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General introduction

The advent of higlspeed computers, availability of sophisticated algorithms,
and state ofthe-art computer graphics have made plausible the use of
computationally intensive methods such as quantum mechanics, molecular
mechanics, and molecular dynamics slations to determine those physical and
structural properties most commonly involved in molecular processes. The power of
molecular modeling rests solidly on a variety of well established scientific disciplines
including computer science, theoretical chistny, biochemistry, and biophysics.
Molecular modeling has become an indispensable complementary tool for most

experimental scientific researdh].

Molecular modeling is focused on applying the fundamental laws of physics
and chemistry to thestudy of molecules. The ultimate aim is to create models and
simulations, which can help by predicting, rationalizing, and estimating the properties
of molecules and their interactions. Today, computational techniques performed by
powerful computers haveavolutionized molecular modelling to the extent that most

calculations could not be perforndewithout the use of a computdp].

It allows chemists to study chemical phenomena by running calculations on
computers rather than by examining reactions andnp@unds experimentally. Some
methods can be used to model not only stable molecules, but also -thed,
unstable intermediates and even transition states. In this way, they can provide
information about molecules and reactions, which is impossible t@iabthrough
observations. Molecular modelling and computational chemistry is therefore both an

independent research area and a vitdjanct to experimental studiel2].

Quantum chemistry methods play an important role in obtaining molecular
geometries and predicting various properties [3]. To obtain highly accurate

geometries and physical properties for molecules that are built from electronegative

M p



General introduction

elements, expensive ab initio/HF electron correlation methods are requiregl.[4
Density functional theor methods offer an alternative use of inexpensive

computational methodswhich could handle relatively large moleculesl1f]

Quantitative structureg activity relationships (QSARs), as one of the most
important areas in chemometrics [17]. QSARs areuite sof tools used to link
chemical activities with molecular structure and composition [18], and is actively
used in drug design [19, 20]. The concept of using QSARs to link structure and activity
was introduced over 100 years ago and subsequently widebd in medical and
biological research [21,22]. To develop a QSAR model, several statistic methods can

be used [23].

Druglikeness is a qualitative concept used in drug design, which is estimated
from the molecular structure before the substance is ewsymthesized and tested.
The calculation of drufike property can give us better assumption of biological
activity of certain molecule. The theoretical calculation and maintain of certain
properties of a molecule can fulfill the parameters which are esaend show
certain biological activity. Lipinski's rule of five is a rule of thumb to evaluate
druglikeness or determine a chemical compound with a certain pharmacological or

biological activity that would make it a likely orally active drug in humans [24

Druglikeness appears as a promising paradigm to encode the balance among
the molecular properties of a compound that influences its pharmacodynamics and
pharmacokinetics and ultimately optimizes their absorption, distribution, metabolism

and excretn (ADME) in human body like a dr[&p, 26].

Molecular physicochemical and the drigeness are the two most significant
properties to be considered for a compound to become a successful drug candidate.
It is also important for drug development where plnarmacologically active lead
structure is optimized stejise for increased activity and selectivity, as well as drug

fA1S LINRPLISNIASE d RSaAaONAROSR o6& [ALAYa]



General introduction

Nowadays the main objective of these studies is to predict biological activity o
In-silicodesigned compounds on the basis of already synthesized compounds [28].
The molecular modeling and QSAR calculations are used in many fields specially,
physics, chemistry, biology, material science as well asdigngineering and drug
design[29-36].

Multiple linear regression (MLR), which is one of the most common and
simplest method for constructing QSAR models, was used in this stud393.7The
advantage of MLR is that it is simple to use and the derived models are easy to

interpret.

The useful properties of macrolides range from perfumery to biological and
medecinal activity. The new finding in the field of antitumour active and other
antibiotic macrolides, together with pheromones and plant growth regulators with
macrolactone framewrk, are an inspiration to chemists to study macrolides. The
GSNY aYFONRtARSE Aad dzaSR (2 RSAONAROGS RI
more elements. [40]

Our work is placed in the context of fundamental and original research en 14
membered mawmlides and their derivatives, the main objective of this work is the

application of different methods of molecular modeling to predict the chemical

reactivity and biological activities expected in new bioactive molecules studied.

The structure of the mmory, composed by three chapters, has been
conceptually divided into two differentiated parts. On one hand, the theoretical
background section, which is composed by chapter 1 and chapter 2. On the other
hand, chapter 3and chapter 4devoted to applicatios and results, deepens into

specific practical applications.
Next, the content of the chapters is briefly described

x  CHAFRER 1:Classification and pharmacological properties of macrolides and

ketolides



General introduction

The first chapter is divided into three parts: inetHirst part, we present
generalities ofthe macrolides. In the second part, we will show, on generalities
regarding Discovery and physicochemical properties of Erythromycin. The third part
studies the ketolides and the structural comparison betweenrttaerolides and the

ketolides.

x  CHAFRER 2Molecular Modeling
This chapter contains the main concepts and definitions related to
computational methods (quantum mechanics methods, Serampirical methods

and molecular mechanics methods).

x  CHAHRER 3Geometric, Electronic Structure and Substituent effects of
14-a S Y 6 S NEBnsatutated Macrolides.

The third chapter contains a structural, electronic and energetic study of 14
membered macrolides and its derivatives. In ttimpter we present the results of a
comparative study on two methods used in the calculation of PM3 and ab initio, as
well, the substitution effect on energy and electronic parameters of the basic nucleus

of 14- membered macrolide.

x CHAPTER Druglikeness properties and Structure activity Relationships of
14- Membered Macrolides.

In the last chapter We highlights the importance of a qualitative study of
structure-property relationships and drug likeness proprieties of a bioactive series of

14- membered macrolide derivatives.

Finally, we establish a quantitative relationship between physiochemical
properties and biological activity of a series of bioactive derivatives offeinbered

macrolides (QSAR Model).

My
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This thesiss based on the following original publication:

K. Zitouni, S. Belaidi, A. Kerass€ONFORMATIONAL ANALYSIS AND QSAR
MODELING OF IMEMBERED MACROLIDE  ANALOGUES  AGAINST
MYCOBACTERIUM TUBERCULOSisidam Appl Scil2(3), 1035L066,(2020).
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ketolides.

1. THE MACROLIDES
1.1 Introduction

The term macrocycle refers to medidmnd largering compounds, with, respectively,
8¢11 and 12 or more atoms in the ring. Macrocyclic structures that have one or more ester
linkages are generally referred to as macrolides or macrocyclic ring lactorsmnéncases,
macrocyclic lactams have also been described as macrolides. Originally macrolides denoted a
class of antibiotics derived from species of Streptomyces and containing a highly substituted
macrocyclic lactone ring aglycone with few double bondd ane or more sugars, which
may be aminosugars, namtrogen sugars or both [1]. To our knowledge the largest naturally
occurring macrolides are the @@embered quinolidomicins6é and the largest constructed

macrolide is the 44nembered swinholide [2].

In 127 Kerschbaum isolated the first macrocyclic lactones, Exaltdlide®
ambrettolide 2, from angelica root and ambrette seed oil, respectively [3]. The discovery of
these vegetable musk oils aroused interest in finding synthesis routes to these and related
macrolides owing to their commercial importance in the fragrance industry [4]. Even today
Exaltolide® is one of the most widely produced macrocyclic musk lactones. The production
was estimated at 200 tons in 1996. The importance of macrocyclic musksdasing due to

their ready biodegradability [5].

The great breakthrough in macrolide chemistry came in 1950 when Brockmann and
Henkel isolated the first macrolide antibiotic picromy@ifrom an Actinomyces culture [6].
Apres les années 1970, la décette des nouveaux macrolides augmente rapidement. Le
nombre des macrolides isolés a partir des sources naturelles est environs de 400 composes,

ce nombre devenu plus de 2000 composés dans les années 2000 [7].
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Exaltolidel ambrettolide 2 picromycin 3

Figure 1.1 chimical Structure of macrolides (1), (2) and (3).

The tremendous interest in macrolide chemistry can be understood if one takes a look
at the diversity of the structures and physiological effects of macrolides. Natural products
containing a macrolactone framework are found in plants, insects, and bacedahey
may be of terrestrial or marine origin. The useful properties of macrolides range from
perfumery to biological and medicinal activity. The new findings in the field of antitumour
active and other antibiotic macrolides, together with pheromonesd aplant growth

regulators with macrolactone framework, are an inspiration to chemists to study macrolides

[1].

Macrolide antibiotics play a therapeutically important role. They are regarded as
among the safest of antibiotics and they have successfully hesea to treat infections
caused by granpositive organisms and certain gramegative and anaerobic bacteria.
Natural macrolide antibiotics can be classified according to the size of the aglycone ring
[8].The most commonly used macrolide antibiotics, ergthycin and josamycin, belong to

the groups of 14nembered and 16membered ring derivatives, respectively [9].
1.2. Nomenclature of macrolides

The nomenclature of macrolides is anything but straightforward. Trivial names are

widely used, especially for haally occurring macrocyclic lactones.
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According to IUPAC rules, macrolides as well as other lactones formed from aliphatic
 OAR& &aK2dAZ R 06S yIFrYSR 0608 FRRAYy3 a2t ARSE | a
same number of carbon atoms. The nibening starts from the ester carbonyl carbon. The
IUPAC rules also give an alternative way of naming lactones based on the rules for naming
heterocycles. According to this rule the lactones are named as oxacyclo ketones and the
numbering starts from the nig oxygen (table 1.1). The AutoNom [10] naming program uses
GKA&a fFGGSNI NHz S | f GK2dAAK GKS a2t ARSE yI YA
example, Figure 1.2 shows the alternative names of two macrolides. The macrolide

structures of this worlare sometimes identified by their trivial names.

o o _
© o)
Undecanolide (3Z,11SB-Dodecenll-olide
Oxacyclododeca@-one (4Z2,12S)12-Methyl oxacyclododed-en-2-one

Ferrulactone I(trivial name)

Figure 1.2Examples of naming simple macrolides

Trivial name IUPAC name

Ambrettolide (Z2)7-hexadecenolide
Civetone (Z2)9-cycloheptadeceri-one
Muscone 3-methylcyclopentadecai-one
Exaltolide pentadecanolide

Table 1.1systematic names of selected macrolides
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The chemistry of macrocyclic compounds originated in 1926 when Rufitka
elucidated the structures of civetone 4 and muscone 5 as {amge ketones ( figure 3).
ST2NBE GKAa GAYS AdG o6l a o06StASOSR 2y -ink$S
compounds would be too unstable to exist because the internal kamgles in large planar
rings do not have tetrahedral geometry. In fact, large rings are able to adopplam@ar

conformations and they are flexible and almost strain free [4].

\\\\\\\\\

civetone4 musconeb

Figure 1.3structures of civetone and muscone

1.3 Chemical structure of macrolide s and classification

The macrolideshaving a monolactonering can havevariousring sizes up to #®2
membered ring(figure 1.5). The macrolidescan be classified intdour classes :simple

macrolidespolyenicmacrolides, macropolylideand nitrogenousnacrolides (azalides).

The tremendous interest in macrolide chemistry can be understood if one takes a look
at the diversity of the stictures and physiological effects of macrolides. Natural products
containing a macrolactone framework are found in plants, insects, and bacteria and they
may be of terrestrial or marine origin. The useful properties of macrolides range from
perfumery to bological and medicinal activity. The new findings in the field of antitumour
active and other antibiotic macrolides, together with pheromones and plant growth

regulators with macrolactone framework, are an inspiration to chemists to study macrolides
[1]

Antibacterial agents, or antibiotics, are a class of a much larger group of compounds
called antimicrobial agents. Antibiotics used to refer to only naturally occurring molecules
produced by a variety of microorganisms [13]. Macrolides belong to one of thst m

commonly used families of clinically important antibiotics used to treat infections caused by
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Grampositive bacteria such as Staphylococcus aureus, Streptococcus pneumoniae and
Streptococcus pyogenes. [14; 15] Chemically, macrolides are representetifyl5 or 16
membered lactone ring carrying one or more sugar moieties and additional substitutions

linked to various atoms of the lactone ring, (Figure 1.4) [14].

o Clarithromycin

Azithromycin

\\\\\\\\\

e My

HQ HO
o, N(CHy) e N(CHs)
\\\\\ ///O \Z&s 2 1y, o 3)2
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Figure 1.4Chemical structures of th&4-, 15 or 16memberedmacrolide antibiotics.
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First row: drugs of thdirst generation (erythromycin) and second generation-(14
membered ring clarithromycin and #embered ring azithromycin). Second row: ketolides,
the macrolides of the third generation. Third row: examples ofnid@nbered ring
macrolides. The wide varietyof macrolide structures in nature can be appreciated just by

looking at some examples of different types of macrolide antibiotics (Figure 1.5) [16; 17].

a: Methymycin b : Chainin
[¢]
OH o)
O O O
(0]
HO Z o

d: Zearalenone

MeO,

f: Carpaine

(o} 0
O{ }O
0 0

(0]
g: Cytochalasan B h : Pyrenophorin

WwOH

Figure 1.5Examples of macrolide antibiotica: polyoxamacrolide,b: polyenemacrolide ,C:
ionophoremacrolide, dY -résorcyclic acid macrolideg: ansamycins f: alkaloid macrolidesg:

macrolide cytochalasans, aldmacrotetranolides.

HY
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1.4 The need for novel antibacterial agents

The prevalence of drug resistant bacteria is growing at an alarming rate in both
developing and developed countries [18]. From thigestaent alone, it should be clear that
the need for the development of novel antibacterial agents is of utmost importance. In the
current antibacterial drug pipeline, there is only a miniscule glimmer of hope. This rapid
increase in resistant bacteria coepl with the slow development of novel agents has lead
a2YS SELISNIAE G2 OFtf (KAEIADMES A DK S NI RE 6 yom
perpetual need for new antibiotics. Most drugs will be just as effective in the future as they
are today, but tlt is not the case with antibiotics. Eventually, the inevitable rise of
NEaA&GlIyOS gAff SNBRS (GKS dziaAfAde 2F G2RI @
this supply problem by discouraging antibiotic development [19].

First, antibiotics a used in smaller quantities than other drugs. The standard
antibiotic course lasts only weeks compared to treatment for chronic illness which can last a
lifetime. Therefore, antibiotics yield lower revenues than most drugs. Second, the use of
newly approed antibiotics is often limited to serious bacterial infections. The third reason is
an increase in regulatory requirements to get a drug licensed, which makes clinical trials cost
prohibitive. However, most newly approved drugs can be prescribed to almdy benefit
from their use. These factors ultimately result in this quandary: Resistance is on the rise
while antibiotic discovery and development are on the decline. Having new antibiotics
approved for use is a great thing, but those antibiotics whitilza the same mechanism of
action as previously approved drugs always run the risk of increasing the rate of resistance
[13].

1.5 Macrolide -binding site in the ribosome

The discovery of the significance of (hetero) aryl anchored at the terminus of a
suitable linker enable us design the novel macrolides capable of interacting with a new
binding site of bacterial ribosome [20]. The general location of the macrolide bisdagn

the large ribosomal subunit has been initially mapped using a combination of biochemical

H
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and genetic methods [14]. Nonetheless, the details of the molecular interactions of the
various classes of macrolides with the ribosome have just startecherge with the release
of several crystallographic structures of the archaeal and bacterial large ribosomal subunits
and their complexes with antibiotics [14]. Because the polar groups locate on the frontal
face of the aglycone and most of the alkyl groupstall on the other face, the two sides of
the macrolides present hydrophilic and hydrophobic properties, respectively. The
hydrophobic side is believed to make van der Waals contacts with hydrophobic areas on the
peptide tunnel wall. Recently, comparisoof reduced efficacy of 4,8,itfidemethyl
telithromycin and 4,10 didemethyl telithromycin with parent telithromycin undoubtedly

gave new sight into the important function of these methyl groups [20].

A macrolide molecule is coordinated in its bindintg &ly multiple hydrophobic and
hydrogen bonds (and possibly, a covalent bond in case of sommeh@bered ring
macrolides) between its functional groups and 23S rRNA [14]. These interactions with RNA
account for most of the free energy of drug binding. ¢idi@ion, some macrolides can reach
ribosomal proteins L4 and/or L22. The mucinose sugar of tylosin interacts with L22 and the
furosamine residue of spiramycin interacts with L4. The proximity of these proteins to the
macrolide binding site explains why natibns in L22 and L4 protein genes can render cells

resistant to macrolides [14].

1.6 Modes of inhibition of protein synthesis by macrolides

The precise mechanism of protein synthesis inhibition by macrolides depends on the
specific chemical structure afhe drug molecule. This affects its interaction with the
ribosome as well as the mode of the inhibitory action. Four modes of inhibition of protein

synthesis have been ascribed to macrolides [14]:

1) Inhibition of the progression of the nascent peptide chain during early rounds of
translation [21];

2) Promotion of peptidyl tRNA dissociation from the ribosome [22];

3) Inhibition of peptide bond formation;

4) Interference with 50S subunit assembly [15].
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All of these mechanisms have some correlation with the location of the macrolide

binding site on the ribosome [14].

Most macrolides are weak bases and are unstable in acids. The action of macrolides
can be bactericidal or bacteriostatic, the effect dependingl@concentration and the type

of microorganism targeted by the drug.

Macrolides bind to the 50S subunit of the bacterial ribosome and inhibit the
transpeptidation and translocation process, causing premature detachment of incomplete
polypeptide chains. Ae antimicrobial spectrum of erythromycin is very similar to penicillin;

it has proved to be a safe and effective alternative for peniesdinsitive patients.

Macrolides are effective against Gragpositive bacteria and spirochetes but not
against most @Gam-negative organisms, the exceptions being Neisseria gonorrhoeae and
Haemophilus influenzae. Mycoplasma pneumoniae, Legionella species and some chlamydial

organisms are also susceptible.

The macrolides are administered orally and intravenously. Thdysdifreadily into
most tissues, but do not cross the blcbdain barrier; additionally there is poor penetration
into synovial fluid. The majority of side effects associated with macrolides are mild and
transient. As a class they are generally welltoledat€he most common complaints involve
the gastrointestinal tract and include diarrhea, nausea, vomiting and abdominal pain.
Patients may complain of an abnormal or metallic aftertaste. Hepatotoxicity is a very rare

but serious side effect associated withetestolate salt of erythromycin [23].

1.7 Antibiotic Resistance

Resistance is defined as the relative insusceptibility of a microorganism to a particular
treatment under a particular set of circumstances [24]. Some researchers believe that
resistance isan ecological phenomenon stemming from the response of bacteria to the

widespread use of antibiotics and their presence in the environment.
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They believe that the rise in the frequency of antibiotic resistance among pathogens
daK2dzZ R 0SIAINBHDI 0ABOZMY ¢ YR addzZaA3Sad al O0O2YY
Macrolides inhibit protein synthesis by interacting with bacterial ribosomal RNA.

Two distinct mechanisms have been responsible for the majority of macrolide resistance
observed in clinidaisolates. The first mechanism involves the production of a ribosomal
methylase. This enzyme methylates a specific adenine residue on the ribosomal RNA thus
preventing binding of the macrolide, lincosamide and streptogramin B (MLSB) and conferring
MLSB rsistance. The methylase is the product of a family of genes called erm that can be
inducibly regulated or constitutively expressed. The second mechanism involves a family of

genes called mef and is commonly referred to as efflux resistance [25].
Bacteriaresist macrolide and lincosamide antibiotics in 3 ways:

1 Through targesite modification by methylation or mutation that prevents the
binding of the antibiotic to its ribosomal target,

1 Through efflux of the antibiotic,

1 And By drug inactivation. These aimanisms have been found in the macrolide and
lincosamide producers, which often combine several approaches to protect
themselves against the antimicrobial that they produce. In pathogenic
microorganisms, the impact of the 3 mechanisms is unequal in te&fmscidence

and of clinical implications [26].

The extensive use of these antibiotics has led inevitably to the spread of resistant strains.
Expression of some of the resistance determinants is inducible by macrolides. Of particular
interest are Erm metyltransferases, which specifically methylate a unique nucleotide within
the macrolide binding site. The mechanism of Erm induction depends on ribosome stall
within the translated regulatory open reading frame preceding the Erm cistron, and is
apparently absely related to the general mode of macrolide action on protein synthesis.
However, the details of the mechanism of Erm induction are not known [14]. Equally
important, the study of arising macrolide resistance shed light on how to fight against

mutation of pathogens [20].
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1.7.1 Macrolide action and drug resistance:

Macrolides inhibit protein synthesis by interacting with bacterial ribosomal RNA. Two
distinct mechanisms have been responsible for the majority of macrolide resistance
observed in clinicalsolates. The first mechanism involves the production of a ribosomal
methylase. This enzyme methylates a specific adenine residue on the ribosomal RNA thus
preventing binding of the macrolide, lincosamide and streptogramin B (MLSB) and conferring
MLSB restance. The methylase is the product of a family of genes called erm that can be
inducibly regulated or constitutively expressed. The second mechanism involves a family of

genes called mef and is commonly referred to as efflux resistance [25].
Bacteria rest macrolide and lincosamide antibiotics in 3 ways:

1) Through targetsite modification by methylation or mutation that prevents the
binding of the antibiotic to its ribosomal target,
2 Through efflux of the antibiotic, and
(3) By drug inactivation.

These mechanisms have been found in the macrolide and lincosamide producers,
which often combine several approaches to protect themselves against the antimicrobial
that they produce. In pathogenic microorganisms, the impact of the 3 mechanisms is

unequal n terms of incidence and of clinical implications [26].

The extensive use of these antibiotics has led inevitably to the spread of resistant
strains. Expression of some of the resistance determinants is inducible by macrolides. Of
particular interest are En methyltransferases, which specifically methylate a unique
nucleotide within the macrolide binding site. The mechanism of Erm induction depends on
ribosome stall within the translated regulatory open reading frame preceding the Erm
cistron, and is appargly closely related to the general mode of macrolide action on protein

synthesis. However, the details of the mechanism of Erm induction are not known [14].

Equally important, the study of arising macrolide resistance shed light on how to fight

against maation of pathogens [20].
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2. Discovery and physicochemical properties of Erythromycin
2.1 Discovery

Erythromycin is a macrolide antibiotic, first discovered in 1952. It is produced by an
actinomycete originally isolated from a soil sample from the island of Panay in the Phillipine
Archipelago. The actinomycete was identified as a strain of Streptomyggisreus by
Waksman and Henrici [27, 28]. The antibiotic, erythromycin, was isolated from this

actinomycete by McGuire et al in the Lilly Research Laboratories, U.S.A. [29].

2.2 Chemistry

Not only does Streptomyces erythreus produce erythromycin (known as
erythromycin A), it has also been found to produce other antibiotics, namely erythromycin B
[30]. and erythromycin C [31Thus, erythromycin base occurs as a mixture of erythromycin
A, which is the major component, and smaller amounts of erythromycindBeaythromycin
C. By means of chromatography and the specific preparative techniques, erythromycin A, B

or C may be selectively extracted from the mixture [32].

The work of a number of authors has lead to the elucidation of the chemical
structure and steeochemistry of erythromycin [31]. Erythromycin is a polyhydroxylactone
containing two sugars. The aglycone portion of the molecule is erythranolide,-a 14
membered macrocyclic lactone ring. Attached to the lactone ring, \giy@sidic linkages
are two su@rs: Lcladinose (2,38rideoxy-3-methoxy-3-GmethylL-ribo-hexose), a sugar
unique to the erythromycin molecule and-d2sosamine (3,4;6ideoxy-3- dimethylamine
D-xylo-hexose), the portion conferring the basic character to erythromycin, attached at
postions C3 and C5 respectively [31] The hydroxyl groups at positions ell and C12 are in the
cis position [31]. Figurd.6 depicts the chemical structure of erythromycin A and its

components.

Erythromycin B differs from erythromycin A by a hydrogen attachedhe C9

position as opposed to the hydroxyl group found in erythromycin A. In erythromycin C the L
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cladinose sugar found in erythromycin A is replaced by a nonrnethoxylated mycarose [31].
Hung, Marks and Tardrew have synthesized erythromycin A, BanoihrCefiythranolide A
[33]. Figurel.6depicts the proposed pathway for the synthesis of erythromycins A, Band C.

- O_R1
T 1" 3"
Cla=
OH
a-L-Cladinosyl
\ -
N
HOIin 3L\‘\\
Des = __m
Erythranolide B-D-Desosaminyl
R R
Erythromycin A OH CH
Erythromycin B H CH
Erythromycin C OH H

Figurel.6 Chemicaktructure of erythromycin A and its components

2.3 Physical Properties

The active form of the drug is erythromycin base. Erythromycin base,
(C37H67N013.H20, molecular mass = 733.90) is an odourlessitédtieg, white crystalline
compound [34]. lis very slightly soluble in water (2mg/ml) and ether, but is freely soluble in
alcohols, methanol, acetone, chloroform, acetonitrile and ethyl acetate [31, 34]. A list of

solubilities of erythromycin are depicted in Table 1.2.

Whilst there is some controvey over the states of the polymorphic forms of
erythromycin base, it is generally accepted that erythromycin occurs in a number of
polymorphic forms: as an amorphous form, a hydrate (both moaond di) or as an

anhydrate crystalline form [35]. In additpthe dihydrate has been shown to exist in three



CHAPTER 1: Classification and pharmacological properties of macrolides and
ketolides.
polymorphic forms [36]. However, Bauer et al [37] have Buggested that titalkm mone

and dihydrates are in fact pseudomorphs containing entrapped water.

solvent mg/ml
Isooctane 0.477
Petroleum ether 4.69
Cyclohexane 0.2
Carbon disulfide 5.05
Carbon tetrachloride >20
Toluene >20
Benzene >20
diethyl ether >20
Chloroform >20
Ethylene chloride >20
Methyl ethyl ketone  >20
Acetone >20
1,4-Dioxane >20
Isoamyl acetate >20
Ethyl acetate >20
Isoamyl alcohol 9.65
Pyridine >20
Formamide >20
Benzy | alcohol >20
Isopropanol >20
Ethanol >20
Methano >20
Ethylene glycol >20
Water 2.1

Table 1.2Solubilities of Erythromycin
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The various polymorphic forms have been reported to affect the solubility of
erythromycin, with the dihydrate rapidly dissolving whilst the anhydrate is poorly soluble
due to its hydrophobic nature and poor wettability [35]. Erythromycin base has a melting
point of between 137°C 140°C and a specific rotation, [a)250 ¥PC and 78° (c = 2' -
ethanol). The anhydrous base has a melting point of 1901G@3°C [31]. Erythromycin
estolate has also been shown to exist in two polymorphic forms: crystallin@imadphous,

with a slightly crystalline intermediate phase [38].

As a result of the NAdimethylarnino group, erythromycin has a basic character [31],

being a relatively weak base with a pka = 8.6 [34].

2.4 Stability

It has been wellestablished that erythromycin is unstable in acidic media. Until
recently, the proposed mechanism of degradation of erythromycin in acidic solutions
followed one of two pathways depending on the acid conditions. Under mild acid conditions
(glacial acetic @d) erythromycin enol ether (EEE) is initially formed. Subseguent treatment
of EEE with acid (methanolic hydrochloric acid) yields anhydroerythromycin (AE). Under
strong acid conditions (hydrochloric acid) degradation of erythromycin yields only AE.
Irregpective of the acid strength, no cleavage of the glycosidic linkages has been observed
[39]. A recent report by Vinckier et al suggests an alternative mechanism for the acid
degradation of erythromycin. This alternative mechanism was based on the simple
observation that when EEE was placed in an acidic solution erythromycin base (EB) was
formed as a degradation product. Therefore, the new mechanism proposes that the
degradation of erythromycin is not unidirectional, but rather that there is an equilibrium
between erythromycin and EEE with a simultaneous pathway by which erythromycin directly
decomposes to AE without having to pass through EEE [40]. Flgoinepresents the

chemical structures of the acid degradation products of EB, AE and EEE.
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It has ato been established that erythromycin is unstable in strong alkaline solutions,
with the major degradation product being dihydroerythromycin. As a result of all these
investigations, it would appear that the pH of maximum stability is between 7 and 8,8 [41

although one report has cited the maximum stability to be between pH 8.8 [34].

H,C CHjy

\N/

CH,
Desosamine

CH3

OH

|
(I) R=OH CH3 Cladinose (1)

CH3; Cladinose
(II) R=H

(1) 6,9 hemiacetal of 8,9- anhydroerythromycin A
(1) 6,9- hemiacetal of 8,9- anhydroerythromycin B

(1) 8,9 anhydroerythromycin A

Figurel.7 Chemical structures of the acid degradation products of erythromycin base

Since erythromycin is an acid labile drug, passage through the gastrointestinal tract
will result in gastric acid inactivation of the drug, causing decreased absorption and low
serum concentration levels. These problems associated with gastric acid atiactiof the
drug may be overcome in a number of ways. Firstly, erythromycin base may be protected by
enteric or film coating of the dosage fornl. This coating protects the drug from the acidic
environment of the stomach, but allows the release of the\actnedicament in the more

favorable environment of the intestine.

Secondly, the drug may be modified by preparing a salt (stearate), an ester
(ethylsuccinate (EES) or propionate (PE», or a salt of the ester (estolate (EE) which is the
lauryl sulphate salof the propionyl ester and erythromycin acistrate which is the stearic acid
salt of the 2* acetyl ester) (38). However, propionyl erythromycin and erythromycin stearate

have been shown to be unstable in acidic media. When PE is exposed to the actihin solu

oy
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of the stomach, the carboxylic acid portion is released, leaving behind the soluble
hydrochloride salt. However, since EE is the salt of a strong acid (lauryl sulphuric acid), unlike
PE, when it is exposed to the acidic contents of the stomach it doeselease the acidic
portion of the drug and therefore remains insoluble. These salts and esters are also used to
overcome the bitter taste and water in solubility of erythromycin [43]. FiguBedepicts the

structural formulae of erythromycin and itsost commonly used derivatives.

R H3;C
Ry
RO, “ OH o/ \N+ o,
e lerythranolide A i
13 w,
W 1., 1o
(]
[e) //’//O CHs
(o]
CHjy
/O CH, OH
HzC
R R
Erythromycin base H
Propionyl erythromycin CH2CH2CO
Erythromycin estotate CH2CHCO C12H250SGys
Erythromycin stearate H C17035CO0
Erythromycin ethylsuccinate =~ CHCH.OOCCHCH.COO
Erythromycinlactobionate H C11H190oC0O0
Erythromycin glucoheptonate H CsH1306CO0O

Figure 18 structural formulae of erythromycin and its most commonly used derivatives

Not only does pH affect the stability of erythromycin, buffer type and concentration,
temperature and the presence of metal ions have also been shown to affect erythromycin

stability [44,45].
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2.5 Erythromycin derivatives

Recently, new derivatives of erythromycin have been synthesized which inhibit or
retard the acid degradation process whilst retaining potent antimicrobial activity and

offering comparative or improved pharmacokinetic properties.

Modification of the functonal groups involved in the degradation mechanism is the
principle upon which inhibition of the acid degradation of these compounds is based. These
groups include the ketone at C9, hydroxyl at C6, the proton at C8 and the diol moiety at C11
and C12. Severaodifications have been made to the ketone at the C9 position. The first of
these modifications, an oximation of the ketone group at C9, resulted in roxithromycin
(erythromycin, 9o-{(2-methoxyethoxyjmethyl}oxime]) .Its acid stability is largely due to
the inhibition of the internal ketal formation of the aglycone ring (associated with
erythromycin acid degradation) by the oxime function. The effect of pH on roxithromycin has
been reported to be similar to that on erythromycin, with roxithrornycin abowing less

activity at pH = 6 . 5 than at pH = 8.0 [46].

Another new derivative is dirithromycin +@eoxoll-deoxy9,11- [imino[2-(2-
methoxyethoxy)ethylidenepxy}(9S)erythromycin), an oxazine formed from
erythromycylamine and 2methoxyethoxy) acetdehyde. Erythromycylarmine, derived
from reductive amination of the C9 ketone of erythromycin is no longer considered as an

acid stable alternative to erythromycin as it yields extremely low blood levels [46].

Dirithromycin, however, achieves sufficignthigh concentrations in the blood and
has a long serum half life. A novel newni&@mbered ring compound, azithromycin (a 9
deoxo9aaza9a-homoerythromycin A derivative), has been developed as a result of
modification of the ketone group at position G9the erythromycin lactone ring. Utilizing a
Beckmann rearrangement of the-dkime derivative followed by reduction and-N
methylation the ISmembered macrocyclic ring containing a tertiary amino group has been

synthesized [46].
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However, a recent reporby Fiese and Steffen [47] has shown azithromycin to be
unstable in aqueous acidic media, although more stable than erythromycin under those
conditions. Furthermore, unlike erythromycin, there is cleavage of the ether bond resulting

in the neutral cladinossugar and a compound 38,458 [46].

Modification of the hydroxyl group at position C6 (which is involved in the initial
cyclization step) by means of alkylation has resulted in the formation &F 6

methylerythromycin, named clarithromycin [46].

Flurithromycin (Sfluoroerythromycin), synthesized by using both chemical and
bioconversion methods inhibits acid degradation by preventing the dehydrati on step that

leads to the formation of the anhydrohemiketal[46].

The various derivatives of erythrgmin are depicted in Figures 1.9Research
continues on the modification of erythromycin to yield derivatives that will have oral
efficacy, fewer gastrointestinal side effects and remain acid stable. These modifications
include reductive amination with aliphatiddehydes of erythrornycylarnine, formation of
cyclic 11,1Zarbamate derivatives of erythromycin, modification of the hydroxyl group at

C11 as well as chemical modification of the 14dk#! moiety and the 4" position [46].
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Figurel.9 Semisynthetic derivatives of erythromycin

This review is confined to erythromycin and those newer macrolide antibiotics
synthesized from erythromycin. However, there are a number of other macrolide drugs
available. These include josamycin, spiramycin as well as the newersgetinetic 16
membered antibiotics rokitamycin and miokamycin. The latter two drugs appear to have
improved activity against some resistant organisms as well as improved oral bioavailability

(41).

2.6 Qinical pharmacology

2.6.1 Spectrumof antimicrobial activity

Erythromycin is a broad spectrum antibiotic, active against most grampositive and
some grarmnegative bacteria. In addition, it is also effective against Treponema pallidum,

many strains of rickettsiae and chlamydia and certain-tuberculosis mycobacteria [48].

Although few reports appear in the literature on the antimicrobial spectrum of the new
semisynthetic macrolide antibiotics, with the possibility of a few exceptions, it is generally

accepted that they have a very similartanicrobial spectrum to erythromycin
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A list of comparative in vitro activities of erythromycin and five new semisynthetic
macrolide antibiotics is tabulated in Table 2.2. Although it is evident that there is very little
or no difference between erythrontgn and the newer macrolide antibiotics as far as
antimicrobial spectrum of activity is concerned, the potentially favourable differences in the
pharmacokinetic properties (longer hdife, thus having the potential for onegaily dosing)
of the newer mamlides might make them clinically more advantageous than erythromycin
[46].

Table 1.3 Comparative in vitro activities of ERYTHROMYCIN and five new semisynthetic

macrolide antibiotics

Microorganism Compound n MIC (ug/ml) RANGE
Staphylococcus aureus (MS) Erythromycin 16 0.06->128
Roxithromycin 0.12->128
Dirithromycin 0.12->128
Azithromycin 0.06->128
Clarithromycin 0.03->128
Flurithromycin 0.06->128
Staphylococcus aureus (MR) Erythromycin 13 >128
Roxithromycin > 128
Dirithromycin 128-> 128
Azithromycin > 128
Clarithromycin > 128
Flurithromycin 128 -> 128
Staphylococcus epidermidis Erythromycin 15 0.06->128
Roxithromycin 0.12->128
Dirithromycin 0.06->128
Azithromycin 0.06->128
Clarithromycin 0.03->128
Flurithromycin 0.06->128
Streptococcus pogenes Erythromycin 15 0.015- 0.06
Roxithromycin 0.03 z0.06
Dirithromycin 0.03 z70.12
Azithromycin 0.015z70.12
Clarithromycin 0.01570.015
Flurithromycin 0.03 7 0.06
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Streptococcus pneumoniae Erythromycin 13 S naafls
Roxithromycin 0.03z0.03
Dirithromycin 0.0370.06
Azithromycin S ndoix
Clarithromycin S na&ofns
Flurithromycin 0.0370.06

Streetococcus species, Erythromycin 13 0.015- 0.12

viridans group Roxithromycin S 18- 013t Y
Dirithromycin 0.0670.25
Azithromycin 0.015- 0.12
Clarithromycin S 18- 01031 Y
Flurithromycin 0.015z0.06

Enterococcus species Erythromycin 15 0.06->128
Roxithromycin 0.25->128
Dirithromycin 0.12->128
Azithromycin 0.25->128
Clarithromycin 0.03->128
Flurithromycin 0.25->128

Corynebacterium species Erythromycin 12 0.008z 16
Roxithromycin 0.0157 32
Dirithromycin 0.03-64
Azithromycin 0.008-> 128
Clarithromycin 0.008-8
Flurithromycin S m8-3&puv

Legionella pneumophila Erythromycin 14 0572
Roxithromycin 0.12z0.5
Dirithromycin 1716
Azithromycin 0.12z2
Clarithromycin 0.1270.25
Flurithromycin 0.5-2

n = number of strains / MS methicillin sensitive / MR = methicillin resistant

It is evident from Table 2.2 that there is some controverseer the range of
minimum inhibitory concentrations of erythromycin required to inhibit the growth of various

microorganisms.
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2.6.2 Mode of action

Erythromycin interferes with protein synthesis at the ribosomes. Erythromycin
penetrates the cell wall afensitive bacteria and binds to the 50S ribosomal subunit in a 1:1
stoichiometry. Penetration of the cell wall of sensitive bacteria is dependent on the presence
of ammonium or potassium salts [49].The exact mechanism by which erythromycin inhibits
protein synthesis is not known with certainty, but it has been proposed that it inhibits the
translocation reaction stage of bacterial protein synthesis. Inhibition of translocation is
primarily due to the detachment of peptidy)RNA from the ribosome during trafocation
[50].

During translocation, the growing peptide chain moves from the acceptor site to the
donor thought that erythromycin binds to the translocation of the peptide chain. site on the
ribosome. It is donor site, thus preventing certain amino gciofs the presence of
erythromycin, are prevented from being incorporated into polypeptide linkages, but

erythromycin has no effect on nucleic acid synthesis [51].

Although erythromycin acts by inhibiting protein synthesis, it may be bacteriostatic
or bacteicidal depending on the microbial species, sensitivity of the macganism, the
phase of growth of the sensitive pathogen, inoculum density and concentration of
erythromycin used . At high concentrations of the drug, erythromycin may be bactericidal,

but at lower concentrations it appears to be bacteriostatic [52]

2.6.3 Resistance

There are a number of mechanisms by which pathogens are resistant to
erythromycin. These include inability of the macrolide to penetrate the cell, chemical
inactivation of tle macrolide and inability of the macrolide to bind to the ribosome target as

a result of target site modification [53,54].
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Conflicting reports appear in the literature with respect to the inability of the
macrolide to enter the cell. Several reports gagt lack of penetration into the cell causes
resistance to the macrolide antibiotic. However, other reports indicate that erythromycin
may enter bacterial cells by means of passive diffusion across the lipid bilayer of the cell
membrane. Goldman and Kadaras a result of unpublished observations, suggest that
further studies in this regard be performed before this mechanism of resistance is generally

accepted [53].

Target site modification, as a result of a number of enzymes which result in-roono
di-methylating the N6 amino group of the adenine residue 2058 in 23S rRNA, is the best
known mechanism of erythromycin resistance . This methylation does not seem to perturb
ribosomal function, but results in the binding site on the ribosome becoming inaceessibl
the antibiotic[53].

Resistance due to target site modification may be constitutive (presence of
erythromycin is not required for resistance), but most frequently it is inducible (resistance to
erythromycin as a result of the presence of subinhibitooncentrations of the drug) . The
third mechanism of resistance is inactivation of erythromycin by enzymes produced by the

micro-organism itself [54].

2.7 Pharmacokinetics of ERYTHROMYCIN

Until recently, microbiological assays were the most frequently used technique to
determine the serum concentrations of erythromycin. Thus, the majority of pharmacokinetic
parameters for erythromycin have been determined microbiologically [55]. Unfortiyate
these assays cannot differentiate between parent drug and its metabolites or the free drug
and its proteinbound or unhydrolysed ester forms. It is thus difficult to compare
erythromycin bioavailability data from different formulations and from studiesing
different protocols or analytical methods. Similarly, the evaluation of the clinical significance

of antibiotic concentrations from different dosage forms is also not meaningful [56].
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Data obtained from bioavailability studies @mythromycin and its derivatives may

only be compared if the products are assessed under the same conditions [57].

2.7.1 Absorption and bioavailability

The free base is the only biologically active in vivo form of erythromycin. The stearate
and the estes of erythromycin have to dissociate and/or hydrolyse to the free base in vivo in
order to be biologically active [56]. Studies carried out by Lee et al, in rats, show
erythromycin to be marginally absorbed from the stomach but extensively absorbed ffom al
parts of the small intestine. The authors showed erythromycin to be mainly absorbed in the

small intestine, with lesser amounts being absorbed in the caecum and large intestine [58].

As has been previously mentioned (Section 1.1.4), erythromycin basestiable in
acidic media, rapidly degrading to its inactive metabolites, resulting in decreased absorption
of active drug and thus erratic bioavailability. Erratic bioavailability has been reported with
film coated (90) and enteric coated erythromycin baabklets [56], whilst better and more
regular absorption is seen from enteric coated base pellets [59]. Large intersubject variability
has been reported [60], whilst higher erythromycin serum concentrations have been

detected in subjects with pernicious a@mia and/or achlorhydria [56]

2.7.2 Metabolism

Both erythromycin A and clarithromycin are metabolised through CYP450 3A4.
However, there are differences in their abilities to bind to and inhibit the cytochrome P450
isoform CYP 3A4. On the basis ofshelifferences, macrolides (in general) are classified into

three groups on the basis of data provided by in vitro experiments:

1) Group 1 include erythromycin A and troleandomycin. Both drugs bind strongly to and

markedly inhibit CYP 3A4.

2) Clarithromyai belongs to Group 2 agents. This drug exhibits a lower affinity for CYP 3A4

compared to erythromycin A, and form complexes to a lesser extent.
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3) Group 3 include azithromycin and dirithromycin. These compounds have been shown to
interact poorly with the gtochrome P450 system in vitro. However, results obtained from
some clinical studies showed that clarithromycin is similar to erythromycin A in some drug

interactions (e.g. with psychotropic agents) [61].

The emergence and broad spread of resistance ptechghe development of the
new generation of macrolides. Ketolides , representing the third generation, show improved
potency against many sensitive and some resistant strains and are often associated with
bactericidal activity. Macrolide antibiotics witm extended macrolactone ring, such as 16
membered macrolides , find extensive use in veterinary medicine and are sometimes also

used in humans [62].

3. THE KETOLIDES
3.1Introduction

The emergence of antibiotiesistant bacterial strains is driving theaseh for new
antimicrobial agents and will hopefully lead to the widespread application of new antibiotics
in the future. Within the last 3 years, a number of new agents, such as the newer
fluoroquinolones and the oxazolidinones, reached the market. ThHeywssignificantly
improved activity against bacteria that have acquired resistance or show limited

susceptibility to older agents [63].

Penicillin resistance in pneumococci has already reached alarming levels worldwide
[64]. Additionally, the lack of activity against atypical pathogens limits the usage of penicillins
in lower respiratory tract infection. Also the resistance and crossiasist of macrolides,
which initially offered a good activity against a wide spectrum of respiratory pathogens, is

increasing among agents of the class [65].

Macrolides were introduced to the field of antifectives, beginning with
erythromycin A, in the early 1950s [29]. Advantages over existing drugs were their value in

LJ- G A Sy ( dacta Ainlloferante and activity against penicillesistant pathogens.
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Drawbacks were rapidly evolving resistance, instability of the drug in acid environment, poor
absorbance by the oral route and gastrointestinal safiects [66]. New substances ideally
have activity against key pathogens and overcome resistance probfemsw or extended
mechanism of action is needed to fulfil these requirements. Telithromycin (HMR 3647) is the
first antibiotic belonging to a new class of-tiiembered ring macrolides, named ketolides,
to reach clinical use. This new addition to the madeglincosamidgstreptogramin B
(MLSB) group was developed specifically for the treatment of community acquired
respiratory tract infections. Telithromycin was developed at Aventis (Romainville, France)
and reached the market (Germany and Spain) as Ketekl&2001 [67].

3.2 From macrolides to ketolides (Chemistry and structure dactivity

relationship).

The structural characteristics responsible for this property are (Figi@ [68]:

)] removal of the cladinose normally present at position 3 and its replacerby a
keto-group (hence the name ketolides);

1)) incorporation of an 11,12or 6,1%cyclic moiety

i) addition of a heteroaryblkyl side chain attached to the macrocyclic ring by a

suitable linker.
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Figure1.10 Chemical structure of telithromyciie) the methoxygroup at C6 improves acid stability
and prevents internal hemiketalizatioifp) 3- keto-function avoids ML&resistance induction and improves
ribosome binding;(c) C11/12 carbamate sidehain increases affinity for the ribosomes and improves
interaction with ML&resistant ribosomes.

The Lcladinose sugar was long thought to be essential for the antimicrobial activity
of the 14membered ring macrolides, since its removal from clarithromycin, azithromycin
and roxithromycin leads to loss of amicrobial activity. However, with the ketolides,
modifications at other positions of the macrolactone ring compensate the loss of cladinose
(C3, C6, C11/12) [69]. Telithromycin is differentiated from other known ketolides by the
introduction of a large amatic Nsubstituted carbamate extension at position GCIL2.

This ring also has an imidapgridyl group attachment. Telithromycin possesses-@@H3
group (like clarithromycin), avoiding internal hemiketalization with thke® function and

giving theketolide molecule excellent acid stability [70].

Like erythromycin, roxithromycin, clarithromycin and azithromycin, the ketolides

belong to the ML&group of antimicrobials [67].
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3.3 Mechanism of action

MLS antimicrobials target the bacterial ribosomes, which consist of two subunits,
30S and 50S. The two subunits are made of ribosomal RNA (rRNA) and numerous protein (r
protein) components. The 30S ribosomal subunit interacts with the messenger RNA (mMRNA)
andtranslates in conjunction with transfer RNAs (tRNAs) the genetic code on the mRNA. The
large subunit (50S) provides the catalytic centre (peptidyl transferase centre) where a
peptide bond is formedbetween the amino acid and the peptide chain previously
synthesized. The growing peptide passes through a peptide exit channel within the 50S

subunit to emerge on the back of the ribosome [69].

Ketolides inhibit the synthesis of new proteins by preventing the bacterial ribosome from

translating its mMRNA. Thisqaress is blocked in two different ways.

(1) The peptidyl transferase centre in the 50S subunit is the site of interaction of MLSB
antibiotics and of chloramphenicol and puromycin. The structure of the 50S subunit
has recently been resolved by visualizing roalar details at atomic resolution using
Xray crystallography. The peptidyl transferase centre appears to be constructed
entirely from elements of 23S rRNA, which is composed of six domains. This indicates
that peptide bonds are catalysed by rRNA and ttiet catalytic centre is formed
mainly from structures in domain V of the 23S rRNA. gMUfugs, such as
chloramphenicol and puromycin, bind to closely related sites on the 50S ribosomal
subunit and interact with an internal loop structure within domain fVbacterial 23S
rRNA in the upper portion of the peptide exit channel close to the peptidyl transferase

centre (figurel.1l) [69,71].
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Figurel.11 Secondary structure models of the peptidyl transferase centre in domain
V of 23S rRNAa) and hairpin 35in domain ll(b) Positions of macrolide interactions and of
mutations that confer macrolide resistance are indicated and nucleotides are circled, respectively.
Ery, erythromycin,Cbm carbomycinTyl, tylosin;Tel, telithromycin[72].

Macrolides and ketolides bind to the same region of 23S rRNA. Because of the
C11/12 carbamate arm in ketolide antimicrobials, the strength of interaction is different
from those of macrolides. The drugs bind to the ribosome and interact with specific
nucleotides in the rRNA, preventing these nucleotides from reacting with chemical reagents
[69,71].

The drugbinding sites in hairpin 35 of domain Il and the peptidyl transferase loop of
domain V of the 23S rRNA are folded close to each other, forming angimecket for
macrolides and other drug types [69,71].

The alkytaryl extension at CXI12 in the ketolide lactone ring produces the
dominant effect in protecting position A752 in hairpin 35 of domain Il. The cladinose moiety

influences this position byexpressing a less strong binding. The binding affinity for
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telithromycin evaluated as dissociation constants 40-fold stronger than that for

erythromycin [71].

Hairpin 35 and the peptidyl transferase loop act as a single-bingjng site on the
ribosame, binding one ketolide molecule [69,71].The distance between the nucleotides
involved in drug binding is probably spanned by the C11/12 carbamate compounds, whereas
erythromycin and clarithromycin might not be capable of making direct contact with the
base of A752 [69].

(2) The numerous-protein components of rRNAs are required to create the two subunits
of newly formatted ribosomes. Some 34roteins and two rRNA molecules (5S and
23S) form a functionally active 50S subunit. Macrolides and ketolides ohtensh
partially assembled 50S subunit precursors to block this process, leading to nucleolytic
degradation of the unassembled precursor particles. In cells treated with
erythromycin, a 50S precursor particle accumulates. Erythromycin is bound by this
particle that contains 23S and 5S rRNAs but only 18 of the 34 large sulpuotems.

Cellular ribonucleases degrade the unassembled 50S subunit particle[69].

3.4 Antibacterial activity

The microbiological profile of telithromycin is characterized by highitro activity
against many common and atypical/ intracellular respiratory pathogens, including- MLS

resistantstrains [67].

Telithromycin has improved in vitro activity against Gfaositive aerobes
compared with macrolides and azalides. High agtiaf telithromycin against atypical
respiratory pathogens (Bordetella spp., Legionella spp., Chlamydia pneumoniae,
Mycoplasma pneumoniae) was demonstrated [73,74]. Its potency against key community
acquired Grammegative respiratory pathogens such as Mala catarrhalis and

Haemophilus influenzae appeared similar to that of azithromycin [75,76].

Telithromycin was found to be active against several Gpasitive and-negative
anaerobic bacteria such as Clostridium spp., Peptostreptococcus spp. andoiiesdespp

[77]. Telithromycin is inactive against Enterobacteriaceae, nonfermentative -Gegaitive

po
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bacilli, Acinetobacter baumanii and constitutively MiB8istant Staphylococcus aureus. In
a study from Spain, telithromycin displayed significant in \aittvity against Streptococcus
pneumoniae isolates regardless of the presence of different macrolide resistance
determinants [erm(B), mef(A)] [78]. Telithromycin is two to five times more active than
clarithromycin against Graipositive cocci susceptibl® erythromycin A. Telithromycin is

bactericidal against S. pneumonia [79].

3.5 Resistance

Three main mechanisms of resistance account for acquired resistance to MLSB

antimicrobials:

(i) target site modification, (ii) reduced intracellular accumulatiare do decreased

influx or increased efflux of the drug and (iii) production of inactivating enzymes.
(i) Target site modification

Target site modification occurs as a mutation on 2BSA or on ribosomal proteins,
or is due to moneor dimethylation of 23S rRNA at positions A2058 and A2059. Methylation
is usually governed by the acquisition of erm genes. erm genes encode methyltransferases
that N6-dimethylate specific adenine residuegithin a conserved region of the rRNA.
Ribosomal methylation confers cresssistance to MLSB antibiotics because the binding
sites of these drugs overlap. The methylation leads to a conformational change in the
ribosome, resulting in decreased affiniyrfall MLg antibiotics. Numerous erm genes have
been described for different clinically important bacterial species [80]. Methylation or
substitution of A2058 alters the major contact site for the drugs. Binding of clarithromycin
and erythromycin to Eschiehia coli ribosomes is reduced over 1060@ by the 23S rRNA
A2058G mutation. Binding of telithromycin is reduced by the A2058G mutation, but this

mechanism is clearly less efficacious than for other MLSB drugs[67].
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(i)  Efflux pumps

Efflux pumps for erythromycin A have been described for several {pomiive
cocci. The efflixnediated resistance pattern, known as M phenotype, is encoded by
different genes: mef (A) or mef (E) in streptococci, and msr(A) and msr(B) in
staphylococci[7B The phenotype of macrolide resistance in S. pyogenes is differentiated by
the socalled double or triple-disc assay [81]. The conventional doulisc assay uses
erythromycin and clindamycin to identify strains expressing the M phenotype, which is
characterized by susceptibility to lincosamides, even after induction, andné®bered

macrolides. This resistance pattern has also been observed in S. pneumoniae [82].
(i)  Production of antibiotic inactivating enzymes

Degradation due to hydrolysis of the macddi lactone ring by an esterase and
modification due to macrolide phosphorylation and lincosamide nucleotidylation appear to
play a minor role in MlsSesistance. Only a few strains have been reported to harbour

corresponding genes and to produce inactingtenzymes [83].

3.6 Stability

Ketolides are highly stable in acidic media. The¢C12 carbamate substituent is
responsible for improved activity in comparison with erythromycin A. Differences in the side
chains fixed to the CXC12 carbamate residuesatacterize numerous carbamate ketolides
such as HMR 3004, ABT 773 and telithromycin [84]. In addition, theOT2 Xfixed side chain
defines in vitro activities, pharmacodynamics, intracellular uptake, accumulation and efflux,

and tolerance[85].

Namour et & [86] evaluated the singleand multipledose pharmacokinetics and
dose proportionality of telithromycin given once daily over the dose range ofX&ID
mg/day in healthy human subjects. Absorbance after oral administration was rapid, reaching

Gnaxwithin 1 h of dosing.

pp
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Food intake did not affect absorption. Steashate plasma concentrations were
reached within 23 days of multiple dosing, regardless of the dose. Total plasma protein

binding wadD70% with an absolute bioavailability of telithromycinsy%.

3.7 Metabolism and drug interaction

Telithromycin undergoes hepatic metabolization and is eliminated primarily through
the faecesD80%)B6]. RU 76363, an alcohol resulting from hydrolysis of the aryl rings of the
carbamate side chain of telithromycin, is the major hepatic metabolite, and tis 46-fold
less active than telithromycin in vitro. Its AUC represddi®¢12% that of telithromgin
[85]. Excretion of telithromycin is almost complete in urine after 24 h and in faeces after 72
h [87].

Telithromycin is an inhibitor of CYP3A4 and in vitro of CYP2D6. Telithromycin should
not be used in combination with drugs such as simvastatin, roldaz and cisaprid. Plasma
concentrations of cyclosporin, tacrolimus and sirolimus need to be monitored during
telithromycin therapy. An increase in QTc interval (< 500 ms) in special patients has been
described [85]. The increase in the AUC of telithromyie to therapy with itraconazole
and ketoconazole does not indicate a dose adjustment. AUCs of theophylline, digoxin and

levonorgestrel are increased in the presence of telithromycin [88].
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1. Introduction

In recent decades, computer simulation hlascome an important tool in various
fields such as mechanical engineering, chemistry, physics and materlslfilparticular,

computer simulations that take account of electronic structueds

At the present time, the computer simulation is onetbé main tools to identify the

regularities of behavior of the molecular systems under various external influences. [5]

Molecular modeling isthe computer simulation of molecular structures, which
concerns thedistancesand anglesof bonds in chemical motriles, also the results of

introduction and substitution ochtomsor groupsof atoms in the molecule.

Molecular modeling is the sum of theoretical methods and computational techniques

that is used to predict molecular behaviours specifically interactions between molecules. [6]

Molecular modeling has been introduced as a valuable methodology for scientific
research providing useful tools for the analysis and estimate of the physicochemical

parameters and/or biological activity. [7]

Molecular modeling can be considered as a range of computerized techniques based
on theoretical chemistry methods and experimahtiata that can be used either to analyze
molecules and molecular systems or to predict molecular, chemical, and biochemical

properties[8-10]. It serves as a bridge between theory and experiment to:
1. Extract results for a particular model.

2. Compare gperimental results of the system.

3. Compare theoretical predictions for the model.

4. Help understanding and interpreting experimental observations.

5. Correlate between microscopic details at atomic and molecular level and macroscopic

properties.

6. Pravide information not available from real experiments.
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All molecular calculatiotechniques can be classified under three geneedégories:

a abinitio anddensity functionaklectronic structure calculations,
ua semiempirical methods, and
a MolecularMechanics

2. Quantum Mechanical Methods

2.1 Schrédinger equation

The starting point of the following overview is the Schrddinger equdtidn 14] in

its time dependent and time independent forms (1) and (2) respectively

\\

GKSNB GKS g1 @S @&Faiyncions afyalicoordindteg Bf the relevant system
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where | and J refer to the nuclei i and j refer to electrons. The first term in (3) is the operator
of the kinetic energyof the nuclei. The second term is the operator of the kinetic energy of
the electrons. The third term is the potential engrgf repulsions between the nuclei, is

the distance between the nuclei | and J with atomic numbeasd 2 The fourth term is the

potential energy of the attractions between the electrons and the nuclei and the
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distance between electron and nucleus |. The last term is the potential energy of the

repulsions between the electrons; is the distance between electronsiand j.

2.2 The Born-Oppenheimer Approximations

simplifies the general molecular problem by separating nuclear al@ttronic
motions. This approximation is reasonable since the mass of a typical nucleus is thousands of
times greater than that of an electron. The nuclei move really slowly with respect to the
electrons. Thus, the electronic motion can be describedcasiwing in a field of fixed nuclei.

We can use the Bor@ppenheimer approximation to construct an electronic Hamiltonian,

which neglects the kinetic energy termof the nuclei,

I=
"I_I_
il_

This Hamiltonian is used in the Schroédinger equation describing the motion of the electrons

in the field of the fixed nuclei:

[I'.%'I% W-l'-'-%

Solving this equation for the electronic wave function will produce the effectivdear

potential functionE™ that depends on the nuclear coordinates and describes

the potential energy surface of the system. For bond electronic problenshould satisfy
two requirements: antisymmetricity and normalization. should change sign when two
electrons of the molecule interchange and the integral ofover all spacelwuld be equal

to the number of electrons of the molecule.
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3. Hartree-Fock Self-Consistent Field Method

Much of the difficulty of solving the Schrdodinger equation stems from the need to
simultaneously determine the energy of eachelectron in the presence all other electrons. In
the HartreeFock (HF) method this is avoided by calculating the energy of eactioelen

the averaged staticfield of the others. Initially a guess is made of the electron energies.

The energy of each electron is then calculated in the field of the initial electron
configuration. This procedure is repeated in an iterative loop urdihvergence (Self

Consistent referring to this iterative calculation).

The HartreeFock method can therefore be thought of as a kind of msglnerical
approximation at the electron level. The difference between the Harifeek energy and
the energy for tle full Schrédinger equation is called the correlation energy. Hadffeek
calculations are sufficiently accurate to provide insight into many problems and they are
widely used. As HartreEock calculations have been applied to different problems it has
however become increasingly clear that the correlation energy is of great significance in
determining the properties of a system. Efforts have therefore been made to improve on the

HarteeFock energy.

3.1 Post-HF Methods

There a number of different methods thgb beyond Hartred-ock calculations, one
of the widely used approaches is perturbation theory. In perturbation theory the Hartree
Fock solution is treated as the first term in a Taylor series. Theperturbation terms added
involve the electron repulsion. @nof the more common forms was developed by Mgller
and Plesset.The second order perturbation form is referred to as MP2. This form will be

utilized in the present work.

It should be noted that the electrealectron repulsion energy is not necessarily a
small perturbation. In cases in which this term is large the application of perturbation theory

can become more difficult.
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There are a number of other techniques to include electron correlation that can
potentially provide very accurate results, such catohs can however become very time
consuming and at present they tend to be used for small molecules with mayibleeavy
(non-hydrogen)atoms. The molecules studied in the present work are somewhat larger and

the decision has been made not to use suahetconsuming methods.

3.2 Moller -Plesset perturbation theory (MP)

The MollerPlesset(MP) Perturbation Theory attempts to correct the HF theory,
which as mentioned earlier provides an approximation for the repulsion term between
St SOGNRYA YR RSGOGSNXYAYSE (GKS LRaArAdArAzy-27F |
cleus and the averagef other electrons. As this model is not quite accurate, the MP theory
uses HF as a starting point and then corrects it for the attraction term between the nucleus

and the electron as well as the position of an electron with respect to another electron.

The number following MP, such as MP2 or MP3, indicates the number of
perturbations, or approximation terms, used in the theory. Generally, the higher this

number, the greater the accuracy of the method.

3.3 Density -Functional Theory (DFT)

DFT theory models8IOG NPy O2NNBf I A2y a | Fdzy Ol A2
functional employed by current DFT methods partitions the electronic energy via the Kohn

Sham equations [9, 10] into several terms :

L
M F F " (6)

where O is the kinetic energy term (arising from the motion of the electroi®®),is the
potential energy term that includes nucleatectron and nucleanuclear interactionsQ© is
the electronelectron repulsion term and is the electron caelation term. All terms

except nucleanuclear repulsions are functions of the electron density.

cy
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The termsO 'O 'O represent the classical energy of the electron distribution, while
‘O represents both the quantum mechanical exchange enerdpygchvaccounts for electron
spin, and the dynamic correlation energy due to the concerted motion of individual

electrons.

Pure DFT methods calcula® by pairing an exchange functional with a correlation
functional and so are designated by the choiéea@mbination. For example, BLYP combines
. S01 S Qa -comadiedRexéhghie functional with the gradierdrrected correlation

functional of Lee, Yang and Parr [15].

DFT calculations fall into three general categories: local density approximations
(LDA)ASY SN} f A44SR 3INFIRASY(G FLIIINREAYIFIGA2YA o6DD!
Hartree-Fock terms. LDA exchange and correlation functionals only contain terms related to
electron density an approach that works for some bulk materials, but fails to aately
LINBRAOG LINBPLISNIASaAE Ay Aaz2ftlFGSR Y2t SOdz Sao
depend upon both the electron density and the density gradients.

The gradientcorrected density functional method BLYP is capable of predicting
intramolecular lond dissociation energies to within a few kJ/mol [16]. However, the
generalised gradient approximation severely underestimates activation barriers for some
NEFIOlA2ya RdzS (2 KFACSDDI2RY/ 2@&F20&S BESDGN

This problem is remedd with hybrid methods that combine Hartrdeock sel
interaction corrections with density functional exchange and correlation. Examples of hybrid
YSGK2RA IINS .o[.,t YR . ot 2 cwmI-paranieeMNiybrid o R
Fdzy QUA2y I omM ZIMpRB = W[5 K-@rcktdtRopradtidn RuhcEohals of

Perdew and Wang [20] and, as above, Lee, Yang and Parr.

3.4 Quantum methods: Ab initio :

Having established the importance of the electronic wave functionirf Eq. (2), it is

now necessary to discuss the methods that enable the derivation of the electronic states for

c o
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which Eg. (2) holds true, the following discussion is an outline of the fundamentals of
HartreegFock theory from which both serempirical anddensity functional methods have

been developed [21]. In this theory, the wave function [22], is considered as a series of
molecular orbitals, which are occupied by electrons. One of these sets of molecular orbitals

will correspond to the ground state anahce have the lowest energy. [21]

Ab initio methods are derived from theoretical principles, with no inclusion of

experimental data, it take account both, electron and core in treatment.

practical ab initio calculations are severely limited by thgpes of atoms and size of

molecules. [23]. these calculations are really time consgnand need large CPU memories.

4. Semi -empirical method

Most molecular computations done by organic chemists, especially those examining
minimum energy geometries, ardone using this method because it provides the best
compromise between speed and accuracy. This method can be thought of as a hybrid of
molecular mechanict/pe models based on experimentally measured empirical data and
pure theory quantum chemical, thude name semempirical. It uses the Schrédinger
equation approximations, but in order to make the calculations less-tioresuming, it only
calculates the locations of valence electrons, not all electrons. For the inner shell electrons,

empirical data fom typical organic molecules is used to estimate their locations.

The semi empirical methods are presented\by

x  MNDO method (Modified Neglect of Diatomic Overlap) [24] which takes in
account the repellencies between the electrons pairs and the eleettentron perellence

directions;

x ZDO method (zerodifferential overlap) A & ol &SR 2y GKS | dzO1 St

electrons;
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x CNDO method (Complete Neglect of Differential Overlapwhich takes inaccount
only the atomic orbital of spherical symmetry and assesses therepellence integrals as the
orbital would be sphere. In this case are two methodsCNDO/1 and CNDO/2 which are used

for the spectrum parameters;

x INDO method [25] (Intermediate Neglect of Differential Overlap) which includes the

monoelectronic repellence integrals between atomic orbital of the same atom;

x NDDO method (Neglect of Differential diatomic orvelap)which takes in account
the orientation direction of the orbital; MINDO/R6] method is an particular case of the

NNDO method which assesses the monoelectronic repellence integrals;

x SAM1 (SemiAb-Initio Model 1)
¢CKS FTAYIE wmddo 2 F mémehwgsSerbylnitie Mddd1[37]. 5S 61 NDA

In SAM1, tweelectron integrals are calculated using a standard-SG&Masis set (and hence
the appearance ofab initioin the title). The resulting integrals were then scaled, and the
Gaussian terms in the careore regulsions were retained in order to fiAene the

calculations.

x AML1 (Austin Model 1)
Next came Austin model 1 (AM1), due to M. J. S. Dewar et al. [28]. AM1 was designed to
eliminate the problems from MNDG@aused by a tendency to overestimate repulsions
between atoms separated by the sum of their van der Waals radii. The strategy adopted was
to modify the corecore terms by multiplication of the Coulomb term with sums of Gaussian

functions.

In the originalAM1 paper there are four terms in the Gaussian expansion. Each
Gaussian is characterized by its position along tlt® Aector and by its width. This

significantly increased the number of parameters for each atom.
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The performances of the semi empirical hetl consist in the smaller cost of them and it
their speed, but also in the fact they can determine some properties that can not be

established experimentally.

PM3 (parameterized method 3)

PM3 is the third parameterization of MNDO, and the PM3 model éoatassentiallyall the

same terms as AM1. The parameters for PM3 were derived by J. J. P. Stewart [29] in a more
a2aldSYFGAO gl & GKFY F2NJ !'amI Ylye 2F GKAOF
consequence, some of the parameters are quite differeatf those of MNDO but the two

models seem to predict physical properties to the same degree of accuracy.

5. Molecular Mechanics (MM)

az2f SOdzf  NJ YSOKI yA04d RSaONARO6Sa Y2t SOdzZ Sa
been distorted from some idealized geometdue to nonbonded van der Waals and

Coulombic interactiong30, 31]

Molecular mechanics calculates the energy of a molecule and then adjusts the energy

through changes in bond lengths and angles to obtain the minimum energy structure.

Molecular mechanicanodels are useful in studying structures, conformational
energies and other molecular properties, including vibrational frequencies, conformational

entropies and dipole moments, etf32].

5.1 Steric Energy

A molecule can possess different kinds of energyhsaagbond and thermal energy.
Molecular mechanics calculates the steric energy of a molecule (the energy due to the
geometry or conformation of a molecule). Energy is minimized in nature, and the
conformation of a molecule that is favored is the lowest gyeconformation. Knowledge of
the conformation of a molecule is important because the structure of a molecule often has a

great effect on its reactivity. The effect of structure on reactivity is important for large



CHAPIER 2 . Molecular Modeling

molecules like proteins. Studies of tlkenformation of proteins are difficult and therefore

interesting, because their size makes many different conformations possible.

Molecular mechanics assumes the steric energy mtdecule to arise from a few,
specific interactions within a molecule. These interactions include the stretching or
compressing of bonds beyond their equilibrium lengths and angles, torsional effects of
twisting about single bonds, the Van der Waals atti@ns or repulsions of atoms that come
close together, and the electrostatic interactions between partial charges in a molecule due
to polar bonds. To quantify the contribution of each, these interactions can be modeled by a
potential function that giveshe energy of the interaction as a function of distance, angle, or
charge[30,33].

The total steric energy of a molecule can be written as a sum of the energies of the

interaction:

Fy<gm&>] Fver Fim ™ Fe<- > ™ [Faa

The bond stretching, bending and torsion interactions are called bonded interactions
because the atoms involved must be directly bonded or bonded to a common atom. The Van

der Waals and electrostatic (qq) interacteare between no#tbondedatoms.

FTv<gm*@w>] (Fe «
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5.2 Examples of MM force fields :In Common usare:

V AMBER

(Assisted Model Building with Energy Refinemenprimarily designed forthe study of

biomolecules such as proteins and nucleotides [34].

V CHARMM

(Chemistry at HARvard/olecular Mechanics) primarily designed for biological and
pharmaceutical study, but has also been applied to micelles andasstmbling

macromolecules [35].
V MMx (MM2, MM3, etc)

Optimisedfor structural and thermodynamic studies of small Aoolar molecules [47].

MMx force fields include thirdand fourth-order corrections to standard quadratic fits for
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the potential energy surfaces of bonds and bond angles, thus allowing fohawnonic
effects in molecular vibrations. The various MMx versions differ primarily in their
parameterisations. The higher versions tend to be more modern and address deficiencies in
their predecessors. However, for the newer versions such as MM4, parameters mbhg no

available for all classes of molecules.

V OPLS

(Optimised Potentials for Liquid Simulatiommgtimised for reproducing the physical

properties of biomolecules in liquid solutions [36].

The authors are not aware of any published study discussing theotiseMBER,
CHARMM, MMx or OPLS with energetic materials. Since these packages are optimised for
biochemistry and pharmaceutical applications, it is unlikely that they will accurately
reproduce the behaviour of energetic materials without further modificatiHowever, it is

likely they can be used for limited applications with only slight modification.

V  CFF

The consistent force field (OHB7-40] was developed to yield consistent accuracy of results

for conformations, vibrational spectra, strain energy, and vibrational enthalpy of proteins.
There are several variations on this, such as the-Rieslley version (UBCFF), a valence
version (VFF), and Lynghy CFF. The quantum mechanically parameterized force field
(QMFF) was parameterized From ab initio results. CFF93 is a rescaling of QMFF to reproduce
experimental results. These force fields use five to six valence terms, one of which is an

electrostatic term, and four to six cross terms.

V  DREIDING [41]

DREIDING is an-plirpose organic or biorganic molecule force field. It has been most
widely used for large biomolecular systems. It uses five valence terms, one of which is an
electrostatic term. The use of DREIDING has been dwindling with the introduction of

improved methods.
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MMFF

The Merck molecular force field (MMFF) is one of the more recently published force fields in
the literature. It is a genergdurpose method, particularly populaoif organic molecules.

MMFF94 [42] was originally intended for molecular dynamics simulations, but has also seen
much use for geometry optimization. It uses five valence terms, one of which is an

electrostatic term, and one cross term.

MOMEC

MOMEC [40] i force field for describing transition metal coordination compounds. It was
originally parameterized to use four valence terms, but not an electrostatic term. The-metal
ligand interactions consist of a borstretch term only. The coordination sphere is
maintained by non bond interactions between ligands. MOMEC generally works reasonably

well for octahedrally coordinated compounds.

GROMOS

(Groningen Molecular Simulation) developed at the University of Groningen and the ETH
(Eidgentssische Technische Hsmttule) of Zurich [41] is quite popular for predicting the
dynamical motion of molecules and bulk liquids, also being used for modelling biomolecules.
It uses five valence terms, one of which is electrostatic [45]. Its parameters are currently
being updatel [46].

5.3 Energy Minimization and Geometry Optimization

The basic task in the computational portion of MM is to minimize the strain enethgof
molecule by altering the atomic positions to optimal geometry. This meansminimizing the
total nonlinear strain energy represented by the force field equation with respect to the
independent variables, which are the Cartesian coordinates of the atditjs The following

issues are related to the energy minimization of a molecular structure:
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1 The most stable configuration of a molecule can be found by minimizing its free
energy, G.

1 Typically, the energy E is minimized by assuming the entropy effect aaeghected.

1 At a minimum of the potential energy surface, the net force on each atom vanishes,
therefor the stable configuration.

Because the energy zero is arbitrary, the calculated energy is relative. It is meaningful only to

compare energies calculatédr different configurations of chemically identical systems.

1 It is difficult to determine if a particular minimum is the global minimum, which is the
lowest energy point where force is zero and second derivative matrix is positive definite.
Local minimumresults from the net zero forces and positive definite second derivative
matrix, and saddle point results from the net zero forces and at least one negative

eigenvalue of the second derivative matrix.

6 Research Methods of Global Minimum

The moswidely used methods fall into two general categories:

(1) steepest descent and related methods such as conjugate gradient, which use first

derivatives, and

(2) Newton Raphson procedures, which additionally use second derivatives.

6.1 The Steepest Descent Mdtod : [48] depends on:

1- either calculating or estimating the first derivative of the strain energy with respect to
each coordinate of each atom and
2- moving the atoms.

The derivative is estimated for each coordinate of each atom by incrementally
movingthe atom and storing the resultant strain energy change. The atom is then returned
to its original position, and the same calculation is repeated for the next atom. After all the
atoms have been tested, their positions are all changed by a distance picrto the

derivative calculated instep 1. The entire cycle is then repeated. The calculation is
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terminated when the energy is reduced to an acceptable level. The main problem with the
steepest descent method is that of determining the appropriate sw@pe for atom
movement during the derivative estimation steps and the atom movement steps. The sizes
of these increments determine the efficiency of minimization and the quality of the result.
An advantage of the firaderivative methods is the relative sa with which the force field

can be changed.

6.2 The Conjugate Gradient Method

is a firstorder minimization technique. It uses both the current gradient and the previous
search direction to drive the minimization. Because the conjugated gradient method uses
the minimization history to calculate the search direction and containsabngcfactor for
determining step size, the method converges faster and makes the step sizes optimal as

compared to the steepest descent technique.

However, the number of computing cycles required for a conjugated gradient calculation is
approximately prportional to the number of atoms (N), and the time per cycle is

proportional to N.

The FletcheReeves approach chooses a descent direction to lower energy by
considering the current gradient, its conjugate, and the gradient for the previous step. The
Polak Ribiere algorithm improves on the FletcHeeeves approach by additional

consideation of the previous conjugate and tends to converge more quickly.

6.3 The Newton -Raphson Methods : of energy minimization [30] utilize the
curvature of the strain energy surface to locate minima. The computations are considerably
more complex than the fitsderivative methods, but they utilize the available information
more fully and therefore converge more quickly. These methods involve setting up a system
of simultaneous equations of size(@EY3N6) and solving for the atomic positions that are

the soluion of the system. Large matrices must be inverted as part of this approach.
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The general strategy is to use steepest descents for the firgtOD0steps(504.000
steps for proteins or nucleic acids) and then use conjugate gradients or Ndéphson to
complete minimization for convergence(using RMS gradient or/and energy difference as an
indicator). For most calculations, RMS gradient is set to 0.10 (you can use values greater

than 0.10 for quick, approximate calculations).

The calculated minimum representthe potential energy closest to the starting
structure of a molecule. The energy minimization is often used to generate a structure at a
stationary point for a subsequent singd®int calculation or to remove excessive strain in a

molecule, preparing itor a molecular dynamic simulation.

7 Types of Calculations

Computational chemistry (also called molecular modelling; the two terms mean
about the same thing) is a set of techniques for investigating chemical problems on a

computer. Questions commonly instgated computationally are:

7.1 Molecular Geometry: The shapes of molecules bond lengths, angles and
dihedrals.

7.2 Geometry Optimization [49] is a standard computational chemistry calculation

to find the lowest energy or most relaxed conformation for a molecule. The approach is the
samef or al | | evel s of calculation, involving
for moleculamechanics.

At each step, the molecular geometry is modified slightly and the energy of the
molecule is compared with the last cycle. The computer moves the molecule a little,
calculates the energy, moves it a little more, and keeps going until it fdisvilest energy.

This is the energy minimum of the molecule and is obtained at the optimized geometry.
Recall that the energies from molecular mechanics can only be used in a relative sense, while
those from quantum electronic structure methods can bearech in an absolute sense, like

heats of formation.
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7.3 Single Point Calculations [49] are often used in combination with a geometry
optimization toinvestigatesteric hindrance. In this case the method only performs one
computational cycle to calculate theneegy of a particular fixed geometry. In a
thermodynamically controlled reaction, the energetic difference between two conformations is
often due to steric hindrance. If the product molecule optimizes in one conformation, you can
use single point calculans to determine how much more energy is needed to form the non

preferred conformation.

The structure drawing and manipulation part of the software will allow you to move
only that part of the molecule that changes in the higher energy form, leavirestiué the

molecule optimized.

The single point calculation performed on this modified molecule will give an energy
that you can directly compare with the optimized energy to find the energy difference
between the lower and higher energy conformers. Kample, the energetic difference
between having a constituent in the axial or equitorial position on a cyclohexane ring can be

determined.

7.4  Transition State Calculations [49] can be thought of as the reverse of geometry

optimizations. In this case, the rhetl searches for a structure of maximum energy, a
transient intermediate which cannot be isolated experimentally. For example, this type of
calculation allows one to examine transition state energies and geometries of intermediates
involved in carbocationearrangements.

The literature contains standard models that should use as the starting point for these
calculations. It takes a far amount of effort and experience to properly analyze transition state

structures and energies.

7.5 Electronic Density and Spin Calculations, Graphical Models and
Property Maps [49] Allow visualization of electronic properties such as electron densities,

electrostatic potentials, spin densities and the shapes and signs of molecular orbitals.
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The valuedor a particular property at each point in thdifiensional space around a
molecule are displayed on thedinensional computer screen as a surface of constant
numerical value, often called an isosurface which can be rotated in any direction to study it.

Alternately, numerical variations of a given property (such as electron density) at a
defined distance from the molecule can be displayed as property maps using color as a key
yielding what is called a property map. Carrying out surface calculationsiewthg their
graphical representations are major activities in computational chemistry and can provide
useful insight into the mechanisms of organic reactions.

7.6 Chemical Reactivity :[50]

For example, knowing where the electrons are concentrated (nucleophilic sites) and where
they want to go (electrophilic sites) enables us to predict where various kinds of reagents will

attack a molecule.

7.7 IR, UV and NMR spectra : [50] these can be caleted, and if the molecule is

unknown, someone trying to make it knows what to look for.allow the calculation of infrared
stretching and bending absorption frequencies and it is a lot of fun to view animations of these

types of motions in molecules.

The vibrational frequency of a twatom system is proportional to the square root of
the force constant (the second derivative of the energy with respect to the interatomic
distance) divided by the reduced mass of the system (which depends on the mhsstgoof

atoms).

8. Scope of application of molecular modeling :

Molecular modeling methods are used to investigate the structure, dynamics, surface

properties and thermodynamics of inorganic, biological and polymeric systems.

Molecular modeling methods are used in the fieldgomputational chemistrydrug design

computational biologyand materials sciencéor studying molecular sgems (small and large

chemical systems). Also are ustdpredict molecular behaviours specifically interactions

between molecules.
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Molecular mechanics calculates the energy of a molecule, like the steric energy, the

energy due to the geometry or conforrien of a molecule.

8.1 QSAR Methods :
8.1.1Introduction:

It has been nearly 40 years since the quantitative struchotvity relationship
(QSAR) paradigm first found its way into the practice of agrochemistry, pharmaceutical

chemistry toxicology, and eventually most facets of chemistry [51]

If we can understand how a molecular structure brings about a particular effect in a
biological system, we have a key to unlocking the relationship and using that information to
our advantage, formatllevelopment of these relationships on this premise has proved to be
the foundation for the development of predictive models, if we take a series of chemicals
and attempt to form aquantitative relationshipbetween the biological effects (i.e. the
activity) and the chemistry (i.e. thstructure of each of the chemicals, then we are able to

form aquantitative structurgactivity relationshipor QSAR. [52]

QSAR, a quantum chemical technique [53,54] , is known to relate the biological
activity of compounds wh their molecular structure [55] and has been extensively used as

predicting tool in rational drug design [53].

Computational evaluation to give predictive QSAR models is an important tool to

avoid unnecessary experimental assays and find an optimug térget. [62]

8.1.2 Historical Development of QSAR :

More than a century ago, CruBrown and Fraser expressed the idea that the
physiological action of a substance was a function of its chemical composition and

constitution [63].

A few decades later, in 1893, Richet showed that the cytotoxicities of a diverse set of
simple organic molecules were inversely related to their corresponding water solubilities

[64].
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At the turn of the 20th century, Meyer and Oventandependently suggested that
the narcotic (depressant) action of a group of organic compounds paralleled their olive

oil/water partition coefficients [65,66].

In 1939 Ferguson introduced a thermodynamic generalization to the correlation of
depressant dion with the relative saturation of volatile compounds in the vehicle in which

they were administered [67].

In 1962 Hansch and Muir published their brilliant study on the strueaatéevity
relationships of plant growth regulators and their dependencyHammett constants and
hydrophobicity[68].

The FreeWilson approach addresses structeaetivity studies in a congeneric series

as described in Equation 149].

BA =ixiFua (14)

BA is the biological activity, is the average contribution of the parent molecule, amds
the contribution of each structural featurej denotes the presencXi=1 or absenc&i=0 of

a particular structural fragment.

Limtations in this approach led to the more sophisticated Feiien equation that used the
logarithm of activity, which brought the activity parameter in line with other free energy
related termg[70].

Log BAixctulE G (15)
In Equation 15y is defined as the calculated biological activity value of the unsubstituted
parent compound of a particular serielstepresents the biological activity contribution of
the substituants, whereaXiis ascribed with a vaé of one when the substituent is present

or zero when it is absent.
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8.1.3 Tools and techniques of QSAR:
8.1.3.1 Biological parameters :

In QSARanalysis, it is imperative that the biological data be both accurate and
precise to develop a meaningful model, it must be realized that any resulting QSAR model
that is developed is only as valid statistically as the data that led to its development,
biological data are usually expressed on a logarithmic scale because of the linear relationship
between response and log dose in the midregion of the log dlesponse curve, inverse
logarithms for activity (log 1) are used so that higher values are obtainfor more
effective analogs, it is also important to design a set of molecules that will yield a range of
values in terms of biological activities. Generally, the larger the rarg@elag units) in

activity, the easier it is to generate a predictive QFAR

8.1.3.2. Molecular descriptors :

These are truly structural descriptors because they are based only on the two
dimensional representation of a chemical struct(ird]. The most widely known descriptors
are those that were originally proposed by Randi2]. and extensively developed byeKi

and Hal[73].

Molecular descriptors are formal mathematical representations of a molecule,
obtained by a welspecified algorithm, and applied to a defined molecular representation or
a wellspecified experimental procedurthe molecular descriptasthe final result of a logic
and mathematical procedure which transforms chemicdbrmation encoded within a
symbolic representation of a molecule into a usefwimber or the result of some

standardized experimeifiv4].

Molecular descriptors play aihdamental role in developing models for chemistry,
pharmaceutical sciences, environmental protection policy, toxicology, ecotoxicology, health

research, and quality control [21].
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Evidence of the interest of the scientific community in molecular desaspis
provided by the huge number of descriptors that have been proposed: more than 5000
descriptors [74]. derived from different theories and approaches are defined and

computable by using dedicated software of chemical structure. [21]

Molecular descriptos are numerical indexes encoding some information related to
the molecular structure, they can be both experimental physibemical properties of
molecules and theoretical indexes calculated by mathematical formulas or computational
algorithms, they aralerived by applying principles from several different theories, such as
guantum-chemistry, information theory, organic chemistry, graph theory, they are used to
model several different properties of chemicals in scientific fields such as toxicology,
analyical chemistry, physical chemistry, medicinal, pharmaceutical, and environmental

chemistry [21].

8. 1. 3.3. Statistical methods :

Quantitative structure activity relationships (QSAR the past 50 years have been
considered a versatile tool for the activities prediction of drug and dikegmolecules, the
aim of developing a QSAR model is to construct a relation (using statistical methods)

between structures and activities. [75]

In most cases, it is more convenient to consider a linear relationship between

activity/property and descriptors.[76]

The most commonly used modeling methods are [76]:
- Multiple linear regression (MLR),

- principal component regression (PCR),

- partial keast squares (PLS) regression,

- artificial neural networks (ANN).

The most widely used method is the multiple linear regression (MLR) approach originally
proposed by Bartlett and Youd (1995). [77]

yp
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8. 1.3.4. Multi -linear regression :

Multi-linear regression (MLR) is a statistical method for studying the relationship

between a dependent variable and two or more independent variables.

In this method, a dependent variable Y is described in terms of a series of explanatory

variables X1, . , Xn, agjiven in Eq 16 :

Y=Yo+taa X1 +a X2+ -+ +an Xn (16)

It is assumed that all the explanatory variables are independent of each other [78].

V Description of the method :

The analysis of multiple lineaegression (MLR) is a statistical method that examine
causeeffect relationships between dependent and independent variables, in MLR, the
relationship between input variable more than one (x1 ,x2, . . .xn) and a dependent variable

(y) is examined [79].

If it is assumed that the relationship is well represented by a model that is linear in the

regressed variables, a suitable model may be [76]:

y=hbo+tbixi+h:x2€é . + e 17)

Ly 91 wmMT1X GKS 0Qa IINB dzyiyz2ey O2yaidlyida OF
regression analysis is to estimate these constants, the algebraic MLR model is defined in Eq

17, and in matrix notation. [76]:

y = X b + (18
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The matrixXis referred to as thelesign matrix :

(/4 Lz 22 . . . Ty Bo €1

Y2 L wo @29 . . . Ty 5 €2
y= | | X=1|~ ' ' d=1"1 and e =

_yn_ _1 Tpr Ty o o o Ty i _.3?'!_ _Eﬁ_

Multiple linear regression (MLR) techniques based on legstres procedures are

very often used for estimating theoefficients involved in the model equation [80,81].

V Test of the total significance of the regression :

a. Determination coefficient (R?) :

The coefficient of determination @Ris a measure of how well the regression line
represents the data on the scatter pld® is a measure of the fit ahe regression model
[66].

The R can be used to determine the linear relationship between the measured and

estimated values. [79F ranges from 0 to 1.

The coefficient of determination?s the ratio of the explained sum of squares to the

total sum of squares

SOIHL 4
Ty I 8
where:
TSSs the totalsum of squares: ~ TSS=B L fv 1 (19
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ESS ist he explainedm of squares ESS=B 11-%4: . L (20
RSS is the residusiim of squares RSS=B 1, Iy 1'-%4: - (21
b. Correlation coefficient (R)

The quantity R called thecorrelation coefficientit is a correlation coefficient

between observed and predicted values of dependant variable Y, where 0 < R <1

R= (ESS/TSSY® = (1-RSS/TSSY® (22)

C. Test Fisher-Snedecor (F)

F the Fisher test, reflects theation of the variance explained by the model and
variance due to error in the model, high valuesFatest indicate the significance of the

equation. [82]
F = [ESS/ (K)] / [RSS / 6-k-1)] (23)

Where n, and (&) are degrees of freedom associated to ESS and RSS respectively.

d. Standard deviation (s)

S is called the standard deviation

y i (24)

Wherek is the number of independent variables

yy
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e. Prediction coefficient (Q 2

it measures thepredictivecapacity of a model [k |—+_|=]|—_”q| 1 (25)

8.1.4 Models Validations :

The best multiple linear regression model is dhat has high R and-Flues, low

standard error, the least number of variables and high prediction ability [83].
To test the validity of the predictive power of model we use saemhniques:

Crossvalidation LOO(leaveone-out) is amodel validationtechnique, for assessing how the

results of astatisticalanalysis will generalize tan independent data set, in which we use

these statistical parameters:

PRESS (predicted residual sum of squa®8ESS =B M vy Awuni  (26)

TSStotal sum of squares) TSS =B 1} -4y N (27)

Ragj (adjusted Rsquared RZaq) = " Tl|— (28)
. . N , . ER AR

Rcv(crossvalidated correlation coefficient) R%cv = 1- YT (29

L L "ER AR T
Sreststandard validation of the prediction errors)Spress = ? 1 (30)

PE (Prediction error) PE = 8 A (31)

y ®
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The PRESS (predicted residual sum of squares) statistic appehes ttee most
important parameter accounting for a good estimate of the real predictive error of the
models. Its small value indicates that the model predicts better than chance and can be

considered statistically significant [76].

9. Programs and  materials used:

This work was carried out within team of Computational and pharmaceutical
chemistry of the laboratory of molecular chemistry and environment (LMCE) at the

university of Biskra.
The first calculations were optimized by using a softwareer$pem 8.03 [84]

The geometry of macrolides and its derivatives initially were entirely optimized by molecular
mechanics, with the force field MM + (rms = 0.001 Kcal / A). Further geometries were fully
re-optimized by using PM3 method.

Then a parallel study was made bsing the Gaussian software 09 [85]. One based
on ab initio of HartreeFock (HF) typéiF/631++G (d,p)and the density functional theory
DFT with functional calculus B3LYP, by using the following Be&&++G (d,p)

DFT with B3LYR®LG, this theory wasised to calculate a number of electronic

RSAONALII2ZNBEY RALRES Y2YSyilmowandibume SySNBE 27

Multiple linear regression analysis of molecular descriptors was carried out using the

stepwise strategy in SPSS version 19ordows [86].

All calculations are carried out in a Station in a (SMSUNG Intel insit&Micro-
LIN2OS&da2N)t /2NBun ATt vdzZaZR /t! vyonn nbD2 27



CHAPIER 2 . Molecular Modeling

10. REFERENCES

[1] D. Michalska, R. Wysokin” ski, Chem. Phys. Lett2408217(2005).
[2] S. Ogata, F. Shimojo, R.K. Kalia, A. Nakano, P. Vashishta, Comput. Phys. Commun. 149,
30¢38(2002).

[3] Y.Umeno, T. Shimada, T. Kitamura, Phys. Rev. B 80, £004088(2010).

[4] T. Igarashi, Nakazawa, C. Suzuki, T. Tsuru, Y. ainputational Materials Science 50,
3346;3349(2011).

[5] O.E. Glukhova, G. V. Savostyanov, M.M. SlepcheRkowedia Materials Scienée 256

C 264(2014).

[6] V.Jahed, A. Zarrabi, A. Bordbar, M.S. Hdfeml Chemistry.65, 241,246(2014).
[7] H:D.Ho" ltje, G. Folkers, in: R. Manhold, H. Kubinyi, H. Timmerman (Eds.),

[8] H-D. Hdltje, and G.Folkeis, Molecular Modeling: Basic Principles and Applications. VCH,
New York(1997).

[9] A. R. Leach, Molecularddeling Principles and Applications. Longman, Essex (1996).
[10] M. F.Schlecht, Molecular Modeling on the PC. WM&H, New York(1998).
[11] I. N. Levine, Quantum Chemistry, Fifth Edition. New Jersey: Prétaltdnc (2000).

[12] D. J. Griffiths]ntroduction to Quantum Mechanics. New Jersey: Prentied, Inc
(1995).

[13] J. B. Froresman and A. Frisch. Exploring Chemistry with Electronic Structure

Methods, Second Edition. U. S. A: Gaussian, Inc(1993).

[14] /. Frisch, and M. J. Frisch, Gaussjan 9 8 SND& wSFSNBy OS:
[15] C. Lee, W. Yang, and R.G. Heinys. Reb.37(2 ) 785789(1988).

[16] W. Kohn, A. D. Becke, and R.G. BafPhysChem100(31) 1297412980 (1996).

[17] J.L. DurantChemPhyslett256, 595602(1996).

™



CHAPIER 2 . Molecular Modeling

[18] A.D. BeckeRPhys. Rev. 38(6) 30983100(1998).
[19] A.D. Becke]. Chem. Phy98(7) 5648&6652(1993).
[20] J. P. Perdew, K. Burke, and Y.W#ys. Rev. B4 (23) 16533.6539(1996).

[21] T. Puzyn, J. Leszczynski, M.TConin. Recent Advances in QSAR Studies. Springer
Science+Business Media B.V. USA (2010).

[22] P. Banackylournal of Physics and Chemistry of Saifls272&2747 (2008).
[23] T. Sotomatsu,; Y. Murata,; T. FujdlaComput. Chem. 194-98 (1989).

[24] M. J.S. Dewar, G. L. Glady, J.J. P. Stelvam). Chem. Sd06, 6771(1978).
[25] W. P. Anderson, T. Cundari, R. Dargo, M. C. Zénoeg. Chem 29, 1(1990).
[26] D.F. V. LewiS€hem. Re\86, 1111 (1986).

[27] M. J.S. Dewag. Jie and J. Yietrahedrod9, 5003(1993).

[28] M. J. S. Dewar, E. G. Zoebisch, E. F. Healey and J. J. P. Sté&warChem. S&07,
3902(1985).

[29] J.J. P. Steward, Comp. ChedD, 209 221(1989).

[30] U. Burkert and N.L. AllingeMolecular Mechanics, ACS Monograph no. 177,
American Chemical Society, D. C.Washington,(1982).

[31] A. K. Rappe” and C.J. Casewit, Molecular Mechanics Across Chemistry, University
Science Books, Sausalito, CA, (1997).

[32] W. D. Cornell, P. Cieplak|.Bayly, I.R. Gould, K.M. Merz Jr., D.M.Ferguson, D.C.
Spellmeyer, T. Fox, J.W. Caldwell, P.A. Kolldnagkm. Chem. Sdcl7, 51795197(1995).

[33] N.L. AllingerJ. Am. Chem. S@9, 8127(1977).

[34] URL: http://www.amber.ucsf.edu/amber/amber.html

[35] URL: http://www.lobos.nih.gov/Charmm

[36] Hyper Chem 8.0 user manuals, Hypercube, Inc., FL (2007)

oH


http://www.lobos.nih.gov/Charmm

CHAPIER 2 . Molecular Modeling

[37] S. Lifson, A. Warshdl, Chem. Phy49, 51165129 (1968).

[38] A. Warshel, S. Lifsod, Chem. /s.53, 582,594 (1970).

[39] A. Warshel, M. Levitt, S. LifsdnMol. Spectros83, 8499 (1970).

[40] O. Ermer, S. Lifspd. Am. Chem. S&S&, 412%4132(1973).

[41] S.L.Mayo, B. D. Olafson and W. A. Goddald@lhem. Phygst, 8897(1990).

[42] T.A. Halgren]. Computational Cherhi7, 490 (1996).

[43] J.E. Bol, C. Buning, P. Comba, J. Reedijk, M. Strd.Cdenput. Chemd9, 512(1998).
[44] http://www.igc.ethz. ch/GROMOS/index

[45] W.F. van Gunsteren, &H.J.C. Berendgeh, Phys34,13111327(1977).

[46] B. A.C. Horta, P.F.J. Fuchs, W.F. van Gunsteren, &P.H. Hunenbetgem. Theory
Comp.7, 10161031 (April 2011).

[47] C. Altona, and D. H. Fab&gp. Curr. Chedb, I 38(1974).
[48] K. B.Wiberg). Am. Chem. S8@, 107G 1078(1965).

[49] K. WilliamsonK. Masters Macroscale and Microscale Organic Experime6ted.

EditeurCengage Learning, u3a(0).

[50] E. G. Lewars, Computational Chemistryntroducton to the Theory and
Applicationsof Molecular and Quantum Mechanics, Springer Dordrecht Heidelberg, New
York, (2011).

[51] C. Hansch and A. LeSubstituent Constants for Correlation Analysis in Chemistry and
Biology John Wiley & Sons, New Y¢1l©79).

[52] S. Muthu, S. Renug&pectrochim. Acta Part A Mol. Biomol. Spectrdde!, 110,
(2013).

[53] M. J. S. Dewar, E.G. Zoebisch, E.F. Healy and J.J.P. Stefart,Chem. SodO07,
3902 (1985).

[54] J.J.P. Stewaid, Comp. Cheml0, 209 (1989).

do


https://www.google.fr/search?hl=fr&tbo=p&tbm=bks&q=inauthor:%22Kenneth+Williamson%22
https://www.google.fr/search?hl=fr&tbo=p&tbm=bks&q=inauthor:%22Katherine+Masters%22

CHAPIER 2 . Molecular Modeling

[55] C. HanschAcc. Chem. Re2, 232 (1969).

[56] H. K. Srivastava, F.A. Pasha and P. P. $ihgh, Quantum Cheml03, 237 (2005).
[57] F. A.Pasha, H. K. Srivastava and P.P. $ogDiv, 19, 215 (2005).

[58] F. A. Psha, H. K. Srivastava and P.P. SiBgigrg. Med. Chem13, 6823 (2005).

[59] F.A. Pasha, H. K. Srivastava and P.P. $mgh, Quantum Cheml04, 87 (2005).

[60] C. Hansch, A. Leo and D. Hoelkman, Exploring QSAR: Fundamentals and Applications in
Chemistry and Biology, American Chemical Society,Washington DC (1995).

[61] R. Franke, Theoretical Drug Design Methods, Elsevier, Amsterdam, pfi23.{5984).

[62] M. Goodarzi, M. P. Freitas, R. Jensen. Chemometrics and Intelligent Laboratory
Systens 98, 128129 (2009).

[63] A. CrumBrown and T. R. Frasdirans. R. Soc. Edinburdtd, 151 (1868).
[64] C. Richetand C. R. Sear8s;. Biol. Ses. FB, 775 (1893).

[65] H. MeyerArch. Exp. Pathol. Pharmakal2, 109 (1899).

[66] E. OvertorStudien Uber die NarkosEischer, Jena, German (1901).

[67] J. FergusoRroc. R. Sotondon Ser. B 27, 387 (1939).

[68] C. Hansch, P. P. Maloney, T. Fujita, and R. M.Madire 194, 178 (1962).
[69] S. M. Free and J. Wilson,J. Med. Chem7, 395 (1964).

[70] T. Fujita and T. Bah,Med. Chem14, 148 (1971).

[71] C.D. Selassie, History of quantitative Struciucgvity relationships”, in Book "History
of quantitative StructureActivity relationships”, D. J.bfaham, Editor., John Wiley & Sons,
Inc., California (2003).

[72] M. Randicl. Am. Chem. Sp87, 6609 (1975).

[73] L. H. Hall and L. B. KiePharm. Sci66, 642 (1977).



CHAPIER 2 . Molecular Modeling

[74] R. Todeschini, V. Consonni .Handbook of molecular descriplies-VCH, Weinheim
(2000).

[75] A. Shayanfar, S. Shayanf&uropean Journal of Pharmaceutical Scierx8s3%35
(2014).

[76] J. Ghasemi, S. Saaidpour, S. D. Bréaurnal of Molecular Structure: THEOCHIDS),
27¢32 (2007).

[77] A.T.C. Goh,\®. ZhangEngineering Geolody70, k10 (2014).

[78] H. Golchoubian, G. Moayyedi, H. Fazi#pectrochimica Acta Part 86, 2% 30,
(2012).

[79] M. Sahin, Y. Kaya, M. Uyadlvances in Space Resedsth 891904 (2013).
[80] N. R. Draper, Hrgh, Applied Regression Analysis, 2nd ed., Wiley, New York (1981).

[81] J. N. Miller, J. C. Miller, Statistics and Chemometrics for Analytical Chemistry, Prentice
Hall, London (2000).

[82] Y. Belmiloud, A. Kadari, L. Benhamed, D. Cherquaoui , /il Brahimi Orient.
J. Chem.Vol. 25(1), 4%6 (2009).

[83] S. Riahi, M. F. Mousavi, M. Shamsipaignta69, 73&740(2006).

[84] HyperChem (Molecular Modeling System) Hypercube, Inc., 1115 NW, 4th Street,
Gainesville, FL 32601, UGAO7).

[85] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, ¢
Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P.
Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. SonnenbeiagaJiM. Ehara, K. Toyota,

R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A
Montgomery, J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N.
Staroverov, R. Kobayashi, J. NormakdRaghavachari, A. Rendell, J. C. Burant, S. S. lyengar,

J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, (
Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C.

Gp



CHAPIER 2 . Molecular Modeling

Pomelli, JW. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador,
J. J. Dannenberg, S. Dapprich, A. D. Daniels, J. B. Fanessnan, J. V. Ortiz, J. Cioslowski,
and D. J. Fox, Wallingford, CT (2009).

[86] SPSS 19 FOR WINDOWS



CHAPITER O 3

R

Geometric, Electronic Structure

and Substituent effects of

14 -

Membered A, 3 -Unsaturated

Macrolides

f




CHAPTER 3: Geometric, Electronic Structure and Substituent effects of
14- Membered A, 3 -Unsaturated Macrolides

1. Introduction

Molecular modeling can be defined as the generation, manipulation, calculation, and
prediction of realistic molecular structures and associated physicochemical as well as
biochemical properties by the use af computer. It is primarily a mean of communication
between scientist and computer, the imperative interface between huroamprehensive
symbolism, and the mathematical description of the molecule.[1]

The types of predictions possible for molecules agattions include [2]:
| SFGa 2F F2NXYIFOGA2Y
.2YR YR NBIOlAz2zy SySNHASaA

Oy SNHASA YR aiGNUzOGdzNBa 2F GNIyairlraAzy

/ K did¢lution in molecules (reactive sites)
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al Ay SGAO &aKASfged@d)yd STFFSOUaA oObaw

(0p))
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Prediction of these properties has many applications in energetic materials research,
including studies of synthesis pathways, reaction products and initiation mechanisms.
Quantum chemistry methods play an important role in obtaining molecular
geometries and predicting various propertif. To obtain highly accurate geometries and
physical properties for molecules that are built from electronegative elements, expensive ab
initio/HF electron correlation methods are required-¢}. Density funtonal theory methods
offer an alternative use of inexpensive computational methods which could handle relatively

large molecules F46].

2. Mulliken population analysis (MPA)
This population analysis is the oldest and one of the most widely used. MPAadivid

bond orbital populations equally between the two atoms of a bond.

Py

az2f SOdzf  NJ SYSNHASAE |yR a0NHzOGdzZNBa 60 KSH

wSHQOQUA2Y LI GKgleéasxs (AySGAO0a FyR YSOKLI Y,

K+tAaAofS &aLIS
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This approach is very simplified and does not take into consideration that one of bonded
atoms can attract electrons markedly more than the second one. On the other hand, the

simplicityof MPA is sometimes an advantage because the method can be easily used.[17]

3. Electrostatic Potential Surface (MESP)

The molecular electrostatic potential is the potential energy of a proton at a particular

location near a molecule.

1 Negativeelectrostatic potential corresponds to an attraction of the proton by the
concentrated electron density in the molecules (from lone pairdguds, etc.)
(colored in shades of red).

1 Positive electrostatic potential corresponds to repulsion of the protgnthe
atomic nuclei in regions where low electron density exists and the nuclear charge
is incompletely shielded(colored in shades of blue).

The more red / blue differences, the more polar the molecule. If the surface is largely white
or lighter color shads, the molecule is mostly ngpolar. The MESP may be employed to
distinguish regions on the surface which are electron rich (subject to electrophilic attack)
from those which are electron poor (subject to nucleophilic attack) and has been found to be
a vay convenient tool in exploration of correlation between molecular structure and the
physiochemical property relationship of molecules including bio molecules and drug8].18
The electrostatic potential V(r) at any point in space around a moleculedrgeldistribution

IS given by:

Ly p(r')

V= ka7 | 7 =n

dr' (1)

Where the summation runs over all the nuclei A in the molecule and polarization and

NE2NBIYAT FGA2y STFSOGa FNB yS3aft SOGSRd® %! A3

is the electron density function of theatecule.

¢
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4. Dipole Moment

An electric dipole consists of a pair of charges of equal magnitude and opposite signs
(+q andgq), separate by a distance (r). The dipole moment of an electric dipole is a vector
directed from the negative to the positive charge. The magnitude of thelglipppment is

measured in Coulomb meters (Cm) or in debye (D), where 1D = 3.338*Ctn. [24]

If the positive and negative charges in a molecule do not overlap, the molecule
possesses a permanent dipole moment (1) (polar molecule). Molecular dipole mament

usually calculated using the following formula:

n=) qixry @)
Where r is the radiusector of an atom i from the origin of the coordinate system (Centre of
charge or Centre of mass)
7 is the partial charge of atom i

1 The summation is over all atoms in the molecule.

5. Heat of For mpation ( ea&H

The heat of Formation is known as the change in enthalpy accompanying the formation of
one mole of a compound from its elements in their natural and stable states, wstdedard

conditions of one atmosphere at a given temperature [25].

The quantum chemical and energy descriptors are useful parameters for describing QSAR
of a chemical system. A more useful quantity the heat of formation of the compound from its
elements n their standard state. This is equal to the energy required to ionize the valence

electrons of the atoms involved. The heat of formation is defined as:

-I'f'l-H,f = Ectec + Enuc — Eiso + Egtom (3)
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Where Biec is the electronic energy,nk is the nucleamnuclear repulsion energy,sk is the
energy required to strip all the valence electrons of all the atoms in the system aapd<

the total heat of atomization of all the atoms in the system.

6. Energies of the Frontier Molecular Orbitals HOMO and
LUMO

The energies of the frontier orbitals HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) are commonly used descriptors in QSAR
analysis. They reflect the reactivity of a molecule. A higher HOMO eneggess higher
affinity of a molecule to react as a nucleophile, a lower LUMO energy suggests stronger

electrophilic nature of a molecule.

Additionally, electrophilic and nucleophilic attack will most likely occur at atoms where
the coefficients of the coasponding atomic orbitals in HOMO and LUMO, respectively, are

large. [24]

7. Substituent Effects on the Electronic Structure

The measure of some important electronic properties such as ionization energy, electron
affinity, etc., through the introduction oflectron donating (ED) or electron withdrawing (EW)
substitutions follows a long established method in-blemical and molecular electronics

engineering. [2630]

ED substituents (donor Substituents) can increase the energies of highest occupied
molecular abital (HOMO) and lowest unoccupied molecular orbital (LUMO) relative to that of
bare molecule (M), allowing a significant modification of the molecular electronic properties
(Figure 3.1)
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Figure 3.1Influence of energy level of the donor group (ED)

EW substituents (Acceptor Substituents) can decrease the energies of lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) relative to that of
bare molecule (M), allowm a significant modification of the molecular electronic properties.

(Figure 3.2)

Figure 3.2.Influence of energy level of the acceptor group (EW)
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8. Material and methods

° Fr /

Figure 33 h X unsaturatedmacrolactone

Initial calculations were optimized using HyperChem 8.03 softw@4. The
geometries of maclmes and its derivatives were first fully optimized by molecular
mechanics, with MM+ foreéield (rms = 0.001 Kcal/A). Further, geometries were fully re
optimized by using PM3 methd®2]. In the nextstep geometries were fully reptimized by

using Ab initio/HF (ST8G).The calculated results have been reported in the present work.

9. Results and discussion

9.1.Conformational Analysis of 14 -Membered A, & -Unsaturated Macrolides

The most stable structures can be characterized by three structural characters: the
diene group, the", i cunsaturated ester group, and the two saturated chains (Figure 3.3)
[33]. Thus, we have obtained eight types of conformations which are present imalarity
of cases in an 5 kcal/mol energy range above the global minimum. The conformation types
are classed from 1 to 8 [34].

For types (2, 4, 6, 8), the two planes of two conformational sites, diene'and
unsaturated ester group are pseudo paratgbut for types (1, 3, 5, 7), the two planes of the

two sites are pseudo antiparallels (Figure 338).
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Figure3.4. Main conformational types of macrolides.

In 2 kcal/mol difference, the macrocycle 14s is characterized by the first conformer
type 6, which is the most favored witk3.7% rate followed by a type 4 with 16.6%is is
done using the Boltzmann statistical method.

Then, the macrocycle 14d (Figure 3.1) is presented preferably in the typeti3

24.9%. The percentages of other conformers are listed in Table 3.1.

Table 3.1. Energetic difference and Boltzmann population for different macrolide

types.
Macrolides 14 symmetric (0= = 3) 14 dissymmetric (=2, n; = 4)
to 2 kcal/mol Type no % Type no %
6 0.00 23.7 3 0.00 24.9
4 1.58 16.6
Sup to 2 Kcal/mol 3 2.49 13.3 6 2.03 15.2
2 3.12 11.4 4 2.61 13.2
7 3.35 10.8 7 3.35 11.1
1 4.45 08.2 1 3.49 10.7
5 4.48 08.2 5 3.64 10.3
8 4.72 07.7 8 4.52 08.3
2 5.78 06.2

Note: nE: Energetic difference to the absolute minimum, %: Boltzmann population.
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9.2. Geometric and Electronic Structure of Basic Structure of

Symmetric 14-membered Macrolide Type 6 (T6)

Figure3.5. Theprivileged Conformations of the macrocycle 14s (°

The efficiency of PM3nethod may be scrutinized by comparison with the results

obtained by more elaborate calculation such as ab initio/HF{STGQ

Present results concerning from these results a good correlation can be seen between the ab
initio, and PM3 for bond lengthslso the charge densities calculated by these methods are
approximately similar, Table 3.2.

The geometric study allow to see that esteri qunsaturated system for the 14S
macrolide type 6Kigure 3.5hasan 8 L{ F2N¥ 6A (K 1= ORG-&ERNI f
2.861° using molecular mechanic calculation; 046.39ing PM3 method and 018.67Via
ab-initio/HF method. Also it allows to see that the diene system, it has BRANS form, with
I RAKSRNJ £= CrGBAYCHO= 275.58 using MM calculation, 175.195via PM3
method and 163.269 using abinitio method.

Finally, we concludehtit esterh,i -unsaturated and diene systems for the two macrocycles

are perpendicular on medium plans of cycles.
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Table 3.2 Bond lengths (in A)ral valence angles (in degreef the macrocycle 14s
(T6)as computed at different levels of theory. Seigure3.5for the numbering of the atoms.

Distance MM+ PM3 ab initio /HF  Distance MM+ PM3 ab initio
IHF
G-O5 1.2095 1.2168 1.2196 CG-G 1.3449 1.3387 1.3176
G-Ous 1.3501 1.3709 1.3958 GG 1.3434 1.4516 1.4871
GG 1.3594 1.4809 1.5119 G-Cio 1.3437 1.3372 1.3168
GG 1.3447 1.3349 1.3165 GG 1.5101 1.4891 1.5293
C3G 1.5094 1.4854 1.5224 C1-Go 1.5391 1.5237 1.5483
G-G 1.5537 1.5243 1.5492 C2-Gs 1.5387 1.5294 1.5499
G-Gs 1.5540 1.5248 1.5517 Ci3-O14 1.4085 1.4198 1.4383
G-C 1.5120 1.4869 1.3165
Angle MM + PM3 ab initio /HF  Angle MM + PM3 ab initio
IHF
GGG 127.451 124.782 125.218 G-Go-CGi1 124.023 123.025 125.004
GGG 129.921 126.343 126.816 Co-G1-Ge 115.791 114.488 114.463
GGG 111.84 113.109 113.820 CGi1-G2Gis 114.822 113.574 114.004
C-G-G 113.224 113.157 114.614 Gi2-Gi3-On4 113.540 113.022 114.031
G-G-C 111.908 112.899 113.537 G3014-G 119.859 119.674 113.292
G-C-G 128.120 124.513 127.794 O14-G-O15 119.703 119.571 122.775
CG-G-G 126.105 123.292 127.077 G-G-Os 121.920 128.808 127.588
G-G-Cio 123.275 122.989 123.033
Torsion MM+ PM3 ab initio /HF Torsion MM + PM3 ab initio
angle angle IHF
G-G-GG 002.052 002.809 002.594 Go-Cio-Gi1-Giz 046.313 032.791 054.751
C-G-C-G 116.788 113.966 123.816 GoCG1-G2-Gs 068.295 084.717 068168
G-CG-G-Gs 063.701  87.496 70.818 CG1-G2Ci3-On4 057.525 076.327 056.740
C-G-G-C 075.170 092.997 076.652 Ci2-G3-014-G 067.379 080.478 075.409
G-G-Cr-Gs 120.784 120.741 120.059 CGi3-014¢G-CG 170.332 168.061 176.267
G-Cr-G-G 001.039 003.591 001.359 Ci3-014-G-O1s5 007.330 013.693 003.566
C-G-G-Cio 175.583 175.195 163.269 O15-G-G-G 002.861 046.395 018.671
G-G-CGoG1  178.497 177.621 178.995
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The Table 3.3 shows that the atoms G, G, G, G, G, G, G, Go, G1, G2, Osand Qs
have negative Mulliken charges which leads to electrophilic substitution, whereas the atom C

and Gz have positive Mullikerharge which lead to preferential site nucleophilic attack.

Atoms PM3 ab initio/HF
G 0.418 0.310
G -0.194 -0.097
G -0.046 -0.027
G -0.092 -0.116
G -0.085 -0.093
G -0.077 -0.108
G -0.143 -0.060
G -0.101 -0.068
G -0.141 -0.078
CGo -0.119 -0.050
G -0.061 -0.106
G2 -0.138 -0.106
Gs 0.074 0.012
Oug -0.264 -0.258
O1s -0.385 -0.275

Table 33. Mulliken charges of basic structure of macrolide T6.

9.3. The molecular electrostatic potential MESP of basic structure (T6)

The molecular electrostatic potential surface MESP which is a plot of electrostatic
potential mapped onto the iselectron density surface simultaneously displays molecular
shape, size and electrostatic potential values and hanlpdotted for both the molecules.

Molecular electrostatic potential (MESP) mapping is very useful in the investigation of
the molecular structure with its physiochemical property relationshg&s40].

In this study, the electrostatic potentials at treurface are presented by different

colors Figure 3.6.
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s - s

Figure3.6. 3D MESP contour map for tdacrolide moleculéGaussian 09)

Red color parts represent the regions of negative electrostatic potential whallew
ones represent regions of positive electrostatic potential. Green color parts represent also
regions of zero potential. A portion of the molecule that has a negativetrelstatic
potential is susceptible to electrophilic attack while the positive ones are related to

nucleophilic reactivity.
9.4. Substituent effects on the electronic structure in symmetric 14 -

membered macrolides

Ab initio/HF method with (STQG) basis set veaused to investigate the effects of a
variety of substituents -CH3 and-F) on the electronic and structural properties of

macrolide.
LY ¢FofS odn YR ¢FofS odp> | hah | yR
formation and dipole moments are reportedrfmacrolide and its derivatives. The chemical

structures of the studied macrolide and its derivatives are shown in Figure 3.7.
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Series 1

R1=R2=R3=R4=R5=R6=R7=R8=R9=R10=R11=R12=H
R1=R7=GR2=R3=R4=R5=R6=R8=R9=R1D-R12=H
R2=R8=GR1=R3=R4=R5=R6=R7=R9=R10=R11=R12=H
R3=R9=GR1=R2=R4=R5=R6=R7=R8=R10=R11=R12=H
R3R4=R10:CH;R1=R2=R3=R5=R6:R7=R8=R9=R112R12=H
R5=R11=GR1=R2=R3=R4=R6=R7=R8=R9=R10=R12=H
R6=R12=GR1=R2=R3=R4=R5=R7=R8=R9=R10=R11=H

Rs Series 2

R1=R2R3=R4=R5=R6=R7=R8=R9=R10=R11=R12=H
R1=R7=F, R2=R3=R4=R5=R6=R8=R9=R10=R11=R12=H
R2=R8=F, R1=R3=R4=R5=R6=R7=R9=R10=R11=R12=H
R3=R9= FR1=R2=R4=R5=R6=R7=R8=R10=R11=R12=H
R4=R10=F, R1=R2=R3=R5=R6=R7=R8=R9=R11=R12=H
R5=R11=F, R1=R2=R3=R4=R6=R7=R8=R9=2RH)=R1
R6=R12=F, R1=R2=R3=R4=R5=R7=R8=R9=R10=R11=H

Figure3.7 Scheme of macrolide systems.

Heat of HOMO LUMO no
Ne System formation  (eV) (eV) (eV) >0F
(kcal/mol)
1 macrolides -54.5684 -5.6027 -1.0296 45731 1.101
2 2,8-dimethylmacrolide -70.7862 -5.5480 -0.9132 4.6348 1.313
3 3,9-dimethyl macrolide -67.2676 -5.5456 -0.8666 4.6790 0.997
4 4,10-dimethyl macrolide -67.5177 -5.4356 -1.0215 4.4141 1.252
5
6
7
u

5,11-dimethyl macrolide  -64.6269 -5.5899 -1.0468 4.5431 1.124
6,12dimethyl macrolide  -65.1767 -5.6035 -0.9972 4.6063 1.085
7,13dimethyl macrolide  -67.9773 -5.4286 -0.9698 4.4588 1.135
SY 1SIG 2F F2NXNIGAR2Y o6& tao o0& | &LISNI KBY

b2

Table3. 4 Energesof macrolide and dmethyl substitute macrolideSeries 1

ydnc o
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Heat of HOMO LUMO no
N©° System formation (eV) (eV) (eV) >05
(kcal/mol)

1 macrolides -54.5684  -5.6027 -1.0296 4.5731 1.101

2 2,8difluorine macrolide -139.1277 -5.7815 -1.2601 4.5214 1.486

3 3,9 difluorine macrolide -139.9724 -5.8465 -1.0432 4.8033 1.214

4 4,10 difluorine macrolide -138.3979 -5.7306 -1.4843 4.2463 2.218

5 5,11- difluorine macrolide -137.8738 -6.0830 -1.3782 4.7048 1.513

6 6,12 difluorine macrolide -136.5750 -6.1690 -1.4174 4.7516 3.000

7 7,13 difluorine macrolide -148.3032 -5.6715 -1.3692 4.3023 0.904
b2GSY 1SFG 2F F2NXYIGA2y 06& tao 06& | @LISNJKSY

Table3.5 Energieof macrolide and dfluorine substitute macrolideéSeries 2

ydnc o

The heat of formation is decreased at each addition ehdthyl groups. Compound 2

(2, 8dimethyl macrolide) has the smallest value of the heat of formation. This compound (2)
is more stal# compared to other derivatives.
As has been seen by calculating the effect of a substituent donor increase the energy

of the HOMO and that of the LUMO, while we see by calculating the effect of a substituent

acceptor decrease the energy of the HOMO #mat of the LUMO, Results in a stabilization of

the HOMO and LUMO.

In the substituted dimethyl group category, the 4,i@methylmacrolide (compound

4) has smaller HOMDUMO energy gap (4.4141) Table 4 depicts the chemical reactivity of

the compound; highr is the HOM@.UMO energy gap, lesser is the flow of electrons to the

higher energy state, making the molecule hard and less reactive. On the other hand in smaller

HOMOLUMO gap, there is easy flow of electrons to the higher energy state making it softer

and more reactive (HSAB principle: hard and soft acids and bases).

Hard bases have highestcupied molecular orbitals (HOMO) of low energy,

and hard acids have lowesnhoccupied molecular orbitals (LUMO) of high energy [45].

The heat of formation is decreased at each addition dfudirine groups. Compound

7 (7,13 difluorine macrolide) has the smallest value of the heat of formation. This compound

(7) is more stable compared to other derivatives.

As has been seen by calding the effect of a substituent donor increase the energy of the

HOMO and that of the LUMO.
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In the substituted difluorine group category, the 4,3uorine macrolide (compound
4) has smaller HOMDUMO energy gap (4.2463) Table 5 depicts the cheneeativity of
the compound; higher is the HOMQJMO energy gap, lesser is the flow of electrons to the

higher energy state, making the molecule hard and less reactive.

ELumo =-1.0296ev

P Eomo-Lumo = 4.5731ev

v

Enomo=-5.6027ev

Figure 38. Schematic drawings of the HOMO and LUM®@anfipound IGaussian 09).
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¢ KS 02y (2 dzNdikeJfogtiar drbital's foriih §round state of compound B1 are
shown in (Figure 3.8), The positive phase is red and the negative one is green. from the
plots, one can find that the HOMO mainly concentrates on the dgmoelp, whereas, the
LUMO distributes over the,] cunsaturated ester group with some delocalization along the
diene group. These further demonstrate that there exists the delocalization of the

O 2 vy 2 dz3dledtrSrRsysiem in the molecule of compound 1.

10. Conclusion

The present work studied the molecular proprieties of -riémbered
macrolides. The PM3, and ab initio method can be used quite satisfactorily in
predicting the chemical reactivity of the molecules and the effect of substitution of
either donor or acceptor electron.

The 4, 1&di-methyl macrolide is predicted to be the most reactive with least
HOMGLUMO energy gap (4.4141) of all macrolide systems substituted-imgetthiy!,
and in the substituted diluorine group category, the 4,Huorinemacrolide has
smaller HOM@.UMO energy gap (4.2463). depicts high chemical reactivity of the

compounds.
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1. Introduction

The idea that the physiological effects of a substance depend on its chemical
composition andstructure was first formulated more than a hundred years ago [1] . Today
this approach is widely used in biochemical, pharmaceutical and other fields of science
where predicting properties of chemical compounds is necessary. The popularity of this
approachis based on the now obvious statement that the biological or physicochemical
activity of the compound is a function of its structure, represented by a set of directly
measurable or computable parameters-¢2 Heterocyclic compounds hold a special place
among the major pharmaceutical natural products and synthetic drugs having different
biological activities [[

The useful properties of macrolides range from perfumery to biological and
medecinal activity . The new finding in the field of antitumour actand other antibiotic
macrolides, together with pheromones and plant growth regulators with macrolactone
FNFYSG2NLlZ FNB +y AYALANIdGA2y (2 OKSYAala
to describe drugs with a macrocyclic lactone ring of 12nore elements. [8] The 1415,
and 16membered macrolides are a widely used family of antibiotics. They have excellent
tissue penetration and antimicrobial activity, mainly against Gpansitive cocci and atypical
pathogens.

Macrolide concentrationsra at least 1€fold higher in the epithelial lung fluid than
in serum. Erythromycin A, a Idembered macrolide, was isolated more than 50
years ago from cultures @treptomycesnd was the first macrolide introduced into clinical
practice.[8-10]

However, increasing macrolide resistance among respiratory tract pathogensh as led
to a search for new agents that are momffective againstmacrolidelincosamide
streptogramin group B (MLSB)sistant strains, and have low potential to select for or
induce resistance and crosssistance. The ketolides of which telithromycin (HMR 3647) is
the first to undrgo clinical development, represent a new family of antmicrobials that are
derived chemically from the macrolides and have been developed for use agzspstatory

pathogens.[11]
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A successful drug that passes the hurdles of clinical trials to gain approval and a
strong market position must exhibit a delicate balance of biological and physicochemical
properties[12,13].

Quantum chemistry methods play amportant role in obtaining molecular geometries and
predicting various properties.[14] To obtain highly accurate geometries and physical
properties for molecules that are built from electronegative elements, expensive
initio/HF correlation methods aresguired.[1%17] Density functional theory methods offer

an alternative use of inexpensive computational methods which could handle relatively large
molecules.[13], [1825]

Quantitative and qualitative StructurActivity Relationships (QSAR) are attempts to
correlate molecular structure, or properties derived from molecular structure [5], [20], [25]
with a particular kind of chemical or biochemical activity.

The kind of activity is a function of the interest of the user. QSAR is widely used in
pharmaceutical environmental, and agricultural chemistry in the search for particular
properties. The molecular properties used in the correlations relate as directly as possible to
the key physical or chemical processes taking place in the target activity [26].

QSAR &as done much to enhance our understanding of fundamental processes and
phenomena in medicinal chemistry and drug desigqj.

The ability of a drug to penetrate various biological membranes, tissues and barriers
is a primary factor in controlling the ietaction of drugs with biological systems.

In quantitative structure activity relationship models (QSAR) in which
physicochemical parameters of drugs are correlated with biological activities, lipophilicity
(partition Coefficient) has a major role. Othenportant parameters are polarizability,
electronic and steric parameters, molecular weight, geometry, etc.

In this work, we have investigated the geometry, electronic structure and substituent
effect for 14membered macrolides derivatives. Finally, we have studied some of QSAR
proprieties and drug likeness proprieties of a series ofmkembered macrolides and

ketolides derivatives reported by K. falzari and al [32] and J. Zhu. Zhaohai and al [33].
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2. Structure -Property Relationships (SPR) Properties

2.1. Molecular Volume And Surface Area
Molecular volumes are often calculated by a numerical integration gctirtejue [34]

that | can illustrate by considering the trivial problem of finding the volume of an atom
whose van der Waals radius is R (the volume is of cetiraé )

Figure 4.1 shows a twdimensional representation of the atom whose van d¥aals

radius is R, surrounded by a thrdanensional grid of equally spaced points.

/
[

yd

Figure 4.1 Grid around atom
The grid has its centre at the atom centre, and the edges of the grid correspond to the
van der Waals radiug:or each grid point in turn we calculate its distance from the centre
and determine whether the grid point lies inside or outside the atom. If n is the total number

of grid points and na the number that lie within the atom whose volume is V, then we have

Vv Ny
=== D

For a polyatomic, we have to give special consideration to grid points that lie in the
overlap region. Figure 4.2 shows two atoms, A and B, with radii RA and RB. The overlap

region is labelled X.

Figure 4.2Atoms A, B and overlap region X

M M
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For atom A, we know that the volume-8'Y . We now surround atom B with a grid, as

described above, and test each grid point in turn. If the grid point lies within sphere B, then
we test to see if it lies in regionafd so has already been counted as part of the volume of
atom A. The algorithm proceeds until all atoms have been considered in turn. The molecular
volume is found by adding all atomic contributions. There are similar methods for the

estimation of molecwdr surface area.

2.2. Molecular Refractivity (MR)

The molar refractivity is a steric parameter that is dependent on the spatial array of the
aromatic ring in the synthesized compounds. The spatial arrangement also is necessary to
study the interaction of the ligand with the receptor [35].

This parameteis a measure of the volume occupied by an atom or group of atoms. The

molar refractivity is a constitutivadditive property that is calculated by LorenzLorentz

formula:
ni-1  Mw
MR = 5= X == 2)

GKSNB y A& (GKS NBFTNI OlGA2y AYRSES adhe(Ad (K
n’b 1)/(n? + 2) term provides a correction factor by defining how easily the substituent can
6S LI2NIfAT SRS ¢6KSNBlIa GKS aégk” GSN¥Y RSFTAyS
lipophilicity, volume, and steric of the molecules. Moreover, i ln@en correlated with the

London dispersive force that acts in the dmggeptor interaction.

2.3. Molecular Polarizability (Pol)

Molecular Polarizability of a molecule characterizes the capability of its electronic system
to be distorted by the exterrafield, and it plays an important role in modeling many
molecular properties and biological activities [36].

It is widely used to describe the inductive and dispersive interaction of a molecule or
molecular system. In addition, polarizability values hdeen shown to be related to
hydrophobicity and thus to other biological activities. It is one of the descriptors that are

extensively used in QSAR study.
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Highly polarizable molecules can be expected to have strong attractions with other
molecules. Theg SOdzf | NJ LI2f F NAT I oAGe o6ho Aa | faz NI

LorentzLorenz equation (3) whereohé the Avogadro constant.

4
MR == nNoa (3)

2.4. Molecular Weight (MW)

Molecular weight descriptor has been used as a descriptor in systems such as transport
studies where diffusion is the mode of operation. It is an important variable in QSAR studies
pertaining to cross resistance of various drugs in nurtig resistant cellines [37].
Molecular weight is correlated with the size of the molecule [38].

High molecular weight compounds are likely to show high toxicity as promiscuity of
compounds is also likely to increase [39]. Additionally, the systemic clearance of a gaimpou

is inversely proportional to the molecular weight [40].

2.5. Hydration Energy (HE)

Hydration energy is very important in the selectivity filter of ion channels where the drug
is almost entirely strip from the hydration water [41]. Indeed, in the hotal environments
the polar molecules are surrounded by water molecules. They are established hydrogen
bonds between a water molecule and these molecules. The donor sites of the proton
interact with the oxygen atom of water and the acceptor sites of thetqn interact with
the hydrogen atom. The first corresponds to the complex with the strongest hydrogen bond.
These hydrated molecules are dehydrated at least partially before and at the time of their
interaction. These interactions of weak energy, which wbserve in particular between

messengers and receivers, are generally reversible [42].
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2.6. Partition Coefficient (Log P)

One of the most important physicochemical properties much interest in QSAR studies is
lipophilicity (or hydrophobicity). Because it directly relates to solubility in aqueous phase, to
membrane permeation (an important factor contributing to the toxicifychemicals), and to
its contribution to ligand binding at the receptor site.

The ability of a molecule to cross the biological membranes (permeability) is a very
important biopharmaceutic parameter that governs the absorption, distribution,
metabolism ad excretion (pharmacokinetics) of a drug. Enroute to itsdfiase, the drug
has to partition between the lipid bimembranes and the aqueous biological fluids.
Although constituents vary from one membrane to the other, major constituents of bio

membranesare phospholipids, cholesterol, sphingolipids, and glycolipids (Figure 4.3)

s Bhospholipid Bilayar s———

Figure 4.3Polarity of different cellular milieus

All of these lipids are amphipathic in nature. Therefore, to successfully cross the various
bio-membranes and taeach its site of action, any drug molecule should have a balance
between hydrophilic and lipophilic properties.

The partition coefficient P, defined as the ratio of molar concentration of a chemical
dissolved at equilibrium in octanol phase® its mdar concentration in aqueous phase,C

[43-45], (Figure 4.4), and is given by the equation:

P = (%) )

Cag equilibrium
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Octanol

Figure 4.4Schematic depictions of the partition of species between octanol and water

Which [Ap and [A}y are the concentrations of the compound A in organic and aqueous
phases, respectively.

The best choice out of various ngolar and slightly polar solvents available is noctanol
[46] because, it mimics the biological membranes in several aspects:

1 n-octanol has a saturated alkyl chain,

it has a hydroxyl group that can act as both hydrogen bond donor as well as acceptor, it
dissolves water to the extent of 1.7 M,

YR A& &2f dzehbrFA0) B cldsd tdldhat & biddgicatmembranes, for
SEl YLX Sur80). Ay 014

This combination of lipophilic chains, hydrophilic groups, ability to take up water
molecules and similar solubility parameter givesatanol properties very close to those of
natural membranes.

LogP values between 0 and 3 condes an optimal window for passive drug absorption.
A logP value below 0 means that the compound is hydrophilic, and hence it will have a good
solubility but it may have poor permeability. Whereas, a logP value far higher than 3 means
that the compound s highly lipophilic, hence, tends to favour absorption, aedders the
compounds more susceptible to metabolism and / or biliary clearance [47, 48]. The influence
of lipophilicity on the metabolic clearance of drugs is attributed mainly to the increased

affinity of drugs for the enzymes [49].
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2.7. Number of Hydrogen Bond Donors and Bond Acceptors

Hydrogen bonding is now seen as an important property related to membrane
permeation. Various scales have been developed [50]. Some of these scales di&datibe
hydrogen bonding capability of a compound, while others discriminate between donors and

acceptors [51].

Hydrogen bonds increase solubility in water and must be broken in order for the
compound to permeate into and through the lipid bilayer membraii@us, an increasing
number of hydrogen bonds reduces partitioning from the aqueous phase into the lipid
bilayer membrane for permeation by passive diffusion [38]. Thus, the number of hydrogen
bond donors and acceptors should be limited in order to minéthe stability of compound

in aqueous media.

2.8. Druglikeness

The term drugike captures the concept that certain properties of compounds are
most advantageous in their becoming successful drug products. The term became commonly
used following the pietal work of Lipinski and his colleagues at Pfizer [52]. Their work
examined the structural properties that affect the physicochemical properties of solubility
and permeability and their effect on drug absorption. The term dikg property has
expanded ad has been linked to all properties that affect ADME/Tox. Although medicinal
chemists and pharmaceutical scientists had used structural properties in various ways for
many years, rules became more prominent and defined in the field with the report by
LipyalA SO Ff wpH6& 2F (KS aNM¥zZ S 2F pzé¢ 2N 6K
rules are a set of property values that were derived from classifying key physicochemical
properties of drugike compounds. The rule of five is based on four prapse of molecules;
namely, molecular weight (MW), logP, number of hydropend donors (HBD) taken as
equivalent to the number ogOH and¢NH groups, and the number of hydrogbond

acceptors (HBA) taken as equivalent to the number of oxygen and nitedgers.
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number of its HBDs exceeds 5 and the number of its HBAs exceeds 10.

QX
LU

Because the values of the decision points for all of the property valuesialtgles
2T FTAOST GKS 020S &aSi 2F NHzZ S&a KIFra o60SSy Ol

2.9. Lipinski Rules

Although medicinal chemists and pharmaceutical scientists had used structural
properties in various ways for many years, rules became more prominent and defined in the
FASER 6AGK GKS NBLRZ2NI o0& [ALAYyalA Sinadst o o
0KS G[ALAYa]TA NHzZ Sadé ¢KS&aS Nz Sa FNB | &
classifying the key physicochemical properties of dikigg compounds. The rules were used
at Pfizer for a few years prior to their publication and since then hmeme widely used.

The impact of these rules in the field has been very high. This acceptance can be attributed

to many factors:

1 The rules are easy, fast, and have no cost to use.

T ¢KS dapé¢ YYySY2yAO YI 1Sa GKS NYzZ Sa Sl ae
1 The rules are inttively evident to medicinal chemists.

1 The rules are a widely used standard benchmark.

1 The rules are based on solid research, documentation, and rationale.

1

The rules work effectively.

The rule states that the compounds are more likely to be orallgyadable if they obey the

following criteria :
KERNRISY 02yR R2y2NBAR Xp OSELINBa&aSR | & (K
az X pnn

t23t X p

Y,
Y%
Y,
V KERNRISY o062yR | OOSLIi2NA Xmn O6SELINB&aaSR |

MH P
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Molecules that violate more than one of these rules may have problems with bioavailability.

Therefore, this rule establishes some structural parameters relevant to the theoretical
prediction of the oral bioavailability profile, and is widely used in desg new drugs.
However, classes of compounds that are substrates for biological transporters such as

antibiotics, antifungals, vitamins, and cardiac glycosides, are exceptions to the rule [53].

3. Results and Discussion

3.1 Study of Structure - activity Rela tionships for 14 -membered Macrolides

We have studied seven physical and chemical proprieties of a series of fifty Macrolides
derivatives using HyperChem 8.03 software. For example , in Figure 5 shows the favored
conformation in 3D of the Clarithromycine.@Mill continue this work in the future by a

quantitative calculation.

Figure4.5.3D Conformation of Clarithromycine (HyperChem 8.03).

QSAPRroprieties are van der Waals surface molecular volume (V), octaai@r partition
coefficient (logP), polarizability (pol), Refractivity (Ref), hydration energy (EH), selvent
accessible surface (S) bounded molecular volume and molecular mass (Matidal@f log

P is carried out using atomic parameters derived by Viswanadhan and coworkers [54].

MHC
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LogP is one criterion used in medicinal chemistry to assess the drug likeness of a given
molecule, and used to calculate lipophilic efficiency, a functbmotency and lod? that
evaluate the quality of research compounds. For a given compound lipophilic efficiency is
defined as the pIC50 (or pEC50) of interest minus th& lwighe compound.

Computation of molar refractivity was made via the same methsdogP. Ghose and
Crippen presented atomic contributions to the refractivity [55]. Sohatttessible surface
bounded molecular volume and van der Wasisfacebounded molecular volume
calculations are based on a grid method derived by Bodor et alyg) the atomic radii of
Gavezott[57]. Polarizability was estimated from an additivity scheme given by Miller with a
3% in precision for the calculatig®8], where different increments are associated with
different atom types.

Hydration energy is aely factor determining the stability of different molecular
conformations in water solutions[59]. The calculation is based on exposed surface area as

computed by the approximate method (above), weighted by atom type.

3.2. Structural Comparison of the 14-membered Macrolide Derivatives

Based on our conclusions on the effect of substitution on thembfnbered
Macrolides molecules. We chose a series ofinfiembered Macrolide derivatives in Table
4.6, Table4.7 and Tabled.y® some of them have a biologicattivity (anti-tuberculosis)
Initially, we performed a structural comparison of this series. We used molecular mechanics,
with MM+ force-field to calculate the stable conformations of this series. In a window of 40
kcal/mol, only one favored conformatioms found, for each structure. These molecules have
a structural differences in specific sites : C2, C3, C6, C9, C11, C2' and C4" as shown in the
references [32] and [33].
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Table4.6 14-membered Macrolide derivativgStructureA).
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Table 4.7 14-membered MacrolidderivativesStructureB).
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3.3 Structure Property/Activity Relationships

Lipophilicity is a property that has a major effect on solubility, absorption, distribution,
metabolism, and excretion properties as well as pharmacological activity. Lipophilicity has
been studied and applied as an important drug property flecades. It can be quickly
measured or calculated.

Lipophilicity has been correlated to many other properties, such as bio availability,
storage in tissues, permeability, volume of distribution, toxicity, plasma protein binding and
enzyme receptor bindip [60-61].

Polarizability values are generally proportional to the values of surfaces and of
volumes, the order of polarizability is approximately the same one for volume and surface.
This also is explained by the relation between polarizability and val@onehe relativity non
polar molecules. They are directly linked, for the centers of gravity of negative and positive
charges in the absence of external fields to coincide, and the dipole moment of the molecule
is zero. The polarizability of a moleculepgnds only on its volume, which means that the
thermal agitation of non polar molecules does not have any influence on the appearance of
dipole moments in these molecules.

On the other hand, for the polar molecules, the polarizability of the molecule does
depend solely on volume but also depends on other factors such as the temperature because
of the presence of the permanent dipole [62]

We found for these macrolides that their surfaces vary from 875 to 1226 A2. These
macrolides have a considerableriaion of distribution volume, in particular compound Al1,
A13 and compound A12 which have respective volumes: 2739.69, 2647.39 and 26%3.51 A
(Tabled.9).

The most important hydration energy ihe absolute value, is that of the compound
B27 ¢18.89 kcal/mol) and the weakest is that of compound B70(Q kcal/mol) (Tabld.9).
Indeed, in the biological environments the polar molecules are surrounded by water
molecules. They are established hygem bonds between a water molecule and these
molecules. The donor sites of the proton interact with the oxygen atom of water and the

acceptor sites of the proton interact with the hydrogen atom.
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The first corresponds to the complex with the strongesdimgen bond. These
hydrated molecules are dehydrated at least partially before and at the time of their
interaction. These interactions of weak energy, which we observe in particular between
messengers and receivers, are generally rever§ddg
All (logP) of studied molecules have optimal values. For good oral bio availability, the log
must be greater than zero and less than 3<(0g P < 3). For Idgtoo high, the drug has low
solubility and a lodgPtoo low; the drug has difficulty penetrating thipid membranes [60].

All the studied compounds Ldg have apositive value higher than 3 except two
compounds: A4 and B2 with Log P valugsind 2.44 (Table 49), respectively. These two
Compounds present the low coefficient of division. Ordbese moleculegpossess a good
solubility. When the coefficient of division is rather low, it has as a consequence a better
gastric tolerance. Compound Al, B8 and A1l which have, respectively, higher values 7.89,
7.75 and 7.10 (Tabld.9); these moleculesre the most absorbent products and have

important the capacities to be dependent on plasmatic proteins

They are established hydrogen bonds between a water molecule and these molecules.
The donor sites of the proton interact with the oxygen atom of water and the acceptor sites
of the proton interact with the hydrogen atom. The first corresponds to the cormpligh the
strongest hydrogen bond. These hydrated molecules are dehydrated at least partially before
and at the time of their interaction. These interactions of weak energy, which we observe in

particular between messengers and receivers, are generalrséle [63].
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Figure 46. Donor and acceptor sites of compound C4

Coumpound A3 has five proton donor sitdBD(5 OH) and 16 proton acceptor sites
HBA On the contrary, B3 has only one donor sit#8Dand it has 12 wton acceptor sites
HBA This property supports the first compound, not only by fixing the receiver, but also

activates it. It is thus about an agonist. It has as a consequence a better distribution in fabrics.
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Table4.9 QSAR Proptiesfor 14-membered macrolidelerivatives.

14 - Membered Macrolides

activity Relationships of

Macrolides \% S Mass | Log(P) EH Pol Ref 1Cso
(A3) (A2 (uma) (kcal/mol) (A3) uM
Al 2270.24 1106.61 826.17 7.89 -2.78 89.68 215.53 | 27.58
A2 2343.45 1190.89 878.16 6.46 -7.41 96.21 252.38 | 9.12
A3 2143.96 1014.46 869.10 4.62 -10.91 90.33 228.94 | 28.15
A4 1827.35 875.28 747.96 3 -11.03 76.71 190.78 | 40.99
A5 1988.81 957.34 790.00 3.13 -6.05 80.47 199.94 | 35.6
A6 2236.38 1058.71 873.18 6.03 -6.03 92.10 229.36 | 9.03
A7 2304.10 1079.35 915.21 6.16 -4.29 95.86 238.51| 13.6
A8 2313.69 1061.24 929.24 6.43 -5.16 97.69 243.26 45
A9 2413.50 1122.91 971.28 6.56 -2.99 101.45 | 252.41 39
A10 2201.17 1029.99 873.18 5.91 -6.31 92.10 22951 | 16.3
All 2739.69 1281.60 1111.42 7.10 -8.85 117.97 | 304.13 115
Al12 2643.51 1200.37 1105.38 6.14 -11.15 117.39 | 307.22 | 48.0
Al13 2647.39 1153.65 1119.40 6.54 -11.09 119.23 | 311.82 107
Al4 2359.49 1059.25 986.21 419 -10.96 102.58 | 265.41 6.8
A15 2190.01 1049.17 881.11 411 -9.28 91.48 232.26 39
Al6 1797.83 869.88 714.94 415 -5.55 74.40 185.78 73
Al7 1834.32 897.61 700.95 5.05 -5.69 74.45 186.09 45
Bl 2271.71 1039.66 956.23 4.36 -4.75 101.05 | 258.75 8.1
B2 2309.10 1061.75 972.23 2.44 -7.64 101.69 | 258.81 | 26.96
B3 1865.23 897.83 742.95 5.66 -2.21 79.01 204.45 | 104.8
B4 2036.77 951.69 821.06 6.53 -3.56 88.87 231.85 | 24.25
B5 2013.71 948.81 822.05 5.05 -4.93 88.16 228.28 | 7.37
B6 2060.82 1019.90 845.47 3.94 -4.50 87.96 227.58 | 6.93
B7 1971.64 981.00 756.98 5.96 -1.01 80.85 208.58 | 8.19
B8 2107.06 1076.61 777.05 7.75 2.08 83.12 210.67 | 8.71
B9 1935.85 932.56 758.99 6.31 -3.51 81.04 20793 | 8.84
B10 1920.42 937.56 759.98 4.20 -8.01 80.56 206.88 | 26.04
B11 2142.51 1090.01 853.00 3.37 -10.89 86.53 225.38 | 24.29
B12 1883.92 892.31 765.94 3.98 -5.85 80.82 210.77 | 102.4
B13 2281.52 1051.19 957.21 2.94 -6.77 100.56 | 257.52 | 38.8
B14 2342.81 1057.68 999.25 3.07 -3.82 104.32 | 266.67 | 135
B15 1950.10 903.19 830.98 4.21 -6.54 86.01 226.54 | 35.0
B16 2354.64 1113.10 991.19 3.97 -11.59 102.38 | 266.06 12
B17 2604.01 1226.50 1095.3 5.25 -10.76 113.96 | 299.53 | 37.0
B18 2257.98 1055.55 956.20 4.02 -8.39 99.27 256.35 | 27.7
B19 1895.45 908.85 795.99 4.27 -5.79 82.90 216.83 | 11.9
B20 1922.60 930.89 813.98 4.08 -5.27 82.81 216.61 44
B21 1875.81 896.79 795.99 2.77 -5.16 82.90 216.56 | 15.0
B22 1913.98 933.85 798.91 3.74 -9.50 79.74 206.78 | 35.4
B23 2027.11 986.08 848.97 3.90 -9.50 85.92 226.25 | 51.3
B24 2238.18 1080.74 953.07 5.18 -10.68 97.50 259.71 | 424
B25 1999.39 951.82 846.05 4.34 -4.79 89.09 235.03 | 14.07
B26 1888.72 904.79 800.97 4.37 -16.66 81.19 21421 | 51.1




CHAPITER 4: Drug -likeness properties and Structure activity Relationships of

14 - Membered Macrolides

B27 2311.64 1116.73 961.18 4.12 -18.89 97.56 253.74 | 18.9
B28 2321.25 1123.44 961.18 4.12 -14.99 97.56 253.74 | 48.2
C1 2277.58 1035.21 957.21 3.92 -5.66 100.56 | 257.45| 24.93
Cc2 1950.02 915.10 797.00 4.17 -3.24 84.19 217.93 | 26.34
C3 2085.33 973.70 839.08 5.36 -4.10 89.70 231.73 | 7.32
C4 1868.78 933.64 731.93 5.08 -3.23 76.89 197.43 | 46.7
C5 2474.24 1122.57 1061.32 5.20 -4.65 112.14 | 290.92 55

3.4Drug likeness screening of 14-membered macrolide derivatives

Druglikeness appears as a promising paradigm to encode the balance among the
molecular properties of a compound that influences its pharmacodynamics and
pharmacokinetics and ultimatelgptimizes their absorption, distribution, metabolism and
excretion (ADME) in human body like a drug-@}. The empirical conditions to satisfy
[ ALAYAalAQa NMzE S FYyR YIFIYyATSad + 3I22R  2NI f
aqueous solubility of @ompound and its ability to diffuse passively through the different
biological barriers.

Druglikeness is a qualitative property of chemicals. This concept is useful in guiding early
stage drug discovery. It is based on observations of correspondencesedret
pharmacological activity of molecular agents and their physicochemical properties. It allows
connecting the impact of physicochemical properties on molecular behawviorsrg with a
special focus on solubility, permeability, metabolic stability &ratsporter effects. The best
compromise results from a subtle balance between physiochemical and pharmacokinetic
properties. This is critical for designing new drugs [66].

These parameters allow to ascertaining oral absorption or membrane permeability tha
200dzNA 6 KSYy (GKS S@lFfdzZa SR Y2t S0OdA S F2tt2ga
[ ALIAYAalAQa NHzZ S 27F X6A0DE,%An octanbhate) getrtitioN cogffRierdl K i ¢
log P X5, Hbond donors, nitrogen or oxygen atoms with onensore hydrogen atoms (HBD)

X5 and Hbond acceptors, nitrogen or oxygen atoms (HBAD.

Table 10 lists the pharmacological activities and properties we deducedHimembered
macrolidesderivatives under study. They correspond to partition coefficiertewocl/water
(LogP), molecular weight (MW), hydrogen bond donors (HBD), hydrogen bond acceptors
(HBA), ligand efficiency (LE) and lipophilic ligand efficiency (LLE). These results were
calculated using HyperChem 8.0.8.
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Also, we have studied Lipinski rule2 A RSy 4 AT & ¢ d RRIZAIR INSEHMOESD ¢ |
that all compounds have a LogP comprised between 2 and 8.\abgés in the range of 1 to
3 are connected with a good oral bioavailability.
The drug has hence sufficient aqueous solubility to dissolve in the gastrointestinal contents
and also adequate lipid solubility to facilitate its partitioning into the lipmidmbrane. For
LogP > 3, the drug has low solubility and for LogP < 1 the drug has difficulty penetrating the
lipid membranes.
Ligand efficiency (LE) and lipophilic ligand efficiency (LLE) are defined as
LE=1.4 * pl&/Nn Z YR [ [ 9where Nulk thepnarbbpr dfheavy atoms and
LIL/ pn Ts)[B7.€£ 23 oL/
LELP = log P/LEhe optimal LELP scores &at8 < LELP<10 [68].

LE is introduced as an important metric in drug discovery, and as a tool of assessing a
O2YLRdzy RQa LI (iit§ siz6.8t is N&péntent’oPIfand 2ze (with smaller ligands
having greater efficiencies, on average, than larger liggie@sj0]. Also, we took advantage
of LLE to gain a deeper understanding of the effect of structural changes in the series. As a
rough guide, medicinal compounds in dHige space have LLE values in the rangé[B1].

Note that compounds with high LE and LLE interact efficiently with biological targets [72].

In the studied series, LLE is changing during optimization (i@ All compounds
have negative LLE values which are clearly unfavorable.

above mentioned parameters were calculated for-A15 and the esults were
presented in Table.40. From the data obtained, it was observed that all derivatives were
found doesn't ey the Lipinski rule, suggesting that these compounds theoretically would
have problems with oral bioavailability.
¢tKSNBE Aada YdzOK S@UARSYyOS GKIG RS&ALMAGS Kl OAY
compliant small molecules [73], macrocycles can dertrates drug like physicochemical and
pharmacokinetic properties such as good solubility, lipophilicity, metabolic stability and

bioavailability.
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Table4.10 Druglikeness parameters and lipophilicity indicesldfmembered

Cpds

Al
A2
A3
A4
A5
A6
A7
A8
A9
Al10
All
Al2
Al3
Al4
Al5
Al6
Al7
Bl
B2
B3
B4
BS
B6
B7
B8
B9
B10
B11l
B12
B13
B14
B15
B16
B17
B18
B19
B20
B21
B22

MW
(Da)
826.17
878.16
869.10
747.96
790.00
873.18
915.21
929.24
971.28
873.18
1111.42
1105.38
1119.40
986.21
881.11
714.94
700.95
956.23
972.23
742.95
821.06
822.05
845.47
756.98
777.05
758.99
759.98
853.00
765.94
957.21
999.25
830.98
991.19
1095.30
956.20
795.99
813.98
795.99
798.91

log P

7.89
6.46
4.62
3
3.13
6.03
6.16
6.43
6.56
591
7.10
6.14
6.54
4.19
411
4.15
5.05
4.36
2.44
5.66
6.53
5.05
3.94
5.96
7.75
6.31
4.20
3.37
3.98
2.94
3.07
4.21
3.97
5.25
4.02
4.27
4.08
2.77
3.74

HBD

03
03
05
04
03
04
04
03
02
04
04
04
04
04
04
04
04
02
02
01
01
01
01
01
01
01
03
02
02
03
03
02
04
03
04
03
03
03
03

macrolidederivatives.

HBA

13
13
16
14
15
15
16
16
17
15
20
20
20
19
16
14
12
16
18
12
12
13
14
12
12
12
13
15
13
17
18
15
18
19
17
13
13
13
15

No. of
violations

03
03
02
02
02
03
03
03
03
03
03
03
03
02
02
02
03
02
02
03
03
03
02
03
03
03
02
02
02
02
02
02
02
03
02
02
02
02
02

pIC50

4.56
5.04
4.55
4.39
4.45
5.04
4.87
4.35
4.41
4.79
3.94
4.32
3.97
5.17
4.41
4.14
4.35
5.09
4.57
3.98
4.61
5.13
5.16
5.09
5.06
5.05
4.58
461
3.99
4.41
4.87
4.45
4.92
4.43
4.56
4.92
4.36
4.82
4.45

LLE

-3.33
-1.42
-0.07
1.39
1.32
-0.99
-1.29
-2.08
-2.15
-1.12
-3.16
-1.82
-2.57
0.98
0.3
-0.01
-0.7
0.73
2.13
-1.68
-1.92
0.08
1.22
-0.87
-2.69
-1.26
0.38
1.24
0.01
1.47
1.8
0.24
0.95
-0.82
0.54
0.65
0.28
2.05
0.71

Nu

58
64
61
52
56
61
64
65
68
61
79
79
80
70
68
50
49
68
69
53
59
59
59
54
55
54
54
61
55
68
71
60
71
79
67
56
57
56
57

LE

0.110
0.110
0.104
0.118
0.111
0.116
0.106
0.093
0.090
0.109
0.069
0.076
0.069
0.103
0.090
0.116
0.124
0.105
0.093
0.105
0.109
0.122
0.122
0.131
0.129
0.131
0.119
0.106
0.101
0.091
0.096
0.104
0.097
0.078
0.095
0.123
0.107
0.120
0.109

LELP

71.73
58.72
44.42
25.42
28.19
51.98
58.11
69.13
72.88
54.22
102.89
80.78
94.78
40.68
45.66
35.77
40.72
41.52
26.23
53.90
59.91
41.39
32.29
45.49
60.07
48.17
35.29
31.79
39.40
32.30
31.98
40.48
40.92
67.30
42.31
34.71
38.13
23.08
34.31
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B23  848.97 3.90 03 15 02 429 039 61 0098  39.79
B24  953.07 5.18 02 16 03 437 081 69 0088 5886
B25  846.05 4.34 03 13 02 485 051 60 0113 3840
B26  800.97 4.37 03 16 02 429 008 56 0107  40.84
B27 961.18 4.12 04 19 02 4.72 0.6 67 0.098 42.04
B28 961.18 4.12 04 19 02 4.32 0.2 67 0.090 45.77
Ci 957.21 3.92 03 17 02 4.60 0.68 68 0.095 41.26
Cc2 797.00 4.17 02 14 02 4.58 0.41 57 0.112 37.23
C3 839.08 5.36 02 14 03 5.13 -0.23 60 0.119 46.20
C4 731.93 5.08 02 13 03 4.33 -0.75 52 0.116 43.79
C5 1061.32 5.20 02 18 03 5.26 0.06 76 0.097 53.61

4. Quantitative structure -activity relationships studies

The field of quantitative structukgactivity relationships (QSARs) deals with
development ofpredictive models correlating biological activity of a compound with its
physicochemical properties [74]. The quantitative approach depends upon expression of a
structure by numerical values and then relating these values to the corresponding changes in
the biological activity by using statistical methods [P%he series of fifty macrolides
derivatives was used for multi linear regression model generation using the SPSS software
package. Different physicochemical descriptors were used as independentlearsaid were
correlated with antiTB activity (plg)t S+ NAE2y Qa O2NNBt F A2y YI 0NA
descriptors. The analysis of the matrix revealed five descriptors for the development of MLR
models. The values of the descriptors used in MLRyaisahre presented in Tabld9 and
4,100
The correlation between the biological activitysg@nd the descriptors can be expressed by

the following relation Y

N0o6 oxypyuvmioe, | CBBing- AOG@cw, W mrrp (" $

To derive this equation, 50 Compounds were considered. In this equation, the
negative coefficients of logp and HBD explain that any increase in hydrogen bond donors or
logp of the compounds causes a decrease in the biological agdtivity

The values of fraatn variance, r, may vary between 0 andl 1



CHAPITER 4: Drug -likeness properties and Structure activity Relationships of

14 - Membered Macrolides .

QSAR models havingir® ewill only be considered for validatidklere, r is equal to
0.952 and ¥ n f awhich allows us to indicate firmly the correlation between the
independent variables with respect afiB activity. The-#alue has found to be statistically
significant at: g [evel since the obtained F value (of 109.268) is relatively high

The positive value of quality factor (Q = 8.424) for this QSAR model suggests its high
predictive power and lack of over fittingb
In order to confirm the validity of the predictive power of selected MLR models, the-leave
one-out techniqgue (LOO technique)as used. The developed model was validated by
calculation of the following statistical parameters: predicted residual sum of sqdaRESS),
total sum of squares deviation (SS¥re§predicted squares error) the predictive error of the
coefficient of orrelation PE) and crosegalidated correlation coefficients (R, and Rcv). We
computed the following crosgalidation parameters:

PRESS = 0.578SY = 6.137, PRESS/SSY &,098es§1 ® MJRTey= 11 P dy R g
A ® yaduy 6 x PE = 0.007

PRESS is a good estimate of the real predictive error of the miSRIRESS is smaller
than the sum of the squares of the response values (SSY), then the model can be considered
statistically significantt a@#vhich is the case presently. The ratio PRES®/&n be used to
calculate approximate confidence intervals of prediction of a new compound. This ratio is
equal to 0.093, which is smaller than 0.4, indicating that we have a reasonably good model as
established in Refr &§Also, the high values of and Hagjare essential criteria for the best
qualification of the QSAR model.

Our results for these two values are 0.907 and 0.898, respectively. Finally, we show
that the condition r > 6 x PE is satisfied. Again, this confirms the gealictive power of the
modeldFigure 3.6 shows the plots of linear regression of predicted versus experimental values
of the biological activity outlined above. The plots for our model show a good
correspondence with experimentally reported dat& & 0.97) @Fhe plot of residuals of
predicted values of the biological activity pMIC agaitie experimentalvalues does not
show any systematic error (Figure7¥.positive and negative residuals are randomly
distributed. Thus,this confirms further that our Q&R model can be successfully applied to

predict antiTB activity @
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Figure4.7 Left: Plots of predicted {gxis) versus experimentally-éxis) observed pIC5Right: Plots of
residual against experimental values plC50

5. Conclusion

The present study, offers the ability to guide design and selection to quickly identify
compounds from thel4-membered macrolidederivatives.Seriesthat are likely to achieve
outcome in the clinic and occupy a strong market positidlso,it provides a @scussion of
several qualitative approximations of the structure activity/property relationship.

The compounds ACS5 doesn't obey the Lipinski rule, suggesting that these compounds
theoretically would have problems with oral bioavailability.

The QSAR metl is used to predict inhibitory activity of the macrolide derivatives

investigated and close agreement between experimental and predicted values was obtained.

N0o6 o yYumBtiog, | CBBime- AOQAG R cw, % Mrtp (" $

The validity of the model has been established by the determination of suitable
statistical parameters. A low residual activity and a high evadisated values are obtained.

These suggest a good predictive ability of the developed QSAR model.

Mno
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Also, hey indicate that the activity of the studied macrolide derivatives can be

successfully modeled using various molecular descriptors.
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General Conclusion




General Conclusion.

In this work, we applied the methods of computational ohistry on 14

membered macrolidenolecules, this study include:

i Geometric, electronic structure and substituent effects.
1 Computational study of structure-property relationships (SPR) for -14
membered macrolide derivatives.

i QSAR modeling of some-t#embered macrolide derivatives

Firstly, the results demonstrate that the structural and electronic comparison of
nucleus of 14nmembered macrolides present siailresults using different calculation

methods: semempirical method (PM3) and Ab initio quantum methods.

The 4, ledi-methyl macrolide is predicted to be the most reactive with least
HOMGLUMO energy gap (4.4141) of all macrolide systems substituteti-tmgthyl,
and in the substituted diluorine group category, the 4,Hduorinemacrolide has
smaller HOM@.UMO energy gap (4.2463). depicts high chemical reactivity of the

compounds

Then, the results of research on the structypmperty relationship (SBRf the
14-membered macrolides derivatives series have shown that structural units involved

in the biological activity.

The compounds Al, All and B8 which have higher values of partition
coefficient. These lipophilic compounds penetrate in various memsa including
cellular membranes as well as tissues with high lipoid content, to arrive at the
receptor site. Compound B27 has important hydration energy leading to a better

distribution in fabrics.
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General Conclusion.

Molecular properties such as membrane permeabilityd aral bioavailability
are usually associated with some basic molecular descriptors, such as log P (partition
coefficient), molecular weight (MW), and the acceptors and donor for hydrogen
bonding in a molecule. Using these molecular properties, Lipingkibleshed a

controversial rule for drug design.

The compounds AC5 doesn't obey the Lipinski rule, suggesting that these
compounds theoretically would have problems with oral bioavailability.

Finally, Quantitative structure activity relationship (Q$ARudies were
performed on a series of hembered macrolides as antibiotiques, multiple linear
regression analysis was performed to derive quantitative structure activity relationship
models which were further evaluated internally for the prediction afiaty. The
developed models were cros3l f ARIF 1SR o0& GKS Wi SIF@gS 2yS

the calculation of statistical parameters.

The QSARmodel is used to predict inhibitory activity of the macrolide
derivatives investigated and close agreement between experimental and predicted
values was obtained.

The validity of the model has been established by the determination of suitable
statisticd parameters. A low residual activity and a high creslédated values are

obtained. These suggest a good predictive ability of the developed QSAR model.

Also, they indicate that the activity of the studied macrolide derivatives can be

successfully moded using various molecular descriptors.
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Appendix (_A)

.

The frontier molecular orbitals

HOMO and LUMO of 14 - Membered

Macrolide derivatives




The frontier molecular orbitals HOMO and LUMO of
14 -membered Macrolide  derivatives (series 1 )
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Comp.1 R1=R2=R3=R4=R5=R6=R7=R8=R9=R10=R11=R12=H

Comp.2 R1=R7=CH, R2=R3=R4=R5=R6=R8=R9R10=R11=R12=H

Comp.3 R2=R8=CH, R1=R3=R4=R5=R6=R7=R9=R10=R11=R12=H
Comp.4 R3=R9=CH, R1=R2=R4=R5=R6=R7=R8=R10=R11=R12=H
Comp.5 R4=R10=CH, R1=R2=R3=R5=R6=R7=R8=R9=R11=R12=H
Comp.6 R5=R11=CH, R1=R2=R3=R4=R6=R7=R8=R9=R10=R12=H
Comp.7 R6=R12=CH, R1=R2=R3=R4=R5=R7=R8=R9=R10=R11=H
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The frontier molecular orbitals HOMO and LUMO of
14 -membered Macrolide  derivatives (series 2 )
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Comp.1 R1=R2=R3=R4=R5=R6=R7=R8=R9=R10=-R11=R12=H

Comp.2 R1=R7#, R2=R3=R4=R5=R6=R8=R9=R10=R11=R12=H
Comp.3 R2=R8=F, R1=R3=R4=R5=R6=R7=R9=R10=R11=R12=H
Comp.4 R3=R9=F, R1=R2=R4=R5=R6=R7=R8=R10=R11=R12=H
Comp.5 R4=R10-+F, R1=R2=R3=R5=R6=R7=R8=R9=R11=R12=H
Comp.6 R5=R11=F, R1=R2=R3=R4=R6=R7=R8=R9=R10=R12=H
Comp.7 R6=R12=+F, R1=R2=R3=R4=R5=R7=R8=R9=R10=R11=H

Comp. HOMO LUMO
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Appendix (B)

3D Structure of 14 - Membered

Macrolide derivatives

(HyperChem 8.03)

N\




Compound Al

RU60887

Compound A2

RU61804

Compound A3

RU29558



Compound A4

Compound A5

Compound A6




Compound A7

Gl-448

Compound A8

ITR159

Compound A9

ITR160



Compound A10

ITRO77

Compound A1l

ITR120

Compound A12

ITR126



Compound Al13

ITR138

Compound Al14

ITR121

Compound A15

ITRO83



Compound A16

Compound Al7

ITR157

Compound B1

RU66080
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Compound B2

Compound B3

Compound B4




Compound B5

RU63013

Compound B6

RU66898

Compound B7

RU62041



Compound B8

RU62543
Compound B9

RU60849
Compound B10

RU70332

MC Yy



