires issues
de la dynamique moléculaire mettent en évidence la grande stabilité structurale des G-
quadruplexes, méme en présence de lésions. En effet, I'introduction de ruptures de brins
dans les boucles ou dans les quatuors ne perturbe pas les parametres structuraux ni la
conformation globale du G-quadruplexe. L’introduction d’une lésion de 8-oxo-guanine
perturbe légerement les parametres structuraux, mais la structure globale reste stable.
Seule I'introduction de deux 8-oxo-guanines peut déformer significativement la structure

du G-quadruplex et, dans quelques cas, la perturber.
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Figure 3: (a) La stabilité structurelle des quadruplexes de guanine en présence de lésions oxydatives est
révélée par des simulations de dynamique moléculaire, la spectroscopie CD et 'immunofluorescence. (b)
Distribution de 'angle de torsion pour des structures représentatives de I’ADN endommagé (panneaux
supérieurs) par rapport a celles de la structure native (panneaux inférieurs).

L’importance de TARN G-quadruplex dans la dimérisation de la protéine SUD du
SRAS-CoV-2 a également été étudiée. L’analyse de 1’évolution de la dynamique molécu-
laire montre deux modes de liaison possibles. Le premier implique un seul monomere
de la protéine et le G-quadruplex. L’autre mode de liaison implique deux dimeres de la
protéine pour lesquels le G-quadruplex est positionné sur les deux monomeres. Un calcul
d’énergie libre sur le complexe SUD/G-quadruplex montre que Iinteraction dimérique
est la plus stable et favorise I'assemblage de la protéine SUD dans sa conformation
active. La compréhension de ce mécanisme est trés importante et fournit des indices
pour le développement d’un éventuel traitement permettant de lutter efficacement con-

tre I'infection virale.
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Figure 4: (a) Profil d’énergie libre 2D décrivant l'interaction avec ’ARN et la dimérisation de SUD.
Des instantanés représentatifs sont également fournis, décrivant le minimum principal (b), le minimum
secondaire (c) et une conformation SUD ouverte (d). La position des instantanés sélectionnés sur la
carte PMF est également indiquée en rouge.

Enfin, la reconnaissance spécifique du G-quadruplex du promoteur c-Myc par la pro-
téine DARPin 2E4. Des études expérimentales antérieures ont mis en évidence cette
spécificité. Cependant, aucune explication structurelle ou séquentielle n’a été proposée.
En conséquence, 'application de docking moléculaire suivi de simulations de dynamique
moléculaire sur plusieurs positions possibles a mis en évidence que la spécificité de 2E4
envers le c-Myc est due a la reconnaissance d’un motif structural adopté par ce G-

quadruplex.

DARPin paratope c-Myc G4 epitope paratope/epitope specific recognition

Figure 5: Les DARPins sont des protéines capables de reconnaitre spécifiquement les G-quadruplexes.
Leur petite taille combinée a leur facilité de conception en fait un bon concurrent des anticorps pour
I'identification et la localisation des G-quadruplexes. En utilisant des calculs de dynamique moléculaire,
nous montrons que la sélectivité des DARPins envers les G-quadruplexes est obtenue par la reconnais-
sance d’un motif structurel adopté par le pliage du filament d’ADN.
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Enfin, le travail présenté dans ce manuscrit de these s’inscrit dans un effort de recherche
enrichissant les connaissances sur les G-quadruplexes. Il met en évidence la grande ré-
sistance de ces structures particulieres, ainsi que I'importance et la spécificité de leurs
interactions avec les protéines. Pourtant, les perspectives de ce travail peuvent étre
poussées plus loin. Par exemple, établir le role des cations de métaux alcalins dans la
stabilisation des G-quadruplexes endommagés, en calculant leur énergie d’interaction.
Ou encore, chercher a réaliser un travail similaire sur 'effet de la 8-oxo-guanine et des
ruptures de brins peut étre mis en uvre sur ’ARN G-quadruplexe. Ainsi, il sera possible
de vérifier s’il existe une différence de stabilité entre TADN et ’ARN. Mais il est égale-
ment possible d’envisager la conception rationnelle de DARPins spécifiques a certains
G-quadruplex. Cela permettra de disposer d’'un matériel efficace pour l'identification
rapide ou la localisation cellulaire des G-quadruplexes. Les pistes de recherche ne man-

quent pas concernant ce type de structure non canonique des acides nucléiques.
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Modeling the influence of DNA lesion on the

regulation of gene expression

Tom MIicLOT

Nucleic acids are organic macromolecules that result from the polymerization of
nucleotides. These molecules are generally considered as the support of the genetic
information. Two families of nucleic acids are currently known: DNA and RNA.
From a structural point of view, the most popular form is the double helix of DNA.
However, other forms exist and among them are the G-quadruplex. This is a fold-
ing of the DNA, or RNA, in an area rich in guanines. These form quadruplex of
guanines, which are stacked on top of each other and are stabilized by a central
cation. G-quadruplex structures are increasingly studied. This is not surprising
since their biological role involves the regulation of genetic mechanisms. They are
notably involved in the regulation of the cell cycle, but they also play a role in can-
cer, certain neurological or viral diseases. The aim of this PhD thesis is to study
G-quadruplex using theoretical chemistry tools. The three years of work raise very
important points for the research on G-quadruplex. First, the modeling of a theo-
retical G-quadruplex structure can be achieved by sequence homology and validated
by calculations of a theoretical circular dichroism spectrum. Consequently, it is
possible to use these tools to propose and use a G-quadruplex structure if it is not
yet experimentally solved. Then, the work done shows that G-quadruplex form a
very stable folding since they are globally conserved even when 8-oxo-guanine or
strand breaks lesions are introduced at the quartets. Then, the paper focuses on the
interaction between G-quadruplex and proteins. It highlights the important role
of G-quadruplex RNA in the infection of the viral pathogen SARS-CoV-2. This
RNA promotes the dimerization of the SUD protein of the virus, which in turn is
responsible for the disruption of the immune system. Finally, this thesis provides a
structural explanation for the specific interaction between the DARPin 2E4 protein

and the G-quadruplex of the c-Myc promoter.

Keywords G-quadruplex, Interaction DNA-protein, Damaged DNA, Molecular dynamic
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