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SUMMARY

The present study is focused on the isolation and structure elucidabioactivenatural compounds
as well as on theemisynthesis andynthesis of nevderivatives asnhibitors of HIV-1 Reverse
TranscriptaseCarbonic Anhydrasd)NA Gyrase and humarRinovirusegeplication

As regards the first targatje found thathe EtOAc extract of the Sardinian plaféucriumflavum
subp.glaucumwas able to inhibithe HIV-1 RT associated RNase H functighibioassayguided
fractionationof the extractyieldedsix secondary metabolitesxd, among allthe flavoneCirsiliol
was themost potent inhibitor of RNase H function with ansd©f 8.2 pM. Furthermore the
hydrolysis ofthe inactiveTeuflavosidded to oneknownandthree new nealerodanesAmong all,
Flavuglaucin Bwvas the most poteimthibitor with an 1Go of 9.1 uM. Site-directed mutagenesand

dockingstudiesndicated thaFlavuglaucin Boind tothe RT allosteric pocket close to RNassité.

Concernig carbonic anhydrasgCAs), the phytochemical investigatiasf two extracts othe plant
Magydaris pastinacea@&ndowed withinhibitory activity toward this enzymeesulted in the isolation
of one newand fourteen known coumarins All compoundswere selective toward the tumor
associated CA IX and CA Xll since none was active agdinesoff targetCA | and CA Il p the
concentration of 10Q0M. Some coumaringevealed a strong inhibitory effect toward CA IX and CA
Xl with Kjs in the range of 74:5.7 nM. Molecular docking experiments revealiédt the most
potent coumarircould behydrolyzed by the Zit activatedwater molecule of the enzyme cavityd
the open compound st abi |l i zed by sever ailnthegrda otgieorn 9 oinrd s
of CAXII.

Based on the evidence thae phenylpropanoidE)-3-(3,4-dimethoxyphenyb2-propenl-yl(Z)-2-
[(Z2)-2-methyl2-butenoyloxymethyl)butenoatisolated fromBupleurum fruticosumbehaved as a
potentcapsid binderthree series of derivativegere synthesizethodifying both the phenylpropyl
growp and the aliphatic ester chainterestingly, Iological testseveded thatthe most part of the
synthesizedcompoundsexhibited no cellular toxicity up to 100 puMnd showeda reversal of
selectivity towards the viral species B, HRM. Among all, some of the phenylpiperazine or
piperidinylpyridinederivative amidesinhibited the replication of HRM4 with EGo values in the
low micromolar range.

Bacterial DNA gyras is an interesting target for the discovery of new antibacterial compounds,
overcomingbacterial resistancensufficient penetration and effluxingnd boosting antibacterial
activity. Based on this evidenc€iprofloxacin a well known Grase A inhibitoywas combineavith
benzothiazoldasedgyrase B inhibitorsAll dual compounds displayed potemitibacterial activity

againstE.colidue to the iteraction of the hybrids with the GyrA andtopoisomerase IV



ParC subunits, whilenhibition of GyrBwas not strong enough poovide a substantial contribution

to the observed antibacterial activity.

Vi



Introduction

Natural products from plants and microorganisms have been the basis for treating human'diseases,
either in the form of extracts or as single compaudvareness and application of plants to prepare
food and medicine have been realized through trial and error and gradually human became conscious
of their properties. Since ancient times in several countries such as China, Greece, Egypt and India,
medicihal plants were used as a resource for the treatment of didéesasnatter of facthe term
medicinal plantrefers to a variety of plants that have medicinal properties. The earliest written
evidence othe use of medicinal plants for preparation of drugs has been found on a Sumerian clay
slab from Nagpur dating back to nearly 5000 years ago. Moreover, according to some inscriptions,
Egyptians and Chinese, who used plants as medicine since more than2iesd8C, were among

the earliest human beings who did®*sencient Greek people were also familiar with the medicinal
properties of some medicinal plants, and Hipptes, the founder of Greek medicine and Aristotle,
pupil of Hippocrates, used medicinal plants for the treatment of diseases. After that, Theophrastus, a
Greek scientist, founded the School of Medicinal Plants. Then, Pedanius Dioscorides, a physician and
surgeon in the years #b BC, wrote an encyclopedia, callbé Materia Medicato describe 600
therapeutic medicinal plants.

Phytotherapy is widelpeing used across the world on a constantly growing basis. The global trend
of synthetic compounds has turned to herbal drugs, which can bedratea return to nature. In
recent years, according to the WHO, more than 80% of inhabitants of the waildradgional
medicines for their primary health care netd#is figure included not only a large population of
China, India, which are theountries with great varieties of medicinal plant, but also many advanced
Countries’ Traditioral Chinese medicine uses over 5000 plant species, while Indian system of
traditional medicine uses about 7000 plant spéciesom 1959 to 1980, in USA 25% of all
prescriptions contained plant extracts or active principles prepared from higher plants and only in
1980 costumers paid more tha8®0 million for prescriptions containing plants derivatiesd
between 1990 and 2000, an increase of over 380 % in sales in the United States was'fecorded.

In the past the method of using herbal drug was the employment of crude plant or parts of plant. In
1829 from the bark of the willow tre&4&lixspp.), the French pharmacist H. Leroux isolated for the

first time a nopsteroidal antinflammatory drugg(NSAIDs) salicin.Salicin was shown to be a
prodrug that was converted to salicylic acid in the intestinal tract and liver after oral administration.
Salicylic acid, when taken orally, possesses excellentrgf@mmatory, analgesic, and antipyretic
propeties; however, even its sodium salt is difficult to tolerate for lengthy periods because of the

irritation and damage it produces in the mouth, esophagus, and, particularly, the stomach. Aspirin



was introduced into medicine in 1899 and found to be eqgetikgtive and better tolerated (Figure
1).11
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Figure 1.Chronology of drug development from willow bark.

Currently, it is estimated that over 50% of the available drugs are derived from medicinat?plants;
indeed, a lot of plantriginated drugs have been discovered and various secondary metabolites are
actually in use a®r example, morphine identified fro®pium digoxin fromFoxglove quinine from
Cinchonabark, pilocarpine fronMaranhamJaboranditaxol from Taxus brevifolia

It is reported that 11% of the 252 drugs considered as basic and essential by the WHO were
exclusively of flowering plant origit® 49% of the total anttancer drugs approved between years
19402014 werenatural products or directly derived therefradd% of the newly synthesized anti
hypertensive drugs during the period of 128114 have origin in natural produdfs.

Drug development has followed a progression from a natural product, to a synthetic modification of
that natural compound (e.g. Aspirin) to a synthetic one apparently showing little relationship to its
natural forebears. An example is ttheig ibuprofen, which was introduced in American market in

1974 as one of the first of a new generation of NSAIDs, developed in order to reduce side effects
2



associated with prolonged use of aspirin such as increased bleeding tendencies and gastrointestinal
irritation.
Thus, although natural produasntinue to play a highly significant role in the drug discovery, they
suffer from several limitations that require chemical modifications leading to-sertfietic
derivatives or totally synthetic analogueshlietter characteristics.
The most widespread limitations facing the development of drugs from natural compounds are the
following:

U Toxicity

U Low potency

U Low selectivity

U Low bioavailability and/or poor solubility

U Natural products are often present in plantsmall quantities or as mixturés extracts,
which require labeintensive and time&onsuming purification procedures. Obtaining further
guantities for preclinical studies requires long time that would have a substantial impact on

the development timine.

Focusing on the anticancer and antimicrobials drugs, below some examples-s¥sémiic and
totally synthetic drugs obtained from natural scaffolds.

Podophyllotoxin was isolatefdr the first timein 1880 by Podwyssotzki frothe roots and rhizoas

of the North American plarRodophyllum peltaturh., commonly known as the American mandrake

or May appleandrecognized as a potent antitumor factor.

OHH
HO/,. O _‘\\\
< m
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Figure 2.Chemical structure of podophyllotoxin (left) and etoposide (right)

It has been showthat podophyllotoxin has antieoplastic properties that prevent the polymerization
of tubulin which thereby induce cell cycle arrest at mitosis and impede the formation of the-mitotic

spindles microtubules, preventing cancer cells developtaemtfortunately podophyllotoxin is too
3



toxic for clinical application but podophyllotoxin analogues such as etoposide (Figure 2) and
teniposide, possessing higher therapeutic indices, have been approved for the treatment of various

solid tumors'®

Paclitaxeis an antitumor compound isolated fr@mxus brevifoliaand it is classified as microtubule
stabilizing agent’ The limited natural availability of this dgumade it the focus of many synthetic
investigations and extensive SAR studies.

Paclitaxel, along with several key precursors (the baccatins), occurs in the leaves of haimis
species, and the ready sesgnthetic conversion of the baccatins to paclitaxel has provided a major

natural source of this important class of drugs.

Figure 3. Structure of 1@eacetylbaccatin (left) and paclitaxel (right)

Despite the pant antitumor activity, paclitaxel caused undesirable side effects due to its extremely
low solubility and to the associated formulation. Thus, it was apparent in the early 1990s that it would
be essential to develop new taxane anticancer agents with Bdereffects, and superior
pharmacological properties.

Later, it was discovered that the european YJewus baccatavas a source of t0eacetylbaccatin

[, lacking the side chain at C13 and the acetyl group at C10, a precursor that could provide paclitaxel
through a relatively simple route. The sesgnthetic analog docetaxel is more potent and soluble
than paclitaxelnd is used against many tumors instead of paclitdkébre recently, by means of
other synthetic or sersiynthetic methodologies, such as bHactam synthon methddnew taxanes

with improvedwater solubility and potency against MBERpressing cells and tumors (cabazitaxel,
Figure 4) or with oral bioavailability (ortataxétigure 4) are in clinical trials or approved in cancer
theraphy:®



Figure 4. Structure of cabazitaxel (left) drortataxel (right)

Another interesting plardrug prototypds represented by camptothecin. It is a cytotoxic quinoline
alkaloid isolated from the bark and stem€aimpototheca acuminatad representsumique mode

of anticancer activityargeting human topoisomeras@ Unfortunately, due to a poor solubility and
some seversideeffects observed in clinical studieeluding hemorrhagic cystitis, thefinical trials

were abandoned in 1974.

Figure 5. Structure of camptothecin

In order to improve the solubility, pharmacokineti@sd toxicity, several camptothecin semi
synthetic derivatives were synthesized and among all, irinotecan and topotecan (Figure 6) reached
the market!

Figure 6. Structure of irinotecan (left) and topotecan (right)
5



Most antibiotic classes in use were discovered from Actynomices, Penicillum and Cephalosporium
genera and, as in the case of anticancer drugs, many naturaltestifoiold not be used as thexere
because of low potency/low bioavability/pharmacocinetics problems or toxicity.

Probably, the best known case regards the antibiotic Cephalosporin C (Figure 7) discovered by
Abraham and his colleagues in Oxford as a minor @rapt of the antibiotic complex produced by
Cephalosporium acremoniyra mold cultivated from a Sardinian sewage outfall by Prof. Giuseppe
Brotzu in 1948 (Figure 7% In vitro and in vivo antibacterial screening of Cephalosporin C showed

a very low poteng against Gram negative bacteria and also a low chemical stability that precluded a
therapeutic use. Cefalotin (Figure 7), the first seymthetic cephalosporin, was obtained by 7
aminocephalosporanic acid-ACA), which is derived from chemical deacytati of Cephalosporin

C. With respect to Cephalosporin C, Cefalotin showed much more potency, chemical stability and a
larger antibacterial spectrum. Nowaday®CA is the key intermediate for producing about two

thirds of cephalosporins in clinical ugeé.

O
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Figure 7. Structure ofCephalosporin C (left) and Cefalotin (right)

Plants furnished the first drug (Quinine, Figure 8) effective against malarizethbeen used as one
of the most effective treatments for malaria to datdowever, the low therapeutic index of quinine
together with the widespred®l falciparumstrains resistant to this drug, led to quinine synthetic

analogs with few side effects.

Figure 8. Structure of Quinine



Another planiderived antimalarian drug is represented by artemisinin (Figure 9), isolated in 1971
by Tu You You from the plarirtemisia annu&* Due to the importance of artemisinin in combating
malaria, You You was awarded the joint Nobel Prize in Physiology or Medicine in?201&:
discover that artemisinin metabolite, dihydroartemisinin (Figure 9), was the active compound, led to
substitute in the antimalarian theraphy artemisinin with the reduced product dihydroartemisinin or

with the semisynthetic prodrug deriviaes artemether, artesunate and arteether.

Figure 9. Structure of Artemisinin (left) and Dihydroartemisinin (right)

Natural compounds are still proving to be an invaluable source of medicines for humans. The success
stories discussed here indicate that optimization of pharmacokinetics, stability, potency, and/or
selectivity of natural products by targeted chemical mcatibns enables the development of natural
productsbased drugs.

Plantderived and other natural product secondary metabolites have provided many novel prototype
bioactive molecules, some of which have led to important drugs that are available onkée mar

today.
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1. Natural and hydrolyzed compounds fromTeucrium flavum
subsp glaucumas inhibitors of HIV-1 RT RNase Hfunction

1.1  Human Immunodeficiency Virus (HIV)

1.6.3 Short history of the discovery ofHIV

Human Immunodeficiency virus known by the acronym HIV is the cause dfdipgired Immune
Deficiency Syndrome (AIDS). HIV is characterised at the biological level by a profound depression
of cellular immunity and clinically by infections immunodepressed patients. Person afflicted with
AIDS do not die because of AIDS itself but they die because of other opportunistic diseases for the
reason that HIV weakens the immunity and reduces ability to fight. The World Health Organization
(WHO) repot indicated that the high increase in financing for HIV programs in bovd middle

income countries is beginning to reach results. As a matter of fact, many countries are making
progress in lowering AIDS deaths and preventing new infections; howevé@l Ty there were 36.9
million [31.1 millioni 43.9 million] people living with HIV, whose 35.1 million [29.6 millioAl.7

million] are adults and 1.8 million [1.3 millié2.4 million] are children (<15 year$)he US Federal

Drug Administration (FDA) has already approved 25 drugs for the treatment of AIDS.

In 1983 Luc Montagnier and his colleagues from the Pasture Institute, claimed to have discovered the
virus HIV. HIV was firstly considered similar to Human T Leukemia virus (HTLV) because of these
various manifestations: the decrease in the levels of a CD4+ T cells and HTLV was one of those
responsible agents. Moreover, there were animal models in which retrovirused natsmly
leukemias or lymphomas, but also an AH& syndrome. Furthermore, HTLV was transmitted
through blood and sexual activty> Therefore, all these evidences lead to the start a search for the
new virus. In 1984 biological and molecular characterizé&fioon HIV, so renamed by an
International Norenclature Committee, confirmed its relationship with AIDS. The identification had
been a real challenge because this patology is characterised by clinical signs that appeared years aftel
the infection had occurred, and by then, patients usually had nusrahear infections. It was finally
accepted by the scientific and medical community and it was further supported by the isolation of a

second virus (HIV2), from West African patients in 1986.



1.1.2 HIV Morphology

HIV is grouped to the genudentivirus within the family of Retroviridag subfamily
Orthoretrovirinae® The virus particle is spherical in shape with about 145 nri@Bnm range) in
diameter with an outer lipid membrane as its enveldpiee HIV genome is made of two identical
singlestranded RNA molecules that are enclosed withircéine of the virus, with several molecules

like RT/RNase H and integrase (IN) that bound to the nucleic®adi. proviral DNA is generated

by reverse transcriptase that converts the viral RNA genome into DNA, it degrades RNA and
integrates doublstrande into the human genome. The DNA genome contains at both ends long
terminal repeat (LTR) sequences. The 5' LTR region codes for the promotor for transcription of the
viral genes. The genome is composed of 9 open reading frames encoding 15 viral fBteirs.m 5 6
to36 the reading f r anag leohandEdwpolyprotens, pveiah are cleavledy , t
into individual proteins, during the maturation, the budding process and release of virions from the
cell. The fourGag proteins and the tw&nv structural corponents involved in making up the core

and outer membrane envelope, while the titekproteins, encapsulated within the particle, have
enzymatic functions. There are, also, two regulatory prot@iasand Rey and four accessory
proteins Vif, Vpr, Vpu,Nef) one of theseypuy, is important in assembly of the viriddIV-2 codes

for Vpxinstead oVpu which is partially responsible for the reduced pathogenitity.
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Figure 1. Structure of HIV

1.1.3 Replication of HIV

HIV -1 replication cycle could be divided into 15 steassdepicted in Figure Entry of HIV into the

host cell requires the binding of one or more gp120 molecules on the virus to CD4 molecules on the

host c el lhtéactiorsai thef gpl@Gsubunit of the HIVenvelope with CD4 is followed by

binding b an additional coreceptor, either the CC chemokine receptor CCR5 or the CXC chemokine

receptor CXCR42° The replication begins with the interaction of the viral genome into a host

chromosome.
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Figure 2. Replication cycle of HIV
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1.2 Reverse Transcriptase (RT)
The HIV-1 reverse transcriptase (RT) is a multifunctional enzymesti@wvs all these activities:

- RNA-dependent DNA polymerase (RDDP)

- DNA-dependent DNA polymerase (DDDP)

- Ribonuclease H (RNase H)
This enzyme is a heterodimer composed of 2 subunits with 560 and 440 residuéskpéf and
p51(51kDa). Both subunits shatlke same amino acid sequence, but p66 contains polymerase and
RNase H domain, while p51 plays a more structuralfole.

RT catalyzes the conversation of a sirgfi@nded viral RNA to a DNA, mediated by RDDP, which
uses RNA, as a reference, to synthesize a ssigi@ded of DNARNAse H plays &entral role in

the replication cycle because it splits the hybrid RNA/DNA during transcription; afterward DDDP
uses DNA to complete the double helix. Finally, IN integrates it into the hostDNA.

RNase H active site is located in p66 near the carboxyl terminus starting frem®&ynd it has been
revealed to be a sequermenspecific endonuclease, Ifieging to the nucleotidyiransferase
superfamily*® X-ray diffraction proved the structure of RNAase H: a centrsir&nded mixed-

sheet flanked by foutrhelices in an asymmetricsdiibution?’ The active center of the RNabk
domain is characterized by a highly conserved DEDD domain, containing D549, E478, D443 and
D498, which coordinates two divalent catiofMn?* or Mg?*) required to hydrolyze the RNA
substrate. Mutations in any of these four residues inhibit its activithe most recent studies have

demonstrated the presence of tmetal ions in the active city as a critical role in the catafysss.

12
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Figure 3. Structure of the RNase H domain of HIVRT

Mechanism of action

The reversdranscription starts with the connection of tRNALys3 to the primer binding site (PBS)
nearthe5e nd of the genome. RT el ongates the t RN/
forming the ¢)-strand stop DNA. During the)¢strand synthesis, RNase ldgtades the RNA of the
RNA/DNA hybrid intermediate. The negtrand is transferred to the 3' end of the template RNA.
Then, while the+)-strand continues its elonging, RNase H degrades the entire template RNA almost
only leaving the polypurine tract (PP&3 primer for the (+¥trand DNA synthesis; afterward, the
RNase H removes the PPT and tRNA and the second strand transfer takes place. The synthesis

continues until the double stranded DNA molecule is compfétéd.
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Figure 4. RT-mediated reverse transcription process of HIV

1.3 Anti-HIV Drugs

The first drug approved for the treatment of the AIDS was an HIV reverse transcriptase inhibitor,
azidahymidine also known as Zidovudine. Therefore, reverse transcriptase has been the first target
in the treatment of HIV and it led to the development of antiretroviral therapy. In the fight against
AIDS, highly active antiretroviral therapy (HAART) propodegDr. David Ho in 1996 has achieved

great success in controlling AIDS epidemic. HAART transforms HIVinfection from an inevitably
fatal disease into a manageable chronic ailment and drastically reduced the morbidity and mortality
of HIV-infected patient$®

Despite HAART has great contribution in HIV treatment, associated undesirable side effects of RT

inhibitors and development of drug resistance strains limits the use of this therapy. Therefore,
14



medicinal chemists are still exploring continuousBw antiHIV drug candidates with increased

potency, novel targets, improved pharmacokinetic properties, and reduced side effects.

Nowadays, there are 26 drugs licensed for treatment of HIV infetadassified into four categories

based on the mode of action:

Reverse transcription Inhibitors (NRTIs and NNRTIS).
Drugs that block the virantry into the hostcell with entry inhibitors, including fusion
inhibitor
1 Drug inhibiting integration of viral DNA with host genetic material (Integrase Inhibitors)
1 Protease inhibitors that block the viral maturation
In this PhD thesis we focused the atiem on the NRTIs and NNRTIs.

1.3.1 Reverse transcription Inhibitors (NRTIs and NNRTIS)

RT inhibitors can be classified as Nucleoside Reverse Transcriptase Inhibitors (NRTIs) and Non

Nucleoside Reverse Transcriptase Inhibitors (NNRTIS).

NRTIs

NRTIs arenucleoside or nucleotide analogues that are converted into triphosphate derivatives that
act as competitive inhibitors with natural ANTPs for incorporation in the nascent DNA?€kiais,

DNA el ongation is bl -©H i tharibabairieg. The first diug appravedkwaso f
AZT. However, its use in AIDPatients was soon recognized useless, indeed it induced mutation of

the virus?® After the discovery of AZT, six other drugs wexgproved in treatment of HIV and HBV:

Di danosi n aidgoxidokine]) 26, 36

Zal ci t abi ndedeokydydd@e])) 26, 30

St avudi n e-dideldydrd3 -aledkyihynddine])

Lami vudi n e-dide8x¥3Chhidcyidine]p 6

Abacavir (ABC) [(1S, 4R}-(2-amino-6-(cyclopropylamino) 9H-purin-9-yl)-2-
cyclopentenel-methanol]

1 Emtricitabine [f) F T C -difledx¥5-flBiado-3 -dhiacytidine).

There are two mechanism of resistance developed against NRTIs. The first includes resistant species

= =2 =4 A

that could be able to recognise the triphosphate derivatives of NRTIs. The second involves the
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appear after treatment with AZT or d4T,; the mutated virus are able to phosphorolysechiBal

chainterminators from blocked DNA primef&.

Zidovudine Zalcitabine
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Figure 5. Nucleoside/Nucleotide reverse transcriptase inhibitors (NRTIS)

NNRTIs drugs
Instead of NRTIs, NNRTIs are small hydrophobic compounddihdtat a hydrophobic pocket that

is situated approximately 10 A from the RT DNA polymerase activé%stying as n@wompetitive
inhibitors*32 in HIV-1, but not in HIV2. FDA-approved NNRTIs includes nevirapine (NVP),
delavirdine, efavirenz (EFV), MM50 and threeliarylpyrimidine (DAPY) derivatives including
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etravirine (ETV) rilpivirine (RPV) and dapivirine (DAP). It has been suggestelast three

mechanisms of action, that are not mutually exclusive:

1) the first theory suggests that the drug binding distorts the geometry of tynosth@snine
aspartic aciehspartic acid moiety (YMDD) in the DNA polymerase catalytic site locking the
enzyme in an inactive conformatiéh:;

2) Hsi ou et al. reported a deformation of o&pr
positioning of the primer DNA strand in the polymerase active site, preventing the
establishment of a ternary compféx.

3) Since the mobility of the thumb might be important for the translocation of templkte a
primer, Kohlstaedet al T/P translocation, NNRTIs could reduce this mobility blocking the
translocation and elongation of the nascent DNA mdfety.

NNRTIs drugs have been included in filiste antiretroviral therapy (ART), typically composed by
NVP, EFV or RPV in combination with two NRTIs; moreover, in 2008 ETR has been included in
this treatment. NVP is used to prevent mottoechild transmission; an analog of DAP is under study
to testif a vaginal ring can prevent HI infection in women; a microbicide gel formulation
containing the ureRETT derivative MIV150 is in a phase | study to evaluate safety,
pharmacokinetics, pharmacodynamics and acceptability; a long acting RPV formidatioter
development for prexposure prophylaxis (PrEP).
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Figure 6. Non-Nucleoside Reverse Transcriptase Inhibitor (NNRTI)
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Figure 7.Use of NNRTIs in HI\V1 prevention and treatment strategies

There are two possible mechanisms of resistance developed against NNRTIs. One is that NNRTI
resistance mutations are within or adjacent to the NN#Tding pocket, reducing susceptibility to
two or more bindings. The second mechanism concerns a singiion that could reduce clinical

efficacy, as observed in EFV, NVP and RPV, while ETR requires two mutations. It is also known
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that the crossesistance could be possible in case of itiiéction during NNRTicontaining PrEP
or microbicide therapy, espatly with DAPY analogs (DAP, RPV and ETR.

1.3.2 Inhibitors of RNase H function

Even though RNase H inhibitors have been described as early a$® 18@@, of these have been
approved for clinical purpose so far. Nevertheless, RNase H remains an attractive target for HIV
therapy. Nowadays several promising compounds have been reported to inhilitréfdhcationat

low concentration targeting RNase H function. RNase H inhibitors can be divided in two groups

according to their mechanism of action: active site directed inhibitors and allosteric inHibitors.

Active Site-Directed Inhibitors

The active sitalirected inhibitors bind to the RNase H catalytic center by interacting with two metal
cations; this interaction blocks the access of the metals phtsphodiester bond in the RNA strand,
thereby preventing the metal catalyzed hydrolysis reagfiofhis subgroup contains several
compounds such adiketo acids, Nydroxyimides, hydroxylated tropolones, pyrimidinol carboxylic
acids, naphthyridinones and nitrofusaicarboxylic acid carbamoylmethyl esters (NACMES).

Diketo Acids (DKAs). DKAs were initially developed as integrase inhibitors. Due to similarities
betweerHIV IN and RT RNase H domain, DKAs were evaluated for potential inhibition of HIV
RNase H activity® 4-[5-(benzoylamino)thiet2-yl] -2,4-dioxobutanoic acid (BTDBA) is one of the

most active compounds. In order to be active the presence of metal cations seems to be essential.
Thus it is probablyhatBTDBA binds directly the activeite metal ions, confirmed by a moderate
activity against HIV IN3®* However, BTDBA did noshow viral replication inhibition in cell culture.

Tramontanoet coll?° reporta that the DKA 6[1-(4-fluorophenyl)methy1H-pyrrol-2-yl)]-2,4-
dioxo-5-hexenoic acid ethyl ester (REI%$43) inhibited RNase H activity with and§value of 13

€ Mselectively, but also inhibits the replication in MTcell culture (EGo= 14 &M, 6GC ¢ M)
either of wild either of resistant HNY NNRT] strains. Therefore, RDS 1643 could be considered a

promising compound.
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Figure 8. structure of BTDBA (left) and of RD&643 (right)

N-hydroxyimides (RNHI) were originally developed againsfluenza virus endonuclease because
they are able to bind the metal ions in the active $he.pharmacophore is characterized by three
oxygen atomghat mimic the enzyme active site metal ion interaction with the substrate during
catalysis. Thus it wodlbe expected to be competitive inhibitors of RNase H catalysis, confirmed by
the crystal structures of the RNase H domain in complex withyddoxyimide inhibitors':42
Unfortunately, none of the corapnds was able to inhibit HIV replication. Among alhgdroxy
4H-isoquinolinel,3-dione showed potent inhibition of HI¥ RNase H activity with I€yvalues in
therangeof04 € M, but i nactive agai nst-acRvilyrgdamhsgipner a s
studies showed that the-fNdroxy group is essential for the activity as well as the enol and
substitutions on the phenyl moi€2-hydroxy-4-methoxycarbonylisoquinoling, 3(2H, 4H)dione

inhibits RT RNase H in vitro with 165 of 61 nM and also HIV IN with less potency - 5 ¢ M) .

Therefore the weak antiviraltagty, (ECso~ 13 e&M), is mainmMly due to |
.
© O
N
o AN

OH

(o)

Figure 9. Chemical structures of-RBydroxy-4H-isoquinolinel,3-dione (left) and zhydroxy-4-
methoxycarbonylisoquinoling, 3(2H, 4H)dione (right)
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The pyrimidinol carboxylic acids (PCA) have been designed by Kirschbegcoll** based on
structural analysis of DKAs, dydroxyimides and tropoloneBhese compounds coordinate with the
two metal ions in the active site and selectively target the viral RNaEeeHSAR studies showed
that the carboxylate anghenolic hydroxyl groups are essential for dual metal chelaBeweral
compounds have been synthesised with modification-pasgion of pyrimidinol ring and some
showed a methylene linker introduced between the pyrimidinol ring and phenyl ring (EQure
further optimisatioron the benzyl moiety ok led to compoun® as the most active PCA, inhibiting
HIV-1 RNase H and human RNase HwithdCal ues of 0. 17 & M Howeder,7 0

none of these compounds were reported to have antigiraity

B
Cl
S
\
N” \:N
Br
N \ N
)K%\’(OH
HO
OH (]

Figure 10.Chemical structure of the most active pyrimidinol carboxylic agidkeft) andB (right)

In 2010, Williamset coll., with the purpose to obtain potent and selective RNase H inhibitors
designechaphthyridinones as new class of RNase H active site inhibit8Bhe former compound

in this series was MK1 that inhibited RT RNas@Hitro with ICso of 0.11uM, the HIV IN (ICs0 =

0.9 uM), but had no effect on the polymerase activity of RTs{I€ 50 uM). MK1 showed good
antiviral activity (EGo= 25 pM). An analog of MK1, substituted at thepdsition, demonstrated the
best potency to inhibit RNase H withs{®f 45 nM, with 290 and 536fold more selectivity for the

RT polymerase and IN. This compound reported antiviral activity in the range -ohistdmolar
(ECs0< 0.2uM); however, it is quite cytotoxic so that thmevitro specificity is insufficient to enable

estimation of antiviral activity’
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Figure 11.Chemical structure of the most active naphthyridinones

NACMESs have been discovered by Fajicoll*®. Among all derivatives,-Bitro-furan-2-carboxylic

acid adamantat-carbamoylmethyl esterc and 5nitrofuran 2-carboxylic acid [[4(4-bromo
phenyl}thiazol2-yl] -(tetrahydrofurarR-ylmethyl}carbamoylimethyl ester d) were the most
interesting compounds, which selectively inhi
activity against HIV1 IN or RT RDDP. Moreover, compoudvas able to inhibit HIVL replication

at a concentration of 285 uM. The SAR stdies demonstrated thatriitrofuran moiety is essential

for the activity. As a matter of fact, the substitution with other groups caused a drastic decrease in
potencyHiroshiet al#’ designed new derivatives ofriitro-furan-2-carboxylic acid and one of these

(e) improved by 1&old the inhibition of RNase H.

c
e I
E ° *

@Y e
o] QL%
T

Figure 12.Chemical structure of the most active NACMEs

1.3.3 Synthetic Allosteric Inhibitors (RNHIs)

Synthetic RNHIs target a region outside the RNase H domain, an allosteric site. Up to now, only two
class of compounds have been identifiedadyl hydrazones and thibpne3-carboxamides and
thienopyrimidinones. Interestingly, both categories contain similar fragments in their structures and

probably possess a common pharmacophore nmbdel.
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There is evidence that binding of NNRTIs as well as mutations in the allosteric pocket in the RT DNA
polymerase domain have an impact on the activity RT RNase H, probably due to a change in the
positioning of the RNA/DNAduplex nucleic acid after protein conformation changes in the

polymerase domain, following NNRTI bindif§>°
N-acyl hydrazones

llina et coll®” have been the first group that reportiiE(4-tert-Butylbenzoyl)-2-hydroxy-1
naphthaldehyde hydrazone (BBNH)as a good HIV RT RNase H inhibitor at low micromolar
concentrationinhibiting both the RNase H and DNA pahgrase activities of HIV RT.

Afterwards, some antiviral analogues of BBNH have been designed; these compounds, such as
DHBNH, showed reduced metal binding and increased cytotoxiBNH is a potent HIV1

RNase H inhibitor with an 1§ v al u e o f ut D didnot srdve an leffect on the RT RDDP
enzyme! It has been confirmed by crystal structure of H\NRT complexed with DHBNH, which

also indicates the interaction with a new site, located between the polymerase active site and the non
nucleoside RT inhibitor (NNRTI) allosteric bindinggket (NNIBB. Modifications apara-position

of the benzoyl ring of DHBNH could increase the inhibition of the RT polymerase activity by
interacting with NNIBP.

Recently, new RNase H inhibit@dHMPO07 has been synthesized; it binds to a pocket in theface
between the p51 subunit and the RNase H domain of the RT p66 subunit, probably recognising the
region in the RNase H fragmetit.

BBNH DHBNH
N
HN o
‘ HN [¢)
e A

Figure 13.Structure of BBNH (left) and DHBNH (right)
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Thiophene-3-carboxamides

Two thiophene3-carboxamidesNSC727447and NSC727448,were identified as inhibitors of
RNase H activity of HIV1L and HI\V2 RT, with IGoval ues of 2.0 ané 3.2
Moreover, NSC727447 is a selective RNase H inhibitor, indeed italidhow activity against DNA

pol ymerase or pyrophosphorolysis up to the <co

0
o =
L / NH,
¢ | NFz NH
S
o 0

Figure 14.Chemical structure of thiopher3ecarboxamides derivatives.

Thienopyrimidinones

Based orhe previousyclized thiopheng-carboxamides, Masaoka al>* reported a series of novel
thienopyrimidinones with substitutions on the thiophene or theo€ition of the pyrimidinone ring.
Among all , t he most act i vdahydrexyphenyhring birgliag thee r e

allosteric site of RNase H function. It provides a new starting point for future optimisation.

Thiocarbamates and 1,2,4riazoleswere identified as inhibitors of HIV RT RNase H at Wyeth
company?® However, there are no structural data supporting this theory of interaction with RT RNase
H domain, whié studies and crystallography show the binding in the NNRTI pocket in the RT DNA
polymerase domaitf®’ llina et al.designed some triazebierivatives:” but results suggest that these
compounds bind RT polymerase NNRTI binding site and it is not ideal, because they would
antagonize an entire class of active drugs. KRbe&ess, other information about the binding on

NNRTI-site, could be useful in the synthesis of dual inhibitors (RT polymerase, RT RNH)
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1.4  Anti Rnase H Natural And Natural-Derived Compounds

Tropolones are terpenoids isolated from cupressaceae plants that contain a methélatmg
pharmcophore moiety. These compounds show several biological effects such as antitumor,

antifungal, insecticidal and antimicrobial effects.

In National Cancer Institute drary of pure natural products were identified two hydroxylated
tropolones as effective and selective inhibitors of HIRNase Hb-thujaplicinol (2,7dihydroxy-4-
(1-methylethyl) 2,4,6cycloheptatrierone) and manicol (1,2,3#trohydre5,7-dihydroxy-9-
methyl-2-(1-methylethenyB6Hbenzocycloheptefi-one) (Figure 15); the former was the most potent
with ICsov al ues of 0.2 &M florRNahsee ikH ha BocblitRiNasenkefNo f f dHrl
while the second one had inhibitory activity against the humanlHRNase H ané.coli RNase H

with ICspval ues of 1.5 and 40 ¢ M, respectiv-el y.
thujaplicinol, when used in combination with an NNRTI, calanolide A, showed activity due to the
synergistic effect on HIM. RT polymerase function and RNaséHinother tropolone analod:
thujaplicin (2hydroxy-4-(methylethyl}2,4,6-cycloheptatrieril-one), lacking the OH group in
posizion 7 of the heptatriene ringvas completely inactive, supporting the importance of 2,7

dihydroxy moiety of the activity.

3-thujaplicinol 3-thujaplicin
HO HO

o Manicol
HO

HO

HO

Figure 15. Structure ob-thujaplicinol, manicol an@-thujaplicin

Besides troponole derivatives, which are active-Bitected Inhibitors on RNase H, natural products

were discovered and screened for inhibitory activities againstlHRWase H.

Among all, a secondary metabolite isolated from sp&@menospongjadlima quinone, inhibited the
RNase H activity withanlgv al ue of 15 €M and | ow activity

had been reported that a replacement-bf/@roxyl group on the quinone ring with a methyl or acetate
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group reduces the activity, whigéhdicates that hydroxyl in ortho position to the carbonyl group is

essentiaf®

Ardimerin digallate , isolated from the plant &rdisia japonica showed IGo values of 1.5 and 1.1

e M  HI¥11 and HIM 2 RNase H in vitro, respectively, indicating a galloyl group as an important

for anti-HIV activity.>® 1,3,4,5Tetragalloylapiitol, extracted fronHylodendron gabunensighibits

HIV-1 and HIV2 RNase Hwithlgpof 0. 24 and 0.13 &M and sfFruman
1. 5 %¥TMée.new galloyl arbutins, obtained fr&ugenia hyemalisshowed a good activity HFV

1 RNase Hn vitro.%' 6 é-galloylsalidroside, one of the eight compounds isolated fRistylium
racemosunwith the best I values against HA2 and human RNase &l f 3.51 and 1.

respectively’?

Esposito etl. reporteda novel series of anthraquinone and alizarine analogs, showing interesting
ICso values for both RFassociated function&

During our ongoing search for bioactive secogdaetabolites from plantsye discovered several

RNase H inhibitors from the ayurvedic plad¢imum sanctur?f Among the identified triterpenes,

ursolic acid was the most potent inhibitor with ad@alue of 5.5 uM but also oleanolic acid and
pomolic acid showed high potency withsf@alues of 7.5 and 9.3 pNMespectively. The cyclohexane

ring seems to be essential for the activity, indeed, the substitution with a cyclopentane, as reported in
betulinic acid, reduced the potency. Although these compounds have already showed to possess anti
HIV-1 RT effect®%® their anttRNase H activity has been reported for the first tiBesides
triterpenes, tetradecyl ferulate demonstrated an interestinfRiBiase H effect with a 1§ of 12.1

MM. Due to the synthetic accestily of ferulic acid derivatives, a structueetivity relationship

study was carried out. For this reason, a series of esters and amides of ferulic and caffeic acids were
synthesized and, among all, the most active waseMcaffeamide, which displayed strong
inhibitory activity towards both R-&ssociated functions, ribonuclease Hsfl€0.68 uM) and DNA
polymerase (16 = 2.3uM). Indeed, it was observed that a short chain allowed a dual activity against
RT functions, while the introduction of douldd®nds in long alkyl chain ferulates regains the anti
RDDP activity and increases potency towards RNase H function. Moreover, caffeic acid derivatives
are more active than ferulic acid derivatives, which indicates the importance of free hydroxyl groups
of catechol ring to enhance potency towards both RNase H and RDDP. Finally, it was also observed
that the substitution of ester moiety with an amide function increases the activity of caffeic acid
derivatives; on the contrary, it results in lose of potengyatd RNase H enzyme in ferulic acid

derivativeswhile the RDDP inhibition was increased ofdld.
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Figure 16. Structure of natural and synthetic compounds f@sanctum

1.5 AdvancedStage AntiHIV Natural Products

Several natural products are inadvanceestage of development in HIV therapy.

Calanolides A acoumarin isolated from the tropical rainforest Tré€aJophyllum lanigerumwas

identified as inhibitor of HIV1 replication and cytopathicity with E€&v al ues of 0. 02 ¢
e M, r el.ptenlbitad HI®¥-1 RT interacting near the active site of the enzyme and interfering

with dNTP binding. When combined to nevirapine an increase of the activity was olf¥drved.
addition, calanolide A is active against the A#Bistant &9106 strain and also against the
pyridinoneresistantA17 strain, which are resistant to aoncleoside RT inhibitor$ Nevertheless,

they were inactive against DNA polimerases atd-& RT. The latest information insert Calanolide

A in phase IB trials for evaluation of the safety, pharmacokinetics, and effects wpdsitive

patients>®
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H3C

Figure 17. Structure of Calanolide A

Bevirimat [3-O-(30,3CGdimethylsuccinyl)betulinic acid or RA57]is asemtsynthetic derivative of
betulinic acid’® Li et coll,’® demonstrated that PA57 inhibits replication of WT and dregsistant

HIV-1 isolates, also it does not block virus attachment, entry or inhibit RT/PR adtiwfyro.
Bevirimat, as indinavir, blocks virus replication at a time point after the complefieiral DNA
integration and Tat expression. Therefore, it inhibits virion maturation, blocking a late step in Gag
processing involved in the conversion of the capsid precursor (p25) to mature capsid protein (p24).
This inhibition led to the productiorf @orrinfectious and immature viral particle, with virions that
display spherical, acentric cores and with an additional eledgose layer inside the viral
membraneThey also found that a single mutation, which confers resistance-&b5PAnaps to the

p25 to p24 cleavage sitBased on the potemb vitro andin vivo antiviral activity, PA457 was

gr ant eTdr adcFkaés tNew Drug Devel opment st''&ince2008%hy t h
it is under phase Ilb clinical tridf. So far, it has been observed that Bevirimat has a favorable
pharmacokinetic mfile in healthy humans and Hiwfected patients after a single oral
administration’>’* Indeed it is well oral absorbed, it has long Hi, which could support onee

daily dosing*3it is notoxidatively metabolized and it is eliminated by hepatic glucuronid&gion.

Bevirimat J/
7,

Figure 18. Structure of Bevirimat
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PA1050040 an analog of bevirimat, is a maturation inhibitor, as well. It seems to be active against
bevirimatresistant strains and resistant to approved ARVs. Nl@nn phase | of clinical trials for
single-dose testing.

DCK, 30R,40Rdi-O-(-)-camphanoy(+)-cis-khellactone, is suksdorfin derivative, more potent
against HIV1 with an EGo0 . 0 4 9° Prelivhinary studies on the mechanism of action indicated
that it inhibits replication in infected cells, after viral entry, but before integration and it did not block
HIV-RT, PR, and IN activity. Methyl-DCK was 10 times more agé than DCK with an E&; of

0 . 0 0 579CumeNtly it is under preclinical trial.

Cyanovirin-N (CV-N) is a 11kDa virucidal protein, isolatefiom cultures of the cyanobacterium
(blue-green algaNostoc ellipsosporunBoyd et coll”® reported that CMWN irreversibly inactivates
diverse laboratory strains and primary isolates of HI¥nd HI\V2 and simian immunodeficiency
virus at low nanomolar concentrations. addition, it interferes with celio-cell fusion and
transmission of HIVL infection. Therefore, the activity is due, at least in part, to the interaction with
glycoprotein gp120. Moreover, GM is resistant to physicochemical denaturation, increasing&s

in antkHIV therapy. Indeed, cyanovidN binds highmannose oligosaccharides on the viral
envelope, which are cell receptors essential for viral entry andoeedill fusion’® It could be used

as a systemic compound to control viral load or in the development of microbiocigesvemt
primary viral infection. It was showed that PEGylated cyanoWriwould be helpful to overcome

problems associated with the use of prot&iigow it is under preclinical phase of clinical trial.
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1.6  Teucrium flavumsubsp.glaucum

The genusTeucrium(Lamiaceae) comprises more than 300 species, anidedy distributedin

Europe (50 species)sgeciallyin the Mediterranean are@eucriumspecies are generally aromatic

and ornamental plants as well as are valued as pollen sources. Th&@eariamderives from
Teucer, a son of Talomon, king of Salamis. Teucer was the first to use in ancient Greek age the
Teucriumspecies for their curatvproperties such as diuretic, antiseptic, antipyretic, antispasmodic
agents and for the treatment of digestive and pulmonary deseases (coughs and®a3thena).
activities are mainly due to the presence of flavonoids, phenolic acids, daeg&i* The genus
Teucriumis one of the richest sources @érodane diterpenes that have been recognised as insect
antifeedant® and potent hepatotoxi€ Teucriumspeces were also used as alimentary plants and

some of them are currently employed for flavouring beer and wine, herbal teas, bitters anddiqueurs.

© H. Tinguy

Figure 19.Teucrium flavunsubspglaucum

Teucrium flavunsubspglaucumis an evergreeperennial shrub with pubescent stems up to 60 cm,
triangularovate leaves and yellow flowers, which appears from May to August, collected in terminal
spi kes; it grows up in the calcareous areas
(Iglesias) ugo 1000 m above sea level. This species is represented in the Mediterranean flora by four
subspeciesflavum glaucum gymnocalyxand hellenicunf® Relatively to Italy, which displays
glaucumandflavumsubspecies as islander and continental species respectively, Sardinia and Corsica
islands are the only one that display tplaucumsubsp.The glaucumsubsp. exhibited some

particolaritiescompared tdhe other subspecies: plant size is arouricb@xm, the leaf length is
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1.5/ 2 cm and the leaf and stem are partially covered by peltat&’haareover,T. flavumoils are
dominated by hydrocarbons (6083.7%) and all compounds have been identified in both subspecies,

glaucumandflavum®

In literature there are few works concerning the chemical composition of theTgamersum flavum
Harborneet coll® identified the widespread presence of flavonoids like lmitsicirsimaritin,
cirsilineol, salvigenin and -Bydroxy-6 , 7 ,-t8tiameshoxyflavone. Two studigd! reported the
isolation of the diterpenoids teuflidin and teuflin, while there is only one study abfiavumsubsp.
glaucum describing the identification of a peerodane diterpenoid (teuflavin), a-hBrnec

clerodane glucoside (teuflavoside), the4tterodane diterpene teuflin and the flavone salvig&hin.
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1.6.1 Aim and Objectives

As described in the previous chapter, various plant secondary metabolites have been identified as
HIV-1 RT-associated RNase functianhibitors and some were also able to block the HIV
replication?4570 76 Dyring the continuous sedr of secondary plant metabolites with inhibitory
action of the HIV1 RT RNase function, we found that the ethyl acetate (EtOAc) extract from the
leaves ofTeucrium flavunsubsp glaucumshowed a significant inhibitory activity of this enzyme
function withan 1Gso of 28.6ng/ml. In order to identify the molecules responsible of this activity, we

decided to carry out a bioguided fractionation of the extract.

The secondary metabolites were identified mainly by 1D and 2D NMR techniques as welMS HR
and tested toward RNase H and RDDP activities of-HIRT. In order to justify the interaction of

the most active compound(s) against RT -ditected mutagenesivas performed.

Finally, with the aim to gain a deeper understanding of thé&ligand interactions docking

experiments were carried out.
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1.6.2 Results and Discussion

The active extract was subjected to vacuum liquid chromatography (VLC}¥ehtant mixtures of
increasing polarity. Therefore, 45 fractions were obtained that, on the basis of their similarity in TLC,
were combined into seven main fractions-@). Six fractions were further tested in the RT RNase

H inhibition assay. The screeg showed that the arff@iNase activity was concentrated in three
fractions (F2F4) and in particular on the fourth one which was able to inhibit this function with an
ICs0 Of 9.9 pug/ml (Table 1)Due tothe low yield of F1 fraction (42.4 mg), it was pueti without
testing. The F3-7 fractions had no effect on the RT up to the concentration of 100 ug/ml (Table 1).

Table 1. Results of RT RNase H function inhibition Byflavumsubsp glaucumfractions

Extract/Fractions HI XX RT
RNase H
| €{ Og A ml)
EtOAc extract 28.6+ 3.0
F1 ND
F2 25674
F3 20.3+£4.0
F4 9.9+£25
F5 >100 (100%)
F6 >100 (100%)
F7 >100 (100%4)

&Concentration capable of inhibiting 50% of enzyme activity

bPercentage of residual enzyme activity in the presence qig/@fl extract

Therefore, we decided to purify the three most active fractions using chromatographic techniques
such as column chromatography, solid phase extraction (SPE), VLC angrepanative HPLC.

These techniques have allowed to isolate threeoffles {-3), a diphenyl ether4) and a neo
clerodane, teuflavirg] (Figure 20), whose structures have been elucidated mainly by mono and two
dimensional Nuclear Magnetic Resonance and Mass Spectrometry (ESI MS) techniques. With the
aim to find astructureactivity relationship, we also decided to purify the two inactive fractions F5

and F6 resulting in the isolation of a further feéerodane, teuflavosidé
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In particular, from F1 fraction a new natural molecule, the methyl estef4{Bacehoxyethyl}
phenoxy}benzoic acid 4), was isoalted. Salvigenir8) was isolated from fractions-£2 while
cirsimaritin ) and cirsiliol ) from F3 and F4, respectively. Teuflavib) (vas purified from F3

while teuflavoside) from F5 and F6 (Figure 20)

Salvigenin (1) R;=CH3; R,=H
Cirsmaritin(2) R;=H R,=H 4
Cirslioc (3 Ri=H R,=0H

OH

OH

Teuflavin (5) Teuflavoside (6)

Figure 20. Structure of the compounds isolated fronflavumsubsp glaucum
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EtOAC Exfract
IC5p = 28.6 pg/ml

o = w fro 1gswc I ¥6 F7
f17-9VLC T fr 10-17VLC T fFovicl F4 C.m100 pgnt fr 11-13VLC TI fi 14-16 VLCII
IC5=25.6 ug/ml IC5=20.3 pg/ml fr7VLC 1T 5 g/ 1Cq > 100 pgiml 1Cs > 100 pg/ml
™o IC55= 9.9 pg/ml
he -~ w o oo 50
E¥eallisee X O
4 oo . O . _ O |
ICsp > 100 pg/ml L == ICsp > 100 pg/ml o O
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1
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oo O - ‘ O:D R ICsp > 100 pg/ml
: 1 .
IC5y =89 pg/ml ™ O ‘
° .0 o O
3 o
IC5p= 8.2 pg/iil

5
1C5p > 100 pg/ml

Since in a previous PhD wofk,we identified another clerodane diterpene, columbine, with a
moderate artRNase H action (165 = 46.5 nM) (Figure 21), while its glucosidic derivative
( ¢ ol u nducoside) was inactive (K2>100 uM), we decided to verify whether the hydrolysis of

teuflavoside would lead to an aglycone with inhibitory activity on the RT RNase H function.

Ol
I

O, o

OH
Ny A
HO!
H H on o
H
Columbine Columbine beta-glucoside

Figure21.St ruct ures of <col-glundsidlene and col umbine b

Therefore, dueatthe high percentage of teuflavoside in the extract (13% of the extract), we decided

to subject this compond to acid hydrolysis with 2pSBy at reflux for 20 minutes. After cooling to
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room temperature, EtOAc was added and the organic phase separatgghtayosy funnel. The

organic layer waevaporated under reduced pressure to afford the crude prddii@tanalysis

revealed different spots and as consequence, the mixture was separated by column chromatography
and sempreparative HPLC (RP HPLC) to give one knowl®)(andthree new T-9) clerodane
diterpenes (Figure 22). The structures of the compouretse wlucidated by 1D and 2D NMR

FR 9-10 VLCII
Teuflavoside

Acid Hydrolysis
(800mg)
100 ml H,S0, 2N \

H,0 fraction

experiments as well as HRSI MS.

EtOAc fraction
Aglycone
Silica gel column, Fr 145-190
/ 550 mg, DCM-EtOAc —* Compound 8
(9.75-0.25) 25.1mg
Fr 40-47
Compound 7
26.1mg l l Compound 9
1.2mg
Fr48-71 Fr72-92 /

—— | HPLC reverse phase

28.9m
& 10.5mg ACN- H,0 (6-4)

l \ Compound 10

Compound 7
HPLC reverse phase — 0.6 mg

2.1mg
ACN-H,0 (6-4) \

Compound 10
1.4 mg

Scheme llsolationprocedure for compounds10
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Figure 22.Hydrolyzed compoundsbtained from teuflavoside
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1.6.3 Structure elucidation of compounds 16 isolated fromTeucrium flavum

subp. glaucum

Compound 4

TheH NMR spectrum (CDG| 500 MHz) of compound showed a cluster of four doublets at low
fields at 7.95 (dJ =9 Hz), 7.08 (dJ = 8.5 Hz), 6.85 (d) = 8.5 Hz), 6.77 (dJ = 8.5 Hz) ppm, each
integrating for two protons, characteristic of-tljdubstituted phenyl rings (Figure 23). Furthermore,
two methylene groups at 4.24 (2HJt 7 Hz) and 2.86 (2H, § = 7 Hz) ppm, one methyl singlet at
2.04 (s) and one methoxyl a®8 (s) could be detected in the same spectrum.

Compound 4, 1H CDCI3 28888838558 88RRRE EEREEE 828R & 230
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Figure 23. 'H NMR Spectrum of compourdimeasured in CDGJ 500 MHz.

The 3C NMR spectrum showed fourteen signals which were sontedsix quaternary carbons
(124.4, 130.9, 154.2, 159.8, 166.8, 171.1 ppm), two methyl groups (21 and 51.9 ppm), two
methylenes (34.2, 65.2 ppm) and four aromatic methines (115.2, 115.3, 130, 131.9 ppm), each of
these latter corresponding to two carborgyFe 24).
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Figure 24. 13C NMR Spectrum of compourtimeasured in CDGJ 100 MHz.

The COSY spectrum (Figure 25) revealed a correlation between the aromatic protons at 7.95 and
those at 6.77 ppm as well as between the protons at 7.08 with those @in. Ti7 fhe same spectrum,

the crosgeaks between the two methylene groups at 4.24 and 2.86 ppm suggested they were directly
connected.
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Figure 25. COSY spectrum of compourddmeasured in CDG| 500 MHz

The HSQC experiments permitted the assignment &f giaxton to the corresponding carl{&igure
26).
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Compound 4, HSQC CDCI3
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Figure 26. HSQC spectrum of compouddneasured in CDG| 500 MHz.

HMBC experiments exhibited correlations from the methylene group at 4.24 ppm to the carbonyl at
171.1 ppm, from the other methylene at 2.86 to the carbons at 65.2, 130.1 and 130.9 ppm, and from
the aromatic protons at U4.2ppni allowed to iddntdicateda r b o n ¢
oxyphenethyl acetatmoiety (Figure 26). In the HMBC spectrum, further crpesks between the
proton at U0 7.95 with the carbons at 13k 9, 1
3-[4-(2-acethoxyethyBphenoxy]-benzoic acid methyl ester (Figure 27). Compodirsa new natural

product.
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Figure 27. HMBC spectrum of compourdimeasured in CDG| 500 MHz.

7.0

4.5
f2 (ppm)

4.0 3.5 3.0

42

20

40

60

80

100

r120

140

160

180

200

220

0.0

f1 (ppm)



Compound 1
Compoundl was identified asalvigenin (5-hydroxy-4',6, Ztrimethoxyflavone)based on 1D'H e
13C NMR) and 2D NMR (DQFCOSY, HSQC, HMBC) spectra and by comparisth literature

data®®
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Figure 28. 'H NMR Spectrum of compountimeasured in CDGJ 500 MHz.
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Compound 2
Compound has been identified asrsimaritin (4',5-dihydroxy-6,7-dimethoxyflavone)

through 1D tHe®*C NMR) and 2D NMR (DQFCOSY, HSQC, HMBC) spectra and by comparison

with literature data®*%°
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Figure 29. 'H NMR spectrum of compour@2imeasured in CDGJ 500 MHz.
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Compound 3
Compound3 has been identified &irsiliol (3',4',5trihydroxy-6,7-dimethoxyflavone) by 1D'H e
13C NMR) and 2D NMR (DQFCOSY, HSQC, HMBC) spectra and its structure confirmed by

comparison with data literature d&fa.
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Figure 30. 'H NMR Spectrum of compour@imeasured in CED, 500 MHz
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Compound 5
Compounds was identified aseuflavinby 1D ¢H and'*C NMR), and 2D NMR spectra, and by

comparison with the literature data.
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Figure 31 *H NMR Spectrum of compouriimeasured in CDGJ 500 MHz
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Compound 6

Compoundé was identified asinosporasideby 1D ¢H and'*C NMR), and 2D NMR spectra (see

experimental part), and by comparison with the literature®ata.
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Figure 32 'H NMR Spectrum of compour@imeasured in CDGJ 500 MHz
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1.6.4 Structure elucidation of compounds 710 obtained from the hydrolysis

of teuflavoside

Compound 7
Compound7 showed an ion peak at/z379.1519 (M + Na) (calcd 379.1515) in the {HHSIMS

(positive mode)accounting for an elemel composition 0fC21H240s.
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Figure 33 HR-ESIMS spectrum of compourd

The comparison of théH and **C NMR spectra of compound (Figures 3435) with those of

teuflavoside §) (Figure 32) showed the lack of theQ acetitb-D-glucopyranoside moiety (Figures
32-34).
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Figure 34. 'H NMR spectrum of compouritimeasured in CDGJ 500 MHz.
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Figure 35. 13C NMR spectrum of compouritimeasured in CDGJ 100 MHz.
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In theH NMR spectrum of7 two olefinic protons at 5.86 (1H, s, br) and 5.77 (1H, s, br) ppm, not
present in the spectrum of teuflavoside, could becdete d, whi |l e t he signal a
to the oxymethinic proton at position 6 of teuflavoside was missing in the spectrum of conipound
These changes suggested that hydrolysis of the glycosidic moiety was accompanied by others

structural moditations.

From the HSQC spectrum of compound was possible to assign the respective carbons to each
proton. In particular, the two olefinic protons at 5.86 and 5.77 ppm were assigned to the carbons at

128.2 and 121.6 ppm, respectively (Figure 36).
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Figure 36. HSQC spectrum of compoudneasured in CDGJ 500 MHz.

The longrange correlations observed in the HMBC spectrumlzétween the methylene protons at

4.79 (1Ha, dJ=125Hz)and 461 (1Hb,d= 12.5 Hz) ppm withC CH3e car
131.6 (G4), 130.6 (C5) and 128.2 (€3), and the olefinic proton at 5.86 with the carbons at 130.6
(C-5), 65.3 (C1") and 24.2 (€1) ppm, and the olefinic proton at 5.77 with the carbons at 131.6 (C

4), 45.2 (G10) 34.6 (C7) ppm (Figure 37), clearlindicate the presence of two double bonds at
position G3/C-4 and G5/C-6. ROESY experiments and analysis of scafas.f) coupling of H8,

H-12 and H17 confirmed the same stereochemistry of teuflavoside (Figur®@8}COSY, HSQC,
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HMBC, and ROESY exgriments allowed the complete assigment of all signals and the identification
of the structure as reported in Figure 39. Compatischew to the literaturandwastrivially named

Flavuglaucin A.

As shown in Scheme 2, the acid hydrolisys of teuflavoside involved the loss of the sugar, dehydration,

and subsequent rearrangement of the double bonds (Scheme 2).
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Figure 37. HMBC spectrum of compouridimeasured in CDG| 500 MHz.
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Figure 38 ROESY spetrum of compound measured in CDG] 500 MHz.

Figure 39. Crucial correlations observed in the HMBC spectrum of comp@und
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-H,0

Scheme 2Mechanism of hydrolysis for compouiid

Compound 7.Yellow oil, *H NMR (500 MHz, CDCY) Ui 1.00 (d, 3HJ = 6.5 Hz, H17), 1.53 (ddd/m,
1H,J=12.0 Hz,J = 5.5 Hz, H1), 1,89 (m, 1H, FB), 1.99 (d, 1HJ = 12.0 Hz , H1), 2.07 (s, 3H,
COCHb), 2.29 (m, 4H, H2, H-7-H-10), 2.51 (m, 3HH-7, H-11), 4.62 (d, 1H) =12.5 H1 64.80 (d,
1H,J=12.5,H1 6 ) , (t, BH, H1&), 5.77 (s br, 1H, ¥6), 5.87 (s br, 1H, £B), 6.40 (s, 1H, H.4),

7.43 (t, 1H, H15), 7.45 (s, 1H, H6) ppm:*C NMR (100 MHz, CDQ) Uic 17.53 (G17), 21.07 (€

36), 213, 2892 (CR),31.74 (C7), 34.56 (G8), 41.26 (C11), 45.22 (€10), 50.42 (C9),

65.27 (G1 6 ) , 712), 188107 (€@), 121.62 (&), 125.79 (€13), 128.2 (€3), 130.63 (€5),

131.59 (G4), 139.29 (€16), 143.99 (€15), 17093 (2 6 ) , 1-I8ppd®.5 ( C
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Compound 8
Compound8 showed an ion peak at/z337.1399 (M + Na) (calcd 337.1392) in the HESIMS

(positive mode)accounting for an elemel composition 0C19H2204.

x10 3 |+ESI Scan (0.182 min) Frag=200.0V tf48acn1.d
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‘ 337.1399 371.1450
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0.4+ ‘

0.2 |

0d

Figure 40.HR ESI MS of compoung

TheH NMR spectrum of compour@l(Figure 41) was almost superimposible to that of compound
7, except for the absence of the acetyl gralip.Q7, s), and the shift of 0.5 ppm to high fields of the

oxymethylene protons located atlC

The absence of the acetyl grou@wvas confimed in the HMBC spectrum (Figure 42) by the absence
of crosspeaksbetween the oxymethylene protons al'GH-1 6 a : 4 . 24125 Hk), H1L16H,:
4.33 (d, 1HJ = 12.5 Hz) with carbonyl groups.

As far as we know, compour@is newto the literatureand was trivially named Flavuglaucin B.
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Figure 41 'H NMR Spectrum of compourimeasured in CDGJ 500 MHz
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Figure 42 HMBC Spectrum of compourfimeasured in CDGJ| 500 MHz.
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Figure 43.Some important correlations observed in the HMBC spectrum of comi@und

Compound 8.yellow oil, '"H NMR (500 MHz, CDCJ) Ux 1.01 (d, 3H,J = 6.5, H17), 1.52 (ddd/m,

1H,J = 12 Hz,J= 5.5 Hz, H1), 1.89 (m, 1H, FB), 2.0 (m, 1H, HL), 2.30 (m, 4H, 2, H-7, H-10),

2.51 (m, 3HH-7, H11), 4.24 (d, 1H)=12.5 H1 6433 (d, 1HJ=125,H16), 5. 05 ( s |
5.46 (t, 1H, H12), 5.86 (s br, 1H, §3), 5.91 (s br, 1H, k), 6.40 (s, 1H, HL4), 7.43 (t, 1H, HL5),

7.45 (s, 1H, H16) ppm;:*C NMR (10 MHz, CDCB) Uc 17.63 (G17), 24.58 (Cl), 25.81 (G2),

31.64 (G7), 34.60 (GB), 41.20 (G11), 45.30 (€10), 50.55 (€9), 64.10 (G1 6 ) ,  712),18899 ( C
(C-14), 121.27 (6B) , 125.79 (C3), 125.82 (C13) 130.74 (C5), 135.93 (&4), 139.42 (C16), 14404

(C-15), 176.50 (€18) ppm.
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Compound 9
The HRESIMS (Figure 44) showed a molecular iom#z315.1593 (M + 1) (calcd315.1596) This

molecular mass in combination withi and**C NMR data allowed the molecular formula to be
established as@H220a.
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Figure 44. HR-ESIMS spectrum of compourtd

The analysis of théH NMR spectrum of compoun@ (Figure 45) showed that the low field region

is similar to that of teuflavoside but the olefinic protons-&/CG4 and G5/C-6 of compoundd and

8, are absent iA. Moreover, a methyl group at 1.85 ppm (3H, s) appeared in the spectum of
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Compound 9, 1H CDCI3
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Figure 45. 'H NMR spectrum of compour@imeasured in CDG) 500 MHz

The HMBC spectrum o9 revealed that the above mentioned methyl group was correlated with a
carbonyl at 197.6 ppm and two unsaturated quaternary carbons at 131.0 and 154.2 ppm (Figure 46).
In the same spectrum, the carbonyl group at 197.6 was correldtedr®thylene at 1.88 (1&l m)

and 2.30 (1o, m).
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Figure 46. HMBC Spectrum of compour@imeasured in CDG| 500 MHz.

These two methylenes are directly connected, as demonstrated by thepeakssn the COSY

,_..___,_J"k___f%uw‘"\ﬂl (N ‘WFLJ‘LM“__

J ’ gmpm;a:c 8, Cozy CDCI3
L=
A

spectrum (Figure 47).

Figure 47. COSY spectrum of compour®dneasured in CDGJ| 500 MHz

In the HMBC spectrum @, further correlations of methyl group at 1.02 (1H) &,7 Hz) ppm with
carbons at 39.0, 54.9 and 29.1 ppm together with those of the methylene proton at 1.73 (1H, m) with
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the methylene at 2.05 (1H, m) ppm observed in the COSY spectrum, allowed to identify the decalinic

nucleus shown in figure 48.

AN

CHs

CHs
Figure 48. Partial structure of compour®d

DQFRCOSY, HSQC, HMBC, and ROESY experiments allowed the complete assigment of all signals
and the identification of the structure as reported in Figure 49. Comp@usda previously

undescribed molecuknd was trivially named Flavuglaucin C.

Figure 49. Some important correlations observed in the HMBC spectrum of comBound

Compound 9 Trasparent solidH NMR (500 MHz, CDCJ) U 1.03 (d, 3HJ=6.5, H17), 1.72 (dd,
1H,J = 14.0,) = 3.5, H7), 1.80 (m br, 1H, 8), 1.85 (s, 3H, HL8), 1.88 (mbr, 1H,H 6 ), 2.
(dd, 1H,J = 13.5,0= 4.5, H6), 2.13 (m, 1H, H7), 2.31 (m, 1H, HL), 2.33 (m, 1H, F2), 2.46 (t, 1H,
H-11), 2.49 (s br, 1H, HO), 2.54 (m, 1H, k), 2.59 (m, 1H, HL1), 2.99 (dt, 1H, H6), 5.41 (t, 1H,

H-12), 6.41(s, 1H, H4), 7.45 (t br, 1H, HL5), 7.47 (s br, 1H, ¥16) ppm;**C NMR (100 MHz,
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CDCl) iic 10.81 (G18), 17.04 (€17), 23.33 (€1), 29.10 (C7), 30.50 (C6), 35.54 (C2), 38.88 (C
8), 40.68 (C11), 47.06 (CL0), 54.54 (€9), 71.82 (C12), 107.83 (€l4),125.86 (€13), 131.68 (€
4), 139.25 (C16), 143.97 (C€L5), 154.99 (€5), 176.98 (C20), 198.29 (€3) ppm.

Compound 10
The structure of compourtD (figure 49) was deduced from the study of 1D and 2D NMR spect
and MS (Figures 486) and confirmed by comparison with the spectral data reported in the

literature®*
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Figure 50. 'H NMR spectrum of compourtd measured in CDGJ 500 MHz
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1.6.5 Inhibitory effects on HIV -1 RT-associated functions and structure

activity relationships

All compounds were tested against RNase H@oigmerase function (RDDP) of the HHY RT by
the research group of Prof. Enzo Tramontano (Department of Life and Environmental Sciences,

University of Cagliari).

The assays revealed thae antiRNase H activity of the extract was mainly due to the fi@vo
cirsiliol (3) with an 1Go of 8.2 uM and to a much lower extent ¢4 89 uM) to the flavone
cirsimaritin (2), while the flavone salvigenin was completely inactive up to the concentration of 100
MM,

The SAR analysis of the three flavones pointed oatirtiportance of the catechol group to inhibit

the RNase H function. Indeed, removing the hydroxyl group fre® @osition of cirsiliol 8) lead

to cirsimaritin @) with a decrease in the activity of 10 foldg addition, methoxylation of hydroxy
groupat G4 6 of ci r si mar i t)ithat whsecanpletelyinactive I(36>106 ph).i n  (
Therefore, the maximum activity occured when both hydroxyl groups are preseBt@t Cash @ «f
the B ring. The importance of the cathecol group to inhibit thadeHH function was already
observerd in our previous work, comparing a series of caffeic and ferulic acid derivatives (Figure
51)584

o RNase H
o Z i 0.68 uM
(0]
HO
/ R
HiCO 25.3 uM

R = (Z)-NH(CH,)gCH=CH(CH2),CHj

Figure 51.RNase H function inhibition values (46} of the caffeic and ferulic acid derivatives
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The new natural molecukeas well as the nederodanes teuflavirbj andteuflavoside §) resulted
inactive up to the concamation of 100 uM; the lack of activity of teuflavoside was not surprising

because it was purified from an inactive fraction.

Among the semsynthetic neelerodanedilavuglaucin B8) showed the greadeinhibitory activity

on RNase H function with an fgof 9.1 uM. Flavuglaucin A(7) was 3 folds less active when
compared witt8. This dataseemed to indicate that the alcohol function was important for interaction
with the binding site of the RTRlavudaucin C(9) andcompoundlO were 3 to 5 folds less active

than Flavuglaucin B With respect td-lavuglaucin B in compound® and 10 the hydroxymethyl

moiety has been replaced by a methyl o aldehyde group, respectively, conferming the importance of
the atoholic function. However, the presence of only one double bond in the decalinic nucleus of

compound® and10change the molecular planarity and thus could influence the interaction with RT.

The neeclerodaned-10 were also evaluatkagainst the RT polymerase function (RDDP) but none

inhibitory activity was observed up the concentration of 100 uM (Table 2).
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Table 2. Effect of the isolated and hydrolized compounds on the HR/T-associated RNase H and
RDDP functions

Compounds HIV -1 RT RNAse H HIV -1 RT RDDP
ICs0(UM)2 ICs0(uM)?2
>100(80%) ND
89+7 ND
2
8.2+0.6 ND
3
T P
1@\ @ : >100 (80%) ND
4
>100 ND
5
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CHO

10

>100 (74%) ND¢
9.1+0.2 >100(80%)Y
52.4 +0.4 >100 (80%)
36.4+0.4 >100 (80%)

aConcentration with inhibit 50% of enzyme activibpercentage of residual enzyme activity in the presence of 100 uM

of the compound®™ND: Not Done
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1.6.6 Site-Directed Mutagenesis

Since the nealerodaneFlavuglaucin Bwas not able to inhibit the RDDP function and it does not
contain any functionality able to bind to the RNase H active site, we supposed that compound
Flavuglaucin Bmight bind to an alloste RT site. In order to verify this Ipothesis, this compound

was chosen to perform sitkrected mutagenesis, determining the independent impact of several
amino acid substitutions on the potency of the compound to inhibit the RNase H function. All the
choosed aminoacids are localized in the RNase H domain and are crucial for the binding with the

RNase H function inhibitors.

With the aim of verifying a possible interaction féavuglaucin Bin the allosteric site described by
Himmelet al > residue V108 was replaced by a phenylalanine in such a way that it reduced the space
at disposal of the compound for the bindinghis site. Results showed a slight increase g \When
compound8 Flavuglaucin Bwas assessed against V108F, compared with the wild type enzime
(Figure 52).

The next mutation involved the residue A502 located in the alpha helix close to the staxiadal
binding pocket. This pocket is in the RNase H domain, between the RNase H active site and the
primer grip region, close to the interface of subunits p66 and p51. A 502 residue was replaced by a
phenylalanine with the aim to cause a movement dfaahelix that reduces the space between the
two subunits p51 and p66, thus hindering the entrance of the compound in the pocket. Also in this

case Flavuglaucin Bshowed a moderate loss in potency {8I8).

ConverselyFlavuglaucin Bshowed a significant loss in potency in the case of R448Af¢iY,

R557A (6.5fold) and, especially, A508V that totally impaired the RNase H inhibition by
Flavuglaucin B(ICs¢>100M), suggesting that it had strong interactions within the allosterikgboc
located between the RNase H active site and the primer grip region, close to the interface of subunits
p66 and p51.
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Wit

R448A
RS557A
AS502F
A508V
V108F L503A

100+

(4]
o
1

ottt

% of control

IC50 (uM)  SD
wt 9,1 0,0
R448A 497 5,9
R557A 59,2 43
A502F 32,8 2,2

AS508V >100
L503F 273 3,8

Figure 52. Effect of Flavuglaucin B(8) on the HI\\1 RT associated RNase H function of mutated
RTs
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1.6.7 Docking experiment

To further investigate the mechanism of actionFta#fvuglaucin B we carried out QM polarized
(QMPL) docking experiments. QMPL docking workflow combines docking with ab initio methods
for ligand charges calculation within the protein environment. Substguthie best poses were
subjected to molecular energy minimization to consider ind€itpdbtein conformation change (that

takes place after ligand binding) and implicit water solvation.

These studies suggested thivuglaucin Bcould be able to binohto an allosteric pocket close to
RNase H catalytic site interacting with several residues through hydrogen bonds: GIn428, GIn509,
Lys431,acation wi th Lys424 and several hydrophobic
Ala508) (Figure 53 a and b

Hence, when bound to this sifdavuglaucin Bmight induce the RNase H domain to a position in
which the active site might no longer be able to catalyze hydrolysis cleavage of the RNA strand in
the of RNA:DNA duplex. The single point mutation of residue Ala508 to Val in an attempt to reduce
the spaceavailable forFlavuglaucin Baccommodation seems to confirm this mechanism of action.

The docking results into the mutated enzyme show that the compound is not able to be accommodated

in the same position and it loses several important interactions éB8uc and d)
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PRO LYS LEU
o~ 421 & 8:425
A:507

Figure 53. 3D representation of the putative binding mode obtained by docking experiments. a)
RTwt- Flavuglaucin Bc) A508V-RT- Flavuglaucin Bcomplexand the relative 2D representation of

the complexes stabilizing interactions witle thinding site residues
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1.6.8 Conclusion

From the ethyl acetate extract of the leave$eafcrium flavunsubsp glaucumthree flavonoids -

3), two clerodanes{6) and a new diphenyl ethef)(were isolated. Moreover, the acid hydrolysis of
teuflavoside §) lead to the identification of one knowrd(Q) and three new nederodanes
Flavuglaucin AC (7-9).84

A bioguided fractionation of the extract permitted to identify the flavone cirsilidhagrincipal
responsible of thénhibitory adivity of the RT-associated RNase H functiarf the extract.The
diterpene clerodanes-6) were completely inactive up to a concentration of 100 pM. As far as we
know, the inhibition of the RNase H function of the RT of HI\by cirsiliol has not been reged

in the literature. In a previous work, cisiliol was able to inhibit, at very high concentrations, the RT
of the avian myeloblastosis virus, the agent responsible for acute myeloblastic leuRaensia.
interesting to note that cirsiliol was also able to inhibit the HIWitegrase at a concentration of 12

UM,®’ suggesting cirsiliol as a dual inhibitor of HiM

As regards the products obtained from the hydrolysis of teuflavoside, detailed NMR studies showed
that the acid enronment did not lead to the expected aglycone, but to a series of clerodanes resulting
from dehydration from position 6 and subsequent molecular rearrangement. The results seem to be in
agreement with those of Savoret al®* reporting that acid hydrolysis of thé 8 ;ba-6
deacetylteufavosiddid not lead to the corresponding aglyconetittie aim to assay the aiRNase

H function of the aglycone of teuflavoside (montanin B), an enzymatic hydrolysis of teuflavoside
wi t-¢jucdsidase is currently in course.

All semi-synthetic compounds/{10) showed inhibitory activity on the RNase attivity and,in
particular, the nealerodand-lavuglaucinB (8) was the most potent, with ans®f 9.1 uM. None
molecule was able to inhibit the RDDP function of reverse transcriptase up to a concentration of 100
MM. As far as we know, this is the firime that clerodane diterpenes have been identified as

inhibitors of HIV-1 RT-associated RNase H activity.

Site-directed mutagenesis studies suggested Rlaatuglaucin Bbind tothe RT allosteric pocket
located between the RNase H active site and tineepgrip region, close to the interface of subunits
p66 and p51

These results prompt us to undergo further studies to verify if thessatiietis nealerodanes are

able to inhibit the HIV1 replication.
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1.7 EXPERIMENTAL PART
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1.7.1 Materials and methods

1.7.1.1 General procedures

Optical rotations were measured in Ckl&l 25 °C using a PerkinElmer 241 polarimeter. UV spectra
were recorded on a GBC Cintra 5 spectrophotometer. NMR spectra of all isolated compounds were
recorded at 25 °C on @nity Inova 500NB higkresolution spectrometer (Agilent Technologies)
operating at 500 MHz fotH and 100 MHz for3C, respectively or on a VARIAN UNITY INOVA

400 MHz instrument. All spectra were measured at 25°C in €DECICDsO and using the
undeuterate residue of CHGlin CDCk (*H 7.23 ppm and®C 77.0 ppm) or CkDH in CD:O (*H

3.34 ppm and®C 49.0 ppm) as a referen¢d¢dRESIMSwere measured on a&uyilent 6520 Time of

Flight (TOF) MSinstrumeniAgilent Technologies). Analytical data of the isolated compounds were

in agreement within £ 0.4% of the theoretical values. Column chromatography was carried out under
TLC monitoring using silicagel (4® 3 & m, Mer ck) 201281 Ge pormdomR h & Hm
For VLC, silicagel (406 3 € m) ( Me r TLK was wafermed enesitica gel 60skor RR

18 Fs4 (Merck). LiChrolutRR18 (406 3 e m) 500 mg, 3 mL (Merck) s
cartridges were also used. Semipreparative HPLC was ceauadbgt means of a Varian 920 LH
instrument fitted with an a The peakgpunipekwere monitated | e
using a dualvavelength UV detector settled at 254 and 360 nm. The column was a 250 x 10 mm

HyperClone G18-ODS, patrticle siz& nm (Phenomenex).

1.7.1.2 Plant material

Teucrium flavunsubsp glaucumwas collected in July 2003 at Orgosolo Supramonte. The plant was
identified by Professor Bruno De Martis of the Department of Botanical Sciences (2003) of the

University of Cagliari.

1.7.1.3  Extraction and isolation of natural compounds

The airdried and powdered leaves Béucrium flavumwere ground and extractdidgstly with n-

hexane, then with ethyl acetate (EtOAc) and finally with methanol.

From the percolation with EtOAc at room temperat 117 g of green extract were obtained. An
aliquot of 18.19 g of the extract wusiegastep | e ct
gradientoh-hex aneil Et OAcT MeOH t o yield four main fra

72



Solvents Fr of VLC

n-hexaneEtOAc (75%25%) | Fr 1-8

n-hexaneEtOAc (50%50%) | Fr 913

n-hexaneEtOAc (25%75%) | Fr 1417

EtOAC (100%) Fr 1821

EtOAcMeOH (75%25%) Fr 22-26

EtOAcMeOH (50%50%) Fr 2731

MeOH (100%) Fr 3234

After combinding fractions-B (42.4 mg), 1617 (310 mg), 181 (13.5 g),32-24 (170 mg) of the
ethyl acetate extract VLC I, the 4 fraction of the VLC | was further purified with a VLC Il using
a step gradient afichloromethane (C¥Cl2) and methanol (MeOH).

Solvents Fr of VLC
CH.Clz- MeOH (95%5%) Fr 1-9
CH>Cl>- MeOH (90%-10%) Fr 1015
CH>Cl>- MeOH (80%20%) Fr 1620

The following fractions have been tested on the RT RNase H function, in order to bioguide the

isolation of potentially active compounds:

1 F1=1r1017 VLCI
F2=1fr6 VLC Il
F3=1fr7VLCII
F4 =fr9-10 VLC Il
F5=1fr 1213 VLC Il
1 F6 =fr 1416 VLC II
Fraction 79 (42.4 mg) VLC | was not tested in advance due to its small quantity and was directly
chromagraphed by CC over Sephadex2Musing MeOH as eluentielding fraction 2535. This

fraction wadurther chromatographed over Sephadex20H{MeOH) by to give an impure compound
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that was purified by RR8 SPEI s i n g a c eQ (8:3) asteluent) taegivdHcompouhL.8 mg).
86.8 mg of F1, was purified by REB SPE usind\CN: H>O (7:3) as eluent$p remove chlorophyll,
obtaining a yellow white solid, which was finally purifiest CC over Sephadex L-B0 (MeOH) to

give compound. (salvigenin,3.5 mg)

A portion of fraction F2 (900 mg) was subjected to CC over silica gel (90g) using-ma&®H
(9.75:0.25 as eluentto furnish fractions 11822, 161240 and 244341. Fraction 11822 was
purified twice using Sephadex EBD (MeOH) to give compount], (salvigenin, 2.4 mg). Fraction
161-240 (150 mg), was purified using Sephadex28{MeOH), to give fractior27-43, followed by
RPHPL C, usi ng @ @:8,tflewmnaA.5t mLimin)eas Kluent, to provide a white solid
(cirsimaritin, 2), (1.9 mg & = 8.82 min,) and compourid(salvigenin, 1 mg,/=12.1 min). Finally,
fraction 241341 (120 mg) was purified usingefhadex LH20 (MeOH) to give compoun@
(cirsimaritin, 4.4 mg), and fraction 126 which was further chromatographed by-F8PSPE using
MeOH-H20 (7:3) as mobile phase, to give 86.8 mg of an impure compound. This fraction was further
subjected to CC ovaesilica gel (5g), using CKCl>-MeOH (9.75:0.25) as eluent, to give a white solid
(teuflavin,5, 11.3 mgQ).

An aliquotof fraction F3 (590 mg) was chromatographed by CC over Sephad@® luding MeOH
as eluentto give the subfractiod9-55, which was further purified by Sephadex (MeOH), to produce
a further subfraction (360).

This fraction was further purified by REB SPEusing ACNH20 (5:5) as eluent, to give compound
3 (Cirsiliol, 1.4 mg).

Based on TLGanalysis fraction 8 of VLCII was found to be very similar to F3. Therefore, it was

subjected to VLC 111l (silica @@idMddH 63 e m) wus
Solvents Fr of VLCIII
CH2Cl>- MeOH (97.5%2.5%) Fr1-11
CH.Cl>-MeOH (90%10%) Fr1213

According to TLC, fraction -8 and 911 of VLC Il were combined and investigated. Fractic@ 7
of VLC Il (75.5 mg), was chromatographed using Sephadex2QHMeOH), to give compoun8|
(Cirsiliol,1.3 mg), already isolated from F3.
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From fraction 911 (50mg) of VLC lll a CC over Sephadex B0 (MeOH) permitted to isolate
further 0.6 mg of Cirsiliol §).

Finally, a NMR analysis of fraction-20 (VLC Il, 2.3 g) revealed that it was Tinosporasi@e (

1.7.1.4 Hydrolysis of Teuflavoside (6)
The hydrolysis waperformed by reacting 800 mg of teuflavosi@gwith 5.6 ml of 2N HSQ; in 95

ml of distilled water.

Procedure:

The aqueous solution of2BOs 2N was raised to 95°C. Subsequently, 800 mg of teuflavoside,
dissolved in 3 ml of methanol, were added to the acid solution and reacted for 20 minutes. After
cooling, the solution was first diluted in water and then extracted with ethyl acetate ina®gpa

funnel.

The solvent was removed by vacuum and the residue (550 mg) was chromatographed over silica gel
(259), using CHCI>-EtOAc (9.75:0.25) as eluent. After TLC comparison similar fractions were

combined and four fractions were obtained:
-40-47 26.1 mg),

- 4871 (28.9 mg),

- 72-92 (10.5 mg),

- 145190 (25.1 mg).

Fractions 4047 and 145190 were rapresented by compound26.1 mg) and8 (25.1 mg),

respectively.

Fraction 4871 (28.9 mg) was chromatographed by-IRIPLC, using acetonitrile:4D (flow rate 2.5
ml/min), to give a transparent sesolid compoundX0) (1.4 mg, &= 10 min), and compound(2.1
tr= 13 min). Fraction 732 (10.5 mg) was chromatographed by -RPLC, using
acetonitrile:HO(6:4, flow 2.5 mL/min) giving a transparent solid, compd® (1.2 mg, &=9.5
minutes), and compouri® (0.6 mg, &= 10 min).
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1.7.1.5 Inhibition test of the RT RNAse H function
RNAse H activity was evaluated in 100 pL of a mixture containing 50 mMH@E(pH 7.8, 1mM
dithiothreitol (DTT), 80 mM KCI, 6 mM MgCl RNA/ DNA hybric
GTTCTTTTTCCTGCCTGAG3-Njl u o r e SCAARAGARAAAGEBIEGGACUG-3-Npbcyl) and
3.8 nM RT). The reaction mixture was incubated for 1 h at 37 °C after which the reaction was stopped
by addition of EDTA and the products were measured wittceoW8 (Perkin) instrument at 490/528

nm.
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1.7.2 Experimental data of the known compounds isolated fronTeucrium

flavum supb glaucum

Compound 1

Salvigenin {) data {H and**C NMR) are in agreement with those reported in the liter&t(Fer

theH NMR spectrum see the Results and Discussion section).
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Figure 54. 13C NMR Spectrum of compourfdmeasured in CDGJ 100 MHz.

Salvigenin: yellow solid*H NMR (500 MHz, CDC4) w3i. 9 0 (-©CHs)3.98,(s, 3H6B0CHs),
3.97 (s, 3H, FOCHs), 6.55 (s, 1H, FB), 6.59 (s, 1H, F8), 7.02 (d, 2HJ = 9.0 Hz, H3 6 ;5 6H 5
d,2H,J=9.0Hz, H2 6 ;6 6H , 12 . 8 H)ppns L*BONMR (100HMHz, BRO D ) ¢ 55i54
( 4GKCH3), 56.31 (BOCHs), 60.85 (FOCHs), 90.57 (G8), 104.18 (C3), 114.53 (€3 6 55 6G

116.

(C-10),123.09(€L 6 ) , 12®.6 0Q ( C 1-8)5482D(CY), €53.23 (C5), 154.468 (4 6 ) ,

158.72(G7), 162.62 (€2), 183.67 (C4) ppm.
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Compound 2
Cirsimaritin ) data {H and'*C NMR) are in agreement with those reported in the litergft(fFer
theH NMR spectrum see the Results and Discussion section).

Compound 2, 13C CDCI3
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Figure 55. 13C NMR spectrum of compourimeasured in CDGJ 100 MHz

Cirsimaritin: yellow solid;*H NMR (500 MHz, CRO D ) 1 3.83 (s, 3H, 80CHg), 4.07 (s, 3H, 7

OCHg), 6.75 (s, 1H, FB), 6.91 (s, 1H, FB), 7.03 (d, 2HJ=85Hz,H3 6 ;56H , 7 .J¥85 ( s,
Hz,H2 6 ;6 65 FCANMR (100 MHz, CBO D )¢ 5700 (60CHs), 61.07 (FOCHg), 92.30 (G

8), 103.80 (€3), 115.65 (€10), 116.33(&06) , 1-3d3)051-g@€) 181e68)011R€E. .
(C-6),12953 (€2 6 ) , 1-9)2153639 (CR), T59.06 (C7), 160.70 (¢4 6 ) , 1-B8)pl84r8 ( C
(C-4) ppm.

Compound 3
Cirsiliol (3) data {H and**C NMR) are in agreement with those reported in the liter¥t(ffer the

H NMR spectrum see the Results and Discussion section).

Cirsiliol: yellow solid;*H NMR (500 MHz, CROD) i 3.93 (s, 3H, 80CHg), 4.08 (s, 3H, FOCHg),
6.70 (s, 1H, H3), 6.89 (s, 1H, k8), 7.01 (d, IHJ=85Hz,H5 6 ) , 7 . 5=08.5Hzx H2 &l )H,,
7.52 (dd, 1H)=85HzJ=25Hz, H6 6 ) PCAINMR (100 MHz, CR2OD) Uic 56.85 (ZOCHk),

60.91 (60CHs) 92.16 (G8), 103.73 (€3), 106.50 (C10), 114.05(2 6 ), 1-56) 681 C. 25
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660), 128)301BB14RBI0(CI&), 1860) 90 16815560 (€),160.40
(C-7), 166.70 (€2), 18425 (G4) ppm.

Compound 5

Compound5 was identified as Teuflavin through the study of the 3D §nd*°C NMR), and 2D
NMR spectra (DQFCOSY, HSQC, HMBC), mass spectrometry (ESI MS), specific optical rotation
and by comparison with data reportediierature®* (For the'HNMR spectrum see the Results and

Discussion section).

Compound 5, 135 cpci3
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Figure 56. 13C NMR Spectrum of compouriimeasured in CDGJ 100 MHz.

Teuflavin: colorless solidH NMR (500 MHz, CDCJ) ik 0.99 (d, 3H) = 7.0 Hz, H17), 1.60 (t, 2H,
H-7), 1.92 (d, 1HJ = 2.5 Hz , H11), 1.97 (s, 3H, COC#), 2.07 (m, 1H, H8), 2.23 (m 1H, H1),

2.33 (m, 1HH-2), 2.46 (d, 1H) = 6.5,H-11), 2.70 (m, 1H, F2), 2.73 (m, 1HH-10), 2.81 (d, 1HJ

= 6.0,H-18), 3.10 (m, 1H, HL), 3.66 (dd, 1H) = 10.0 HzJ = 1.5 Hz, H6), 3.72 (d, 1H)=6.5 , H

18), 3.89 (dd, 1H] = 10.5, HzJ = 0.5 Hz , H19), 4.40 (d, 1H) = 10.5, H19) 5.18 (g, 1H) = 6.5,

Hz,J = 3.5 Hz, H12), 5.43 (s, 1H, F20) 6.43 (dd, 1HJ = 1.5, Hz,J = 0.5 Hz, H14), 7.41 (t, 1H,
H-15), 7.43 (m, 1H, HL6) ppm;**C NMR (100 MHz, CDGCJ) Uc 16.97 (G17), 20.78 (COEl3),

22.23 (G1), 35.49 (C8), 37.07 (C7), 41.87 (C2), 44.71 (C10), 45.42 (C11), 46.84 (C5), 53.73
(C-9), 57.17 (C18), 62.04 (4), 66.33 (C6), 67.76 (C19), 70.49 (C12), 99.86 (C20), 108.80 (€
14), 124.92 (€13), 139.47 (€16), 143.50 (€15), 10.63 (COCH3), 206.57 (€3) ppm.
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Compound 6
Compounds was identified as Teuflavoside through the study of thelHa0d*C NMR), and 2D
NMR (DQFCOSY, HSQC, HMBC) spectra, specific optical rotation and by comparison with the

data reported in the liteareé® (For the'H NMR spectrum see the Results and Discussion section).

Compound 6, 13C CDCI3
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Figure 57.13C NMR Spectrum of compourgiimeasured in CDGJ 100 MHz

Teuflavoside:solid colorlessH NMR (500 MHz, CDCJ) U 0.95 (d, 3H,) = 6.5 Hz, H17), 1.49

(m, 2H,, H-1, H-2), 1,76 (m, 2H, HL, H-7), 1.97 (m, 1H, FB), 2.01 (m, 2H, F2), 2.08 (s, 3H, H

86), 2. 02), 214 (s, 18,H8), 2.8 (m, 1H, H7), 2.32 (dd, 1H) = 14.0 Hz,J = 8.5 Hz,

H-11), 2.52 (dd, 1H) = 14.0 Hz,J = 8.5 Hz H11), 2.74 (s brlH, H10), 3.35 (M. 1H, k6 6 ) , 3. 5.
(t,1H,H4 6 ), 3. 6300)(,t ,3.148120Hz0=5.0H4,H66) , 3. §8120dd,
Hz,J=30Hz,H6 6 ) 4. 567, Km), 472H,1HHR6), 4. 8%4.87(dJ=12B, H
Hz.H-18), 5.37 (t, 1H, H12), 6.39 (s, 1H, H4), 7.43 (m, 1H, HL5), 7.45 (s, 1H, H.6) ppm::3C

NMR (100 MHz, CDC}) tic 17.00 (G17), 20.38 (1), 20.95(G8 6 ) ,  220),25.40 (R)(27.86

(C-3), 32.88 (G8), 34.29 (C7), 40.83 (G11), 40.84 (C10), 53.38C-9),62.22(C6 6 ) , 618), 44 (
7116 (G4 6) , TIR), BBD4 (G 7437 (C26) , 7Ha)5,6 #AFD)6,4 198 )2,0 (
108.10 (G14), 125.45 (€13), 131.70 (&4), 133.75 (G5), 139.45 (C16), 144.06 (€15), 170.72 (€

70) , 1-79}, 179.63C21 ppm.
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Compound 10
The analytical and spectroscopikl @nd*C NMR) data of compountiO are in agreement with those

reported in the literatur¥.(For the'H NMR spectrum see the Results and Discussion section).

Compound 10, 13C CDCI3 =
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Figure 58. 3C NMR Spectrum of compouritD measured in CDGJ 100 MHz

%104 |+ESI Scan (0,266 min) Frag=200.0v PIPPOTF51bis
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Figure 59.HR ESI MS spectrum of compouid®

'H NMR (500 MHz, CDCd) U 1.03 (d, 3HJ = 6.5, H17), 1.37 (dd br, 1HJ = 14.0,J = 4.5, H2),
1.46 (dd, 1H J=10.0J= 3.0, H1), 1.74 (dd, 1HJ = 13.5J = 2.0, H7), 1.80 (m, 1H, B), 1.88

(d br, 1H,J=10.0, H2, ), 1.99 (d, 2HJ = 13.0, H6, H-3), 2.16 (M, 2H, H7, H-1), 2.42 (d, 1H) =
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9.0, H11), 2.45 (d, 1HJ = 9.0, H10), 2.50 (s br, KB), 2.60 (dd, 1HJ = 9.0,J= 5.0, H11), 3.85
(dt, 1H, H6), 5.41 (t, 1H, H12), 6.41(s, 1H, H.4), 7.45 (t br, 1H, HL5), 7.47 (s br, 1H, H6) ppm;
13C NMR (100 MHz, CDGJ) lic 17.21 (G17), 20.82 (€2), 22.43 (G3), 25.88 (C1), 27.67 (CB),
30.29 (G7), 39.20 (G8), 40.92 (G11), 47.68 (CL0), 55.08 (€9), 71.94 (G12), 108.11 (€14),
125.27 (G13), 133.60 (&4), 139.49 (C16), 144.12 (€15), 155.97 (€5), 172.47 (C20), 190.12(€
18) ppm.
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1.7.3 Molecular modelling

Ligand preparation

The ligand was built within the Maestro platform. The nstable conformation has been determined

by molecular mechanics conformational analysis performed with Macromodel software versfon 9.2.
using the Merck Molecular Force Fields (MMF¥sand GB/SA water implicit solvation mod¥f
PolakRibiére Conjugate Gradient (PRCG) method, 5000 iterations and a convergence criterion of

0.05 kcal/(mol A). All the other parameters were left as default.

Protein preparation
The coordinates for reverse transcriptase enzyme was taken from the RCSB Prot@arikita
(PDB codes 1rti{?? The protein was prepared by using the Maestro Protein Preparation Wizard.

Original water molecules were removed.

Starting from wt protein the mutated enzymes A58V was generated. Mutd RT was minimized
considering OPLS force yeld in GB/SA implicit

PolakRibier Coniugate Gradient (PRCG) method and a convergence criterion of 0.05 kcal/mol.

Docking protocol
Molecular docking studiesere performed using QMPL workflow protoc8f Grids wee defined
around the refined structure by centering on the residue Q500 (located in the RNaseH domain) and

fixing the box volume (46x46x46 A). The other settings were left as default.

Postdocking protocol

I n order to better take i1 nto account, t he 1 nc¢
compl exes were fully optimized with the OPLS
optimization process was performed setting 10000 steps iteracpidoghe derivative convergence
criterion equal to 0.05 kJ/(mol*A). The resulting complexes were considered for the binding modes

graphical analysis with Pymol and Maestro.
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2. Human Rhinovirus

Human Rhinoviruses (HRVs) are the most common viral infectious agents. These are
members of the familRicornaviridaeand the genuBnterovirus HRVs are first discovered in 1950s
and they are classified in three spe¢iRE-A,- B, and-C) according to phylogenic sequence criteria
and distinct genomic featuré<linical isolates of RVA and R\:B were in 1987 while the third
species (RVC) was identifiecby the International Committee on Taxonomy of Viruses in 2009.
There are multiple HRVs in each species desig
types of strains were collected frapampleof patients called prototype or reference set. Partial
sequencing of viral capsiehcoding regions, necoding regions, and a limited number of complete
genomes led to a division of the original niretge strains into two species: HRV/(containing 74
serotypes) and HRB (containing 25 serotype$)To explain how antiviral compounds that belong
to HRV-A and B draw a distinction between these two groups of viruses, it is assumed that the
hydrophobic pocket of capsid viral protein 1 (VP1), which is the binding site for the aamibidbrs,
is dimorphic in shape and/or composition. As matter of fact, it has been demonstrated that the higher
activity of shortchained capsid inhibitors compounds was against group B (serotypes 1A, 2 e 16),
while members of group A (es, HR¥ and-14) were more sensitive to longer chain antiviral
compounds; therefore, Andries et siliggested that group A sibnger and narrower hydrophobic
pocket than group B.
HRV-C strains have a genomic organisation sintbathat of HRVVA and HR\:B; however, there
are several distinct characteristics supporting their classification as a new species.
HRVs are the main responsible of the upper respiratory infections such as the common cold. It is
known that colds are respalie for millions of work hours lost by sniffling patients, but the public
perception is that HRV infections are generally benign. Therefore, the consequences of HRV
infections are often overlookéd.

2.1 Structure of HRV

HRVs are positivesense, singlstrandeeRNA (ssRNA) viruses of approximately 7.200 bhe
genome is composed ofsangle gene, the translated protein of which is cleaved by virally encoded
proteases to yield 11 proteifdhe viral capsid contairfeur proteinsVP1, VP2, VP3, and VP4, that
hold the RNA genomavhile the nonstructural proteins are involved in viral genome replication and
assemblyThree larger proteins (VP3, 3f kDa each) are located on the external surface of the
virus, account for the virus antigenic diversity, whilamaller proteinVP4 ( 7&Da) lines the inner

surface, interfacing with VAEB and RNA anchors the RNA core to the capditiere are 60 copies
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each of the four capsid proteins, giving the virion an icosahedral structure, with a canyon in VP1 that

is used as a site of attachmemtell surface receptors.

Figure 1. A schematic view of HRV14 icosahedral capsid (A) and partial capsid surface bound with

an antiviral drug (B).

2.1.1 Replication
HRVs are generally temperaturestricted in replication, with optimal growth ati3% °C,and the
temperature observed in the tracheobronchial tree is often lower than body core temperatures and so
are permissive for HRV replication.
Virus uptake occurs via clathralependent orindependent endocytosis, or via macropinocytosis.
The virions undergo coafmational changes that yield hydrophobic subviral particles. This process
is initiated by ICAM1 and/or the lowpH environment in endosomes. It is thought that the RNA
genome crosses the endosome membrane into the cytosol through a pore formed oteiimalqr
after membrane rupturéfter the entry of RNA genome inside the cytqQdbke host cell ribosome
translates the positiveense, singlstranded RNAnto structural (capsid) and nonstructural proteins.

The virion is then assembled and packageak poi cellular export via cell lysigigure 2)8
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Figure 2.Viral replication in airway epithelial cells

2.2 Rhinovirus cellular receptors

RV-AandRVB serotypes are also classified into t
utilises, a single receptor, the cell surface receptor intercellular adhesion molecule 11)Cihigl
other one attaches to and enters cells via thedensiy lipoprotein receptor (LDLRywhereas RV
C receptor remained unknown iinecently*® Bochkov et coll! have discovered cadherialated
family member 3 (CDHR3), a transmembrane protein with yet unknown biological function that
mediates virus binding and replication.
Cell entry and uncoating are initiatadhen HRVs recognize their respective recept®ysthe crye
EM reconstructions of HRMCAM-1 it is observed that: ICAM binds primarily to the floor and
south wall of the canyon then, there is a conformational change in the virus surface, visible on the
right-hand side of the diagram.
It is reported that the walls and the floor of the canyon probably bind to domain D1 and open the
channel. This requires an empty hydrophobic pocket and flexibility of VP1, which is a largest part of
the north and soutivalls of the canyon. The opening of the pentamer vertex, induced by the binding
of ICAM-1 molecules, may facilitate externalization of VP4 and other internal viral components,
including RNA.
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Virus attachment on the receptor is distal from the plaserabrane. This property may be relevant
for infection of cells by viruses and may reflect the enhanced ability of fieenfNnal Ig domain to

penetrate into the HRV canyoh.

Figure 3. Schematic representation of a proposeds$tep binding mechanism between ICAland

majorgroup HRVs

The lowdensity lipoprotein receptor RLR) is a celisurface glycoprotein. This familyomprises at

least three members that can bind and internalize RV including the LDLR, the vedeihsy
lipoprotein receptor (VLDLR), and the LDLR related protein (LRPhese receptors can be
recognizedby the presence digandbinding repeats, epidermal growth factor precursor repeats,
YMTD spacer domainsb{propeller modules), a single transmembrane domain and a relatively short
cytoplasmic tail. This one contains motifs for interaction with a numbeytoplasmic adaptor and

scaffold proteins and mediates signal transducfiéh.
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The entry of a receptdigand complex into cells occurs at clathdoated pits. The complex is
subsequently delivered to the lgH environment of the endosome, where dissociatioth®
complex takes place. The receptor is then returned to the cell surface in a process called receptor
recycling®® The most important physiologic ligand for the receptor is LDL, which contains a single
copy of apolipoprotein B00 and carries approximately 65% to 70% of plasma cholesterol in

humangt*1°

2.3  Clinical syndromes of RV infection

Acute respiratory infections represent a major causermfin disease and the second most important
cause of death among children under five years of%de.

HRVs are the most frequent cause of respiratory illness including comatdnbronchitis and
pneumonia and provoke exacerbations of asthma, cystic fibrosis, and chronic obstructive pulmonary
disease (COPD)'®2, Studies on COPD have revealed that highenesabf CRP and respiratory
viruses, especially rhinovirus (57%), are more frequently detected in exacerbations in hospitalized
patients?® HRVs are typically found in the majority of young children and adults with acute

symptoms of asthm&?*;
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The relationship between HRYV infections and asthma reveals that infants who develapdvioes!
wheezing episodes arelagh risk for asthma, but most acute wheezing illnesses in infancy resolve
with no longterm sequelae. Once asthma has been established, HRV infections are the most common
cause of acute exacerbations, especially in children. This is plausible becalsggshand the
immune system are growing and developing during infancy and might be especially vulnerable during
this period of time??

As well in adults, there is a correlation with exacerbation of asthma, in fact it is seasonal and in
temperate climates there ateong peaks in morbidity in September, shortly after children return to
school. It is interesting to notice individuals with asthma do not necessarily have more colds, and
neither the severity nor the duration of upper respiratory symptoms is enhanogdeaperimental

HRYV infections in adults with asthma. It means the viral infections are specific to the lower Hirway.
Moreover, there is evidence that viral infections exert synergistic effects together with other events
to provoke asthmaymptoms. For instance, the effects of colds on asthma exacerbations are greatest
in allergic individual$* and are amplified by exposition to allergénand air pollutants® There is

now evidence that the immune response to respiratory viral infections corgritautairway
obstruction and respiratory symptoms. The mechanisms are associated with the activation of
inflammatory cascade with proinflammatory cytokines and mediators that enhance airway hyper

responsiveness and airway obstructibn.
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Figure 5. Mechanisms of RMnduced exacerbations of asthma, and therapeutic implications.
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2.4  Antiviral agents for treatment of HRV infection

Despite the huge medical and seemnomical relevance of common cold, there are still no approved
drugs for the treatmemdf these infections. However, in recent years several molecules have been

reported as promising therapeutic targets.

2.4.1 Capsid Inhibitors

The viral capsid was identified as the first potential target for inhibition of viral replication. During
the infection ICAM-1 binds into the canyon, inducing conformational changes that eventually lead
to uncoating of the virus and release of the viral RNA. The capsid binders bind into the hydrophobic
pocket, under the canyon flotThis event induces conformational changes, thereby increasing the
rigidity of the virion and decreasing the ability of the virion to interact wihr@éceptor (Figure 6).

For instance, WIN compounds are one of the earliest discovered classes of Enterovirus inhibitors that
work in this way and some structural studies demonstrated that, after accidental discovery, these

compounds underwent several mazifions to improve their antiviral properties.

A VIRAL CAPSID

Pocket

Figure 6. Mechanism of action of capsid binders

Pleconaril

WIN63843 (pleconaril) showed a high oral bioavailability§%Y3?° and a broad spectrum activity
against enteroviruses and rhinovirusdekeconarilis the first of a new generation capsid inhibitors
that binds to hydrophobic sites within the cavities and it has a large volume of distribution with >99%
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plasma protein bound. It has good penetration into the central nervous systesthsarpgtion is
increased when taken with food, particularly fifEhe trifluoromethyl substituent on the oxadiazole

ring increasing the halffe by reducing degradation in the liver by enzymes involvedxidative
processed! In previous studies pleconaril was tested for oral activity in animal models infected by
coxsackievirus, members of tli@mily Picornaviridaeand the genug&nterovirusas HRVs. The
treatment increased the survival rate for prophylactic and therapeutic dosing regimens and
dramatically reduced virus levels in target tissues of animals. Therefore, it was considered a
promisingnew drug candidate for potential use in the treatment of human enteroviral infé¢tions.
Pharmacokinetic studies ofgmonaril have been taken in adults, children and neonates irfé13399.

It was demonstrated that the concentrations of pleconaril 12 h after a single oral dose remain 2.5 more
than in vitro. In preclinical trials, no differences from placebo have been noted like cardiovascular
and central nervous system sieféects.

In 2002, after the submission of pleconaril for the treatment of the common cold, the drug was
rejected by the FDA mainly due to safety isstfeBhen it has been licenséal ScheringPlough in

2003 to be developed as nasal spray for the treatment of common cold symptoms exacerbations of
asthma/COPD in highisk patients. This study has been completed in 2007, but results of this study

have not been revealyet3®
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Figure 7. Structure of Pleconaril

Pirodavir

Pirodavir (R77975) has been known to have a good level of potency and a broad spectrum of
antirhinoviral activity (HRVA and B), to a lesser extent, that of other enteroviruses.

Previous studies found that pirodavir:

- is able to inhibit the reptation of 80 % of serotypes at concentrations of 1 mg/ml of4ess.

- frequent intranasal sprays of pirodavir (six times daily) provided protection protective against
rhinovirus illness, when administration was begun beforal exposure and continued

afterward. Three times daily administration provided no protection, and the treatment begun
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24 h after rhinovirus challenge. However, the small number of subjects enrolled in that study

precluded an ass ébgapentense of pirodavirods t

- intranasal sprays of pirodavir (2 mg for six times daily fodays) were associated with

significant antiviral effects but no clinical benéfit.

- Oral delivery of the estatterivate pirodavir is not feasible given the fact that it is hydrolysed
to an inactive acid and has an unpleasant taste and the more frequent presence of blood in the

nasal mucug’

N°N 0

L

Figure 8. Structure of Pirodavir

Vapendavir
Vapendavir is a more recent capsid inhibitor that shows activity againstAiBhd HR\: B

serotypes and some strains of v

Figure 9. Structure of Vapendavir

2.4.2 3C protease inhibitors
3C protease plays an essential role in viral replication. In facesponsible foproteolytic cleavage
of polyprotein into proteinshat are structurally and enzymatically essential for viratdifele >

Enviroxime and Enveroximeelated compounds are the most promising-dRY molecules
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Figure 10. Structure of Enviroxime
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2.5 Aim and Obijectives

In our recent work? the phytochemical investigation of the aRfRV CH.Cl. extractobtained from
Bupleurum fruticosunmed to the isolation of a series of phenylpropenoids and polyacetylenes (Figure
11). Among all, E)-3-(3,4-dimethoxyphenyh2-propenl-yl(2)i 2-[(Z)-2-methy}2-
butenoyloxymethyl)butenoate (Figure 11), revealed the most advantageous iseléctiex
inhibiting HRV-A39 species. This compound showed agy\@lue of 2.4 £ 0.04 uM and a moderate
cytotoxicity versus Hela cells (7.6 N 1.8 &gM)

SAR studies allowed us to identify some basic structural requirements for the antiviral action. In
particular, the substitution of a methoxy group aB @osition of the phenyl ring dfE)-3-(3,4-
dimethoxyphenyb2-propenl-yl(2)-2-[(Z)-2-methyt2-butenoyloymethyl)butenoate  with a
hydrogen, as in (E)-3-(4-methoxyphenyl2-propenl-yl(2)-2-[(Z)-2-methy}2-
butenoyloxymethyl)butenogtannulled the activity (E§6>3 6. 3 € M) and i ncreas:eée
(Figure 11) The replacement at the same time of the angeloyl-anetBoxy groups with a hydrogen
atom, as id-O-methylcinnamyl angelic acid estded to a reduced activitypO fold). An ester
functionality seems essential for the antiviral activity sidamethocycinnamyl alcoholand 3,4
dimethoxycinnamyl alcohgbroved to be completely inactive. A 3#methoxyphenyl ring and an
ester function were necessary but not sufficient sta@methyk(E)-coniferyl angelic acid ester
containing a shorter alkyl chain thirespect to the most active compound, was not able to inhibit the

replication of HRVs.

The antiHRV mechanism of action of the most active phenylpropewaisl evaluated with the aim

of the timeof-drug-addition assay, compared to pirodavir, a known icaipibitor (Table 1). This
assay revealed that the antiviral behaviour of this natural compsuuite similar to that showed

by pirodavir, and means that (B)3,4-dimethoxyphenyh2-propenl-yl (Z)-2-[(Z )-2-methy}2-
butenoyloxymethyl)butenoate is antiviral molecule which exerts its activity in the early phases of
viral replication and behaves as a capsid binder towards HRX 8@ntrast with pirodavir, addition

of the natural compound to the infected HelLa cells after 1h post binding stileckgula strong
reduction in virus yield (78%) and after32h post binding resulted less effective (65% and 50%
reduction, respectively) but still significant. The remarkable inhibitory effect when added after virus
binding (3 h) suggested the abilitpif the natural compound to enter the host cells and to act with
a further mode of action probably based on the uncoating of viral genome or on inhibition of protein

synthesis.
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Subsequently, computational studies weaieried out in order to identify the key residues involved

in the interactiorof VP1-HRV39 with the natural compoundhe binding pocket of serotype 39 is
characterized by the presence of highly hydrophobic residibese studies indicate that the amino
acids concerned in the bonds with the phenylpropenoid are: Tyr144, Leul00, lle122, Tyr190, Leul84
and Val236. Moreover, complex of the phenylpropenoid was stabilized by hydrogen bonds with
Thr100, with the oxygen of the methoxy group of the phenyl Hrig.nicely the binding pocket and

is able to occupy most of it, by establishing a large number of hydrophobic interactions with the
aliphatic chain. The selectivity of the most active phenylpropenoid toward HRV39 could be explained
by the different interetions of this compound with VPIndeed, in VPIHRV14 the presence of
Tyr128 with its steric hindrance does not allow a proper accommodation into the hydrophobic binding
pocket. In VPIHRV39, Tyrl28 is replaced by an isoleucine, which is a key residue in
proteinicompodnd interactions.
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Figure 12. 3D and relative 2D representation tbk phenylpropenoidnd putative binding mode
resulting from the docking experiments into the built model of YARV39. The key residues are

highlighted in green in the 3D depiction.

lle122

Tyr128

Figure 13. Docking ofthe phenylpropenoiohside VPXHRV14 (pdb code 1INCQ) where Tyr128 o

VP1-HRV14 and lle122 of VP-HRV39 are highlighted in yellow and green respectively.
Tacking into account the SAR and docking studieshef natural phenylpropenqid decided to

synthesize some analogues in order to improve the antiviral potency dedgedectivity index (Sl)

of the natural compound.
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2.5.1 Results And Discussion

2.5.1.1 Synthesis of 2(3,4dimethoxyphenoxy)ethyl esters of aliphatic and
aromatic acids (14ae)
The first series of newly synthesized compounds were designed preservitighéteoxyphenyl

group, which proved to be essential for the activity, as reported f@hteylpropenoicénd others
capsid inhibitoré®*2 The original aliphatic chain of the natural compound was simplified and, since
all the most promising capshinding inhibitors posses a phenoxyalkyl chain, the propenic moiety
linked tothe benzene ring of the natural compowas replaced by an oxyethyl grodje aliphatic
satured or unsatured ester portions have been chosen so that the dimensions of the new synthetic
molecules were similar to that of the natural phenylpropenoid.

| first prepared A3,4-dimethoxyphenoxy)ethanolll) by reaction of 3,4limethoxyphenol with
ethylene carbonate in DMF at reflux (Scheme 1), obtaining the expected product in high yield (84%).
The commercial aliphatic carboxylic acids2ée€) were reacted ith ethyl chloroformate in the
presence of triethylamine (TEA) and dimethylaminopyridine,-1& °C, via an intermediate,
represented by a mixed anhydrid8&e), which was not isolated (Scheme 1). This reaction allowed
the activation of the acid functioffhen, the addition of alcohol to the reaction mixture led to the

ester derivative§4ae.
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Schemel. General procedure for the synthesis ef32-dimethoxyphenoxy)ethanol derivatives
(14ae€)

2.5.1.2 Synthesis of heterocyclic amides 15d,f,n, 16a,b,e and Ia-d
On the basis of the biological results of compouldise (see next paragraph), the second series of

derivatives were synthesized replacing thg32-dimethoxyphenoxy)ethanolic group with
heterocyclic systems, such as phenylpiperazine, piperidinylpyridine and morfolinpyperidine, leading
to the corresponding ades15ad,f,n, 16a,b,eand17ad (Figure 14). The new derivatives contain

an amide function instead of an ester. Since it is known that an ester moiety is potentially a target of

human esterases, this modification could preserve the molecules from yheagahydrolysis.

Oy OOy OOy

15a-d,f,n 16a,b,e 17 a-d

Figure 14. General structure of theeterocyclic amides synthesizéfia-d,f,n; 16a,b,e; 17ad
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In the second series of molecules, the mixed anhydritigsn) were prepared according to the
procedure reported for compountiéae. Themixed anhydrides were not isolated and the addition
of an excess of a secondary amine to the reaction mixture led to the aBagkgn, 16a,b,e and
17ad.

ii R N/_\N
— Y\

15a-d,f,n

e e OO

(0] (0] 16a,be
12a-n 13a-n / \
iv
© 17 a-d

R,

. . e - .
i: CICOOEt, TEA, DCM, -15°C, 1h: ii: 1N/ ‘N_C;Rl  DMAP, rt; ii: iy~ N DMAP,rt. iv:iN_ )N 0, DMAP, it
— Y j—

a RE REHR=H MRS (o R=Cl R=Cl
b R= \/(CH2)5>/ R;=H R=H i R= \/(CHZ)7 >/ Ri=F R,=H

cRe Ri=H R=H  JR= - Ri=F R=H
dR= \/(CHz)s\/ Ri=H R=H kR= \/(CHz)sg// R=F R=H
eR= Ri=H R=H IR= \/(CHZ)\/ Ry= OCHs Ry=H
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Scheme 2General procedure for the synthesis of heterocyclic amisked,f,n, 16a,b,e and17ad

g R= R=Cl R=Cl nR= (CHy)s R,;= OCH; R,=H
1 2 1 3 2
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2.5.2 Anti-Rhinovirus activity of compounds 14 ae, 15ad,f,n, 16 a,b,e and 17

All derivatives (4ae, 15ad,f,n, 16a,b,eand17ad) were tested at the Department of Microbiology
and Immunology, Rega Institute for Medical Research, Leuven, Belgyutine group of Professor
Johan Neyts. The cytotoxicity has been evaluated on HelLa cells and thiRRahdictivity was tested
on Rhinovirus 02 (HRVAO02) and Rhinovirus 14 (HRMB14) belonging to the serotype A and B,
respectively (Table 2). The antivirabiency was evaluated by the method of inhibition of the virus
induced cytopathic effect in HeLa cells and expressed as B as an effective dose to reduce the
cytopathic effect by 50%. Pleconaril was used as a reference. Cytotoxiciy) (@45 assesd in
parallel in compoundreated, uninfected cells.

The antiviral screening indicated that all of th€84-dimethoxyphenoxy) ethanol derivativeisl not
show any antiviral effect up to100 uM, except for the naphthdbeaeing compound4e that
reveabd a moderate activitggainst HRVA02 and HRVB14 with EGo of 15.3 and 24.6 uM,
respectively (Table 2)Interestingly, compoundk4a-e were not toxic up to 100 uM.

Unlike the 3,4dimetoxybenzene derivatives, various heterocyclic amides showed attvity in

the low micromolar range and, with respect to the natural compound, a reversal of selectivity towards
the viral species B (HRM4) was observed. In particular, among the phenylpiperazine artiskes (
d,f,n), we first assessed their antiviral igity only varying the aliphatic chain. Thus, among
compoundd5ad, the most active wakbc containing a decanoic chain, withBBCso of 5.7 uM and
selectivity index (Sl) of 14 (Table 2). The substitutiodscof the decanoic moiety witmactanoic,
7-octenoic or 9decenoic led to complete loss of activity @@€100) as inl5d, or a decrease in the
activity as forl5b (ECso = 45 pM) andl5a(ECso = 11.9 pM).

The importance of the decanoic chain was also confirmed introducing electron withdrawamgor d
groups in the phenyl ring as reported for compoultiy 15j and15m. Furthermore, when alogen
atoms were introduced in the phenyl ring I8¢ the 3,4dichloro substitution resulted more
favourable respect to thefliorine substitution. The most ast compound of the phenylpiperazine
amides was the-thethoxyphenyl derivativé5m with an EGo of 1.0 uM, value very close to that of
the 3,4dichlorophenylpiperazin&5g (ECso = 1.4 pM). Moreoverl5mrevealed the best Sl (>100).
In a third series of copounds, we evaluated the influence of the substitution of the phenylpiperazine
moiety with a piperidinylpyridine. Also in this case, the piperidinylpyridine arh@éke containing a
10 carbon aliphatic chain, yielded the best inhibition of HBM with a 1Go value of 1.4 uM (Table
2).
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Table 2. Inhibition of replication of HRVA02 and HR\\B14 serotypes by compounil4 ae, 15a
d, 3f-n, 16 a, b, eand17 ad

Compound CCse? ECsd ECsd
UM MM (SI)¢ MM (SI)¢
Hela HRV-B14 HRV-A02
R&}
I . >100 >100 >100
) QOJ 14a
\L\T_}
AN >100 >100 >100
zo\ 14b
HT}OHO O >100 >100 >100
\
o— 14c
\X}O
o \—\OQO\ >100 >100 >100
o— 14d
'Q
© >100 24.6+1.7 (4.1) |15.3+0.1(6.5)
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() 154 |81.8%3.1 11.9+1.1(6.9) |>100
>100 45.0+2.4 (2.2) |>100
15h
HKV ) 15c (792122 5.7 +0.01 (13.9) | >100
L\jv ) 154 | >100 >100 >100
" 45t |98.3+48 4.0+0.1(24.6) |>75
K} ) Qm " 159 | 98.0%33 1.4 +0.08 (70) |>75
cl 15h 88.3+ 3.8 >15 >15
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s 77+17 6.7+0.1(115) |>100
Hﬂx?f@”{% 15) | 75451 3.1+0.08 (24.3) | >100
HKQFCN@F 15k | 5100 >100 >100
O s | 00 2.9 +0.05 (34.5) | >100
KCO 15m | 5100 1.0 +0.02 (100) | >100
A0 18 >100 >100 >100

81.1+ 6.0 1.4+0.07 (57.9) | >75
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HL%
NQ\C >100 >100 >100
L_N 16b

>100 >100 >100
\
K O
NN P74 | >100 >100 >100
\
N N/—\O
g " 17b | >100 >100 >100

HHN ‘S 17¢ | >100 >100 >100

H >100 >100 >100
/~\
g sl 17d

Pleconaril >100 0.2 +0.01 (500) | 0.3 +0.02 (333)

8CGCso: cytotoxic concentration for 50% of cell death, measured with MTT assay in Hela cells.
PECso: effective concentration for 50% inhibition of each HRV spenieasured with MTT assay in HeLa

cells.®Sl: selective index, calculated by €& Cso.
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2.5.3 Conclusion

In conclusion, | synthesizetvo series of derivatives, the firsi4{a€) were analogues of the anti
HRV39 (E)3-(3,4-dimethoxyphenyb2-propenl-yl (2)-2-[(2)-2-methyl2-
butenoyloxymethyl)butenoate, obtained simplyfing the aliphatic chain and replacing the propenic
moiety linked to the benzene ring of the natural compdundn oxyethyl group. However, these
compounds were completely inactive against bothtgees HRV A and B.

Subsequently, the second series of derivatives was synthesized replacing -dnaeg)dxy
phenylpropenic group of the natural compound with heterocyclic systems such as phenylpiperazine
(15ad,f,n), piperidinylpyridine {6a,b,g or mafolinpyperidine (7ad), linked by an amide group

with the same satured or unsatured aliphatic chain employed for thelgexes

Biological tests have shown that all compounds have a low cytotoxicity on HelLa cells and, among
all, the pmethoxyphenyterivatives {5 I-n) were not toxic up to 100 pM, while that of the natural
compound was 20.3 uM.

Anti-HRV assays revealed that compouridsn, 16a 15g were more active than the natural
compound to inhibit HRV replication showing an & ®@alues of 1.0, 1.4, 1.5 uM, respectively,
whereas the Efgfor the natural phenylpropanoid was 2.4 pNbwever, andnore interestingly,
compoundsl5m, 16aand15gshowed a selectivity index that was significantly higher than that of
the natural compoundln particular, among all, the most intriguing compound was the 4
methoxyphenyl derivativé5mshowing a SI>100 whereas the SI of the natural phenylpropenoid was
8.4.

Furthermore, all the synthetic derivatives revealed a high selectivity against thypesd&oHR\

B14) whereas the natural compound was selective towards the serotype AAGIRV

A further benefit of the heterocyclic amides is that they have a potential greater metabolic stability
against human esterases, than that of the natural compound.

These new compounds can offer a valid "scaffold" for the development of new drugs against the cold

virus, an etiological agent for which, at moment, there is no approved drug.
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2.6 EXPERIMENTAL PART
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2.6.1 Materials and Methods

2.6.1.1 General procedures

The NMR spectra were recorded at 25 °C on a-héglolution Unity Inova 500NB spectrometer
(Agilent Technologies, CA, USA) operating at 500 MHz #6r and 100 MHz for'*C or on a
VARIAN UNITY INOVA 400 MHz instrument. All spectra were @asured at 25°C in CDEor

CD4O and using thaindeuterated CHElresidue in CDGl (*H 7.26 ppm andC 77.0 ppm)and
CH3OH in CD:O (*H 3.34 ppm and®C 49.0 ppm) as a referen¢¢dRESIMS were measured on an
Agilent 6520 time of flight (TOF) MS instrume(Agilent Technologies). Column chromatography
was conducted using silica gel (68 um, Merck), aluminium oxide (neutral) and Sephadex20H
(25100 um, Pharmacy) as stationary phases and monitoring the TLC fractions. TLC was performed
on silica gel 60 54 or RR18 Fs4(Merck). LiChrolut RP18(406 3 e m) 500 mg, 3 ml
phase extraction (SPE) cartridges were also USenhipreparative HPLC was conducted using a
Varian LH 920 instrument with autosampler. The column was a Variah8Réf 250 x D mm,
particlesize 5 um. The wavelength of UV detection was 254 aiich@6

2.6.1.2 Synthesis of compound 1417

Synthesis of 2(3,4-dimethoxyphenoxy)ethanol derivatives2-(3,4-dimethoxyphenoxy)ethanol

(11)

7.7 g (50 mmol) of 34limethoxyphenol, dissolved in 3n7l of dimethylformamide (DMF), reacted

with 5.81 g (66 mmol) of ethylene carbonate and 1.85 g tetraethylammonium bromide (8.8 mmol)
for 6 h at 140°C until the TLC analysis revealed total disappearance of starting reagent. The resulting
mixture was filterd at room temperature. The liquid part was separated by separating funnel
containing DMF, distilled water and ethyl acetate. After this preliminary separation, the organic phase
was anhydrified with sodium sulfate (pB&(s). After filtration, the solution &s evaporated and the
resulting solid was purified by liquid chromatography under vacuum (VLC) with silica gel mising

hexane/ethyl acetate (6:4) as eluents, to give compbL(id(3,4-dimethoxyphenoxy)ethanol, yield
84%).
HSCOD\ HsCO
HsCO OH H3coj©\o/\/ on
11

i: ethylene carbonate, C,H,,BrN,DMF,140 °C, 6 h,

Figure 15. Scheme of synthesi§ 2-(3,4-dimethoxyphenoxy)ethandll.
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Synthesis of 14a

0.67 ml of ethyl chloroformate (7.06 mmol) and 0.98 ml of TEA (7.06 mmol) were add of a
suspension of-@ecenoic acid (1.0 g, 1.1 ml, 5.88 mmol) (2a) i,CHand the reaction mixture was

left to shake for 5 h at15 °C until the complete disappearance of the original product. Subsequently,
the mixture obtained has been filtered at room temperature.

2-(3,4-dimethoxyphenoxy)ethanol ) (7.06 mmol) and DMAP (0.060 g, 0.49 mmol) were

added and left 015 hours at room temperature. Then, The solvent was evaporated and the product
was purified by VLC (silica gel) using-hexane/ethyl acetate (9:1) as eluetdsgive 0.190 g of

compoundl4a

Figure 16.Structure of compounti4a

Compound 14a yellow oil, yield: 9%; HR-ESIMS (positive mode)n/z351.2166M + H]* (calcd

for C2oH310s, 351.2166)'H NMR (500 MHz, CDCJ):ti 6.748 (d, 1H, J=9Hz, 136 6), 6. 526
J=83Hz,H2606), 6.374 (d, dpoaH, 5 =0-P)B4.987am, 2H, HO)3 H H
4384 (t,2HH26) , 4. 0-9F) (t 3. @ HG)HX864, (s, HHOCEH,QGBH(m, 2H, H

2), 2.002 (g, 2HH-3), 1.612 (m, 2H, kB), 1.324 (m, 8H, Hi, H-7) ppm;*3C NMR (100 MHz,
CDCI3): iC 173.660 (€1), 153.042 (€3 NjNj) , 144NgNj)8,4 1114N\D))7 71 PR1ICO.TB ( C
(C-10), 111.762 (& NjNj) ,  1-60NNj)8,7 9 1-TNNj)0,7 48 &lj)C5 0 B-2NjB 7 6 5-6 . 33 4
3 NjNjg),G5733 (G4 NjNjg), 34055 (C2), 33.614 (C3), 28.968 (8), 28.923 (€7), 28,784 (€

6), 28.716 (C4), 24.774 (C5) ppm.

Synthesis of ester 14b

0.16 ml of ethyl chloroformate (1.68 mmol) and 0.23 ml of TEA (1.68 mmol) wdoed to a
suspension of-6ctenoic acid (0.2 g, 0.22 ml, 1.4 mmol) in £Hp (2.5 ml) and the reaction mixture
was left under agitation for 5 h &5 °C until the TLC showed the complete disappearance of the
original product. The mixture was filteredrabm temperature.

2-(3,4-dimethoxyphenoxy)ethanoll() (1.68 mmol) and DMAP (0.01 g, 0.082 mmol) were added

for 17 hours at room temperature. Then, the solvent was evaporated under pressure and the product
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was purified by VLC (silica gel) using toluendigkt acetate as eluents (8:2), to give 95.7 mg of
compoundL4b.

HaCO

Figure 17.Structure of compounti4b

Compound 14btransparent oil, yield: 21%{R-ESIMS (positive modeijn/z323.1862[M + H]*

(calcd forCigH270s, 323.1853)*H NMR (500 MHz, CDCI3)iH 6.762 (d, 1H, J=8.5 Hz,3 6 6 ) ,
6.537 (d, 1H,J=25Hz, 466 ), 6.386 (d, é,00)H, 5JF),2948fm,, 1jH=s.
2H,H-8),4.397 (t,2H, 2 6 ) , 4. HAH) (t 3. BHY), 3(8%9,(s, HHICE),Q.G43

(t, 2H, J=8, H2), 2.025 (q, 2H, FB), 1.636 (M, 2H, kb6), 1.366 (M, 4H, Ht, H-5) ppm;3C NMR

(100 MHz, CDCI3)UC 173.614 (€1), 153.081 (€3 NjNj) ,  144NgNj)8,9 2114\§Blj)8,2 7% F(8C. 6 ¢
7), 114.347 (G8), 111.788 ( & NjNj) ,  1-@0NjN;j)9,0 1 -ZNMNj)1,1 94 &lj)C5 5 B-2 Nj® 3 0
56.396 (G3 NjNj 3)(B6.F6 (C4 NjNj 3)(BE.6b6 (C2), 33.449 (C3), 28.482 (6), 28.432 (4),

24.685 (G5) ppm.

Synthesis of the ester 14c

0.33 ml of ethy chloroformate (3.49 mmol) and 0.49 ml of TEA (3.49 mmol) were added to a
sospension of decanoic acid (0.5 g, 2.91 mmol) in@H5.0 ml) and the reaction mixture was left

to shake for 5 h afl5 °C until the complete disappearance of the original mto@ubsequently, the
mixture has been filtered at room temperatu(8,2-Dimethoxyphenoxy)ethanol{) (3.49 mmol)

and DMAP (0.03 g, 0.25 mmol) were added for 17 hours at room temperature. Then, the solvent was
then evaporated and the product was putibg a column chromatography with silica gel, usig

hexane/ethyl acetate as eluents (8:2), to give 0. 245 g of comfidand

HaCO

Figure 18.Structure of compounti4c

Compound 14c.transparent oil, yield: 20%HR-ESIMS (positive modein/z353.2294[M + H]*
(calcd forCzoH330s, 353.2323) *H NMR (500 MHz, CDCJ): 1i6.742 (d, 1H,J=85Hz,48 06 06) , 6. 5
(d,1H,J=3Hz,H2 06 6), 6. 368 (M3 H6O6AH, 4 HE/IOH ,HRA, O02H, ('t
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16), 3. 820),3(798(s, 3B,HOCH, QELBI(L, 2H, H2), 1.606 (M, 2H, FB), 1.226 (s, 11H,
H-4/H-9), 0.848 (t, 3H, J=7.5, H0) ppm;13C NMR (100 MHz, CDCI3)1i 173.622 (C1), 153.064

(C-3 NjNj) , 144NNj)8,5 7114MC., 71855 WIg)1, ( XB0NGN;j)8,7 6L20NIBIj)0,7 96 6(.C5 1
1Nj) , 6-2Njb4 658 NNj2)E6.HEC4 NjNj 2)(BE.086 (C2), 31.749 (€3), 29.306 (C

4), 29.160 (G5), 29.144 (G6), 29.010 (€7), 24.824 (€8), 22.544 (€9), 13.913 (C10)ppm.

Synthesis of the ester 14d

0.40 ml of ethyl chloroformate (4.16 mmol) and 0.58 ml of TEA (4.16 mmol) were added to a
sospension of octanoic acid (0.5 g,0.55 ml, 3.47 mmol) ieGBH5.0 ml) and the reaction mixture

was left to shake for 5 h &5 °C until the complete disappearance of the original product. Then, the
rmixture was filtered at room temperature.

2-(3,4-Dimethoxyphenoxy)ethanol () (4.16 mmol) and DMAP (0.03 g, 0.23mol) were added for

16 hours at room temperature. The solvent was evaporated at reduced pressure and the product wa:
subjected to column chromatography (silica gel) by usthgxane/ethyl acetate as eluents in a ratio

of 8:2 to give 0.375g of compouridd.

HsCO

Figure 19.Structure of compounti4d

Compound 14d.transparent oil, yield: 33%HR-ESIMS (positive modejn/z 325.1984[M + H]*

(calcd forCigH290s, 325.2009) *H NMR (500 MHz, CDCI3)116.762 (d, 1H,J=8.5Hz;96 6 ) , 6. 5
(d,1H,J=3Hz, -2 66 ), 6.387 (d, dgo6d H),, J&.aBED6, H(z,., 1j2MH I ,t+
16), 3. 839),38K (s, 38,HOCH, O83BI(t, 2H, H2), 1.627 (m, 2H, FB), 1.276 (m, 8H,
H-4/H-7), 0.862 (t, 3H, FB) ppm;*3C NMR (100 MHz, CDCI3)iiC 173.587 (C1), 153.029 {8 NjN;j) ,
149.821 (G4 NjNj) , 1-1 8jNj)7 4 5 1-3 NPNj)7 ,3 3 1-@ IPN})8 ,.3 B 021Nj6)) 4,2 €(60) 4 8 0
62.512(C-2 Nj) , 5-8 NjR®j9)@6.§0E(C4 NjNj 3)(BEG.645 (C2), 31.506 (C3), 28.919 (4),

28.771 (G5), 24.785 (GB), 22.437 (C7), 13.889 (C8) ppm.
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Synthesis of the ester 14e

0.33 ml of ethyl chloroformate (3.49 mmol and 0.49 ml of TEA (3.49 mmealle added to a
sospension of-Baphthoic acid (0.5 g, 2.91 mmol) (2a) in £Hp (5.0 ml) and the reaction mixture

was left to shake for 5 h at5 °C until the TLC showed the complete disappearance of the original
product. The resulting mixture was éifed at room temperature.

2-(3,4-Dimethoxyphenoxy)ethanol () (3.49 mmol) and DMAP (0.03 g, 0.25 mmol) were added for

15 hours at room temperature. Then, the solvent was then evaporated and the product was purified
by VLC (silica gel) usingr-hexane/ethyl acetate as eluents (7:3) to give an impure product, which
was further purified by RPHPLC using acetonitrile/tD (7:3, flow 2.5 ml/min) to give 0.100 g of
compoundl4e.

9 , "
10 o 2 6
OO 2 1 \/\O 1" 5
1
7 3 4
A 5 o 4 o _CHs

Figure 20.Structure of compountide

Compound 14ewhite solid, yield: 20%HR-ESIMS (positive moden/z353.1381M + H]* (calcd

for C21H210s, 353.1383, *H NMR (500 MHz, CDCI3)1i 8.615 (s, 1H, FB), 8.076 (d,d, 1H, J=0.5

Hz, j=2, H4), 7.941 (d, 1H, J=8 Hz, 1), 7.873 (d, 2H, J=8.5 Hz,-8| H-10), 7.562 (m, 2H, H,
H-8),6.789 (d, 1H,J=9Hz, 36 6) , 6. 607 -8 ¢6) 1(Hdk 1HIF@5 HA,3=,3, HH
6006), 4. 7206) ,(t4. 322HH) (H , 32 18,435B.833 (s, 3K BCh ppncHe

NMR (100 MHz, CDCI3)11166.636 (C1), 153.197 (-@ NjNj) ,  X44NgNj)9,2 5114(\j0lj) 8,8 01 3(5C
(C-2), 132.408 (€5), 131.226 C-3), 129.309 (€11), 128.277 (€4), 128.105 (B), 127.707 (€9),

127.086 (C10), 126.620 (€7), 125.219 (€8), 111.819(c5 NjNj) , 1-6 MiNjL 45 1-0C. 26
2 NjNj) , 6-BNj)7 1 56-2 XJp 9 8 5-§ XJHM|Q)@66.§1LE(C4 NjNj 3)PirH

Synthesis of theamide 15a

0.67 ml of ethyl chloroformate (7.06 mmol) and 0.98 ml of TEA (7.06 mmol) were added to a

suspension of-@ecenoiacid (1.0 g, 1.1 ml, 5.88 mmal) CHxCl> (13 ml) and the reaction mixture

was left to shake for 5 h at5 °C until the completeishppearance of the starting reagent. The

resulting mixture was filtered at room temperature.

Phenylpiperazine amine (1.912 g, 1.80 mL) and DMAP (0.060 g, 0.49 mmol) were added to

anhydridel3afor 15 hours at room temperature. Then, the solvent wasetvegporated and the

product was washed with acetone and filtered to give a crystalline powder and a solution. The solution
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was evaporated (2.59 g) and chromatographied with alumina columnntisgxgn and EtOAc (8:2)
as solvents, to give 0.314 g of theal compoundL5a.

Figure 21.Structure of compounti5a 7

Compound 15a.0range solid, yield: 68%R-ESIMS (positive moden/z315.2430 [M + HJ (calcd

for C2oH31N20, 315.2430)*H NMR (500 MHz, CDC}): i7.28 (m,2H,H6 6 ;10 ) , 6. 94 (
3J=8.0,H7 0908, 6.%9w0oH8H) 1H, 807),480 (dgllH,8),HK.93 (dg, 1H,
H-8),3.78 (s,2H,F2 6 ;36 , 3. &3 ;3 &,, 2H., 1-6 -tl#d,) 64 2 32,

2.04 (q, 2H, H3), 1.65 (m, 2H, FB), 1.37 (m, 8H, F4, H-7) ppm;1*C NMR (100 MHz, CDGJ): U

171.65 (CG1), 150.85, 139.05, 129.20, 120.54, 116.62, 1114.14, 49.85, 49.47, 45.50, 41.37, 33.71,
33.26, 29.39, 29.22, 28.92, 28.81, 25.29 ppm.

Synthesis of the amide 15b

0.16 ml of ethyl chloroformate (1.68 mmol) and 0.23 ml of TEA (1.68 mmol) were added to a
suspension of-Bctenoic acid (0.2 g, 0.22 ml, 1.4 mmol) in £Hb (4 ml) and the reaction mixture

was left to shake for 5 h at5 °C until the complete disappearance of the starting compound. The
resulting mixture was filtered at room temperature.

Phenylpiperazine amine (0.453 g, 0.43 ml) and DMAP (10 mg, 0.082 mmol) were added to anhydride
13b ,for 15 hours at room temperature. Subsequently, the solvent was evaporated and the product
washed with acetone and filtered to give a crystalline powderaasolution. The solution was
evaporated (0.77 g) and chromatographed with alumina column, nibiegan and EtOAc (8:2) as
solvents, to give 0.241. g of the final compouridb.

8 6 4 2 3
/ 7 5 1 °N
10
1

Figure 22.Structure of compountliSb 7
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Compound 15b.orange solid, yield: 60%HR-ESIMS (positive modejn/z 287.2107 [M + H]

(calcd forCigH27N20, 287.2118)*H NMR (500 MHz, CDCY): i7.48 (t,2H,H6 0 ;1 0H ) , 6. 94
2H,3)=85H706;968 , 6.3997.0H8,06) 118, 80-7),5@(dg, 1HikB), 494 (dq,

1H, H8),3.78 (s,2H,F2 6 ;36 , 3. 6226;885 , 28, 14 b, ,4 R, 3B (
H-2), 2.07 (q, 2H, FB), 1.67 (m, 2H, HB), 1.41 (m, 4H, H4, H-5) ppm;**C NMR (100 MHz,

CDCl3): 01171.55 (G1), 150.87, 138.80, 129.20,120.53, 116.61, 114.35, 49.83, 49.44, 45.48, 41.37,
33.56, 33.19, 28.90, 28.65, 25.13 ppm.

Synthesis of the amide 15c¢

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were addesligpansion

of decanoic acid (0.5 g, 2.91 mmol) in &b and the reaction mixture was left to shake for 5+ at

15 °C until the complete disappearance of the strating compound. The resulting mixture was filtered

at room temperature.

Phenylpiperazinamine (0.943g, 0.89mL) DMAP (30mg, 0.25 mmol) were added to anhyiBigle

which had not been isolated, for 15 hours at room temperature. When the reaction was over, the
solvent was evaporateand the crude product was washed with acetone and filtered, leaving a white
crystalline solid and a solution. The solution was evaporated to give 1.55 g of a white solid, which
was purified by VLC (alumina) usingthexane/ethyl acetate (8:2) as elusmgive0.300 g of amide

15c.

Figure 23.Structure of compounti5c

Compound 15c.white crystal, yield: 33%;HR-ESIMS (positive modein/z317.2537 [M + HJ

(calcd forCaoHsaN20, 317.2587) *H NMR (500 MHz, CDGJ): ti17.29 (t,2H, H6 6 ;1 00 ) , 6. 92
2H,3J=85H76;906 , 6.%Y870(H806)L,H,3. 7160 465 , 2B, 6 HLd,t br
H-46), 3. 18606 {6H, 42H,33H.64t(m, 2t2 KB), 1.29 (m, 12H, HI/H-9), 0,87

(t, 3H, H10) ppm;*C NMR (100 MHz, CDQJ): 1171.65(G1),15091 (&5 6) , 12-€108) ( (
120.39(C8 6 ) , 1T ® ;B0 ,( 4B6)7,3 449003, 6 450 ¥4,9 436036 F3.C2!
C-2), 31.78 (G3), 29.46, 29.42, 29.39, 29.22, 25.30, 22.5B)C14.01 ( C10) ppm.
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Synthesis of tle amide 15d

0.40 ml ethyl chloroformate (4.16 mmol) and 0.58 ml TEA (4.16 mmol) were added to a suspension
of octanoic acid (0.5 g, 0.55 mL, 3.47 mmol) in £ and the reaction mixture was left to shake

for 5 h at-15 °C until the complete disappearan¢ehe original product. The resulting mixture was
filtered at room temperature.

Phenylpiperazine amine (1.06 mL, 6.94 mmol) and DMAP (30mg, 0.25 mml) were added to
anhydridel3d, which had not been isolated, for 15 hours at room temperature. When tih@enreac
was over, the solvent was evaporated and the crude product was washed with acetone and filtered,
leaving a white crystalline solid and a solution. The solution was evaporated to give 1.78 g of a white
solid, which was purified through VLC (alumina)ing n-hexane/ethyl acetate (8:2) as elunt, giving
0.150 of impure product. It was washed with aceton and filtered. The resulting solution was

evaporated to give 89.6 mg of the pure prodisct

' N I
.
2I >©
Figure 24.Structure of compoun#i5d 6 8

Compound 15d white crystal, yield: 9%HR-ESIMS (positive moden/z289.2270 [M + H] (calcd

for C1gH20N20, 289.2274) *H NMR (500 MHz, CDCJ): 17 . 27 (t ,-1@®&l) , H6 819 4 H( d
=80,H706;906H, 6.3670H806)L,H,3. 781 q40Hr, 32831d&+t HWr,
406), 3.1706(G36R , 4MH., 3%11.65t(m, 22 HB), 1.32 (m, 8H, H4/H-7), 0,88 (t,

3H, H-8)ppm;13C NMR (100 MHz, CDQ): i171.75 (G1), 129.26 (&5 6 ) , 1-88) 311( 6. 7
C661006), 171629 &8, (51 0,2 4496.35,6 45O 5,0 4306086 F3.C33

2), 31.70 (G3), 29.45, 29.08, 25.37, 22.60-{, 14.05 ( C8) ppm.

Synthesis of the amide 15f

0.33 ml ethylchloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension
of 9-decenoic acid (0.495 g, 0.54 ml, 2.91 mmol) in.ClHand the reaction mixture was left to shake

for 5 h at-15 °C until the complete disappearance of the original mtodine resulting mixture was

filtered at room temperature.

Phenylpiperazinamine with C} (0.806 g, 3.49 mmol) and DMAP (0.305g, 2.49 mmol) were added
to anhydridel3f, which had not been isolated, for 15 hours at room temperature. The, the solvent was

evaporated and an aliquot (1/3) of the impure product was purified in Sephadex using MeOH as
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eluent. The crude product was washed with acetone to give a white crystalline solid and a solution.

After solvent evaporation, 24.5 mg of compourad were obtained

The remaining aliquot (2/3) was purified by VLC usmygexane/ethyl acetate (7.5:2.5) as eluent, to
give 220 mg of compountbf.
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Figure 25.Structure of compount5f

Compound 15f. yellow oil, yield: 22%;HR-ESIMS (positive moden/z383.1654 [M + HJ (calcd

for CaoH29Cl2N20, 383.1651) *H NMR (500 MHz, CDCJ): 1i7.25(d, 1H3J=9.0,H6 6 ) , 6. 95
1H,4J=25H90) , 6. 7J39.0,9d25,BHQG6) , 5. 79) 4.981dq, 1H,HL,0), H

492 (dg, 1H, HLO), 3.75 (t,2H,HL6 ;406 , 3. 616 M406H , 28, 1R 6(F3mMH ,4 H,
2.34 (t, 2H, H2), 2.03 (q, 2H, FB), 1.64 (m, 2H, B), 1.36 (m, 8H, H4/H-7)ppm;*3C NMR (100

MHz, CDCk): i171.84 (G1),15026 (656 ) , 1&9$.)Q3 1806 5518®.)76 1(15C°
(C906), 1-1806)11 @aD.)17 4480.)08,8 450 )73 4306014 32333 ( C
(C-3), 29.36, 29.20, 29.05, 28.88, 28.80, 25.25, 24(85.

Synthesis of the amide 15¢g

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension
of decanoic acid (0.5 g, 2.91 mmol) in &b and the reaction mixture was left to shake for 5 at

15 °C until the completeishppearance of the starting compound. The resulting mixture was filtered

at room temperature.

Phenylpiperazineamine (0.806g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) were added to
anhydride13g which had not been isolated, for 15 hours at room temperaften, the solvent
evaporated and the crude product (1.82 g), purified by gel chromatography on Sephadex using MeOH

as eluent to give 1.06 of compoubfyg.

Figure 26.Structure of compounti5g
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Compound 15gwhite solid, yield: 95%HR-ESIMS (positive moden/z385.1820 [M + H] (calcd

for C20H31CI2N20, 385.1807) H NMR (500 MHz, CDCY): i17.29 (d, 1H3J=90,H60) , 6. 96
1H,J=25,H906 ), 6. P)49.0,0d3.0, HHQG6), 3.-16;408H,, 28BH,61H (1t ,
1646, 3.1426FMH ,4 H2. 3H, 1.64t(m, 212, FB), 1.20 (m, 12H, HI/H-9),

0.87 (t, 3H, H10)ppm;**C NMR (100 MHz, CDC}): 1171.79 (G1), 150.22 (&5 6 ) , 13ID)96 (
13059(C66) , 183)19 1M®BO84 116084 AD.)73 4485.)0,8 45C 20
206), 4316.)1,0 3PRB1BB(CY), 29.46, 29.45, 29.41, 29.25, 25.32, 2369), 14.07 (C

10) ppm.

Synthesis of the amide 15h

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension
of octanoic acid (0.42 g, 0.46mL, 2.91 mmol) in4CH and the reaction mixture was left to shake

for 5 h at-15 °C until the complete disappearance of the starting compound. The resulting mixture

was filtered at room temperature.

Phenylpiperazineamine (0.806g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) werkeddo
anhydridel3h, which had not been isolated, for 15h at room temperature. When the reaction was
over, the solvent was evaporated and the crude product was washed with acetone and filtered, leaving
a white crystalline solid and a solution. The solutiwas dried and the residue purified with gel
chromatography on Sephadex using MeOH as solvent, to give 0.275 g of compbund

Figure 27.Structure of compounti5h

Cl

Compound 15h yellow solid, yield: 26%;HR-ESIMS (positive modejn/z 357.1506 [M + H]

(calcd forCigH27CloN20, 357.1495) H NMR (500 MHz, CDCY): 1i7.28 (d, 1H3J=9.0, H6 & ) ,

6.94 (d, 1IH2=30,H7 6 906 , 6. PU=90,J30H8H ), 3. 7-506 (41BY ,2H,
363(t,2H,HL6 ;4068 , 3. 1206(3daH,, 4H., 32%.64(m, 2H2HB), 1.361(m, 8H,
H-4/H-7), 0,87 (t, 3H, H8)ppm;3C NMR (100 MHz, CDG): 1i171.80 (G1), 150.04 (655 6 ) , 132 .
(C76), (CBO)981BPH.)21 1(197C)85 116D B 6 @D.)28 4486.)9,9 (
4578 (G2 6 ), 4306)0,9 3IB,EB6B (CB), 2€41,29.06, 25.41, 22.98-{, 14.04 ( C8)

ppm.
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Synthesis of the amide 15i

0.33 ml ethyl chloroformate (3.48mol) and 0.50 ml TEA (3.49 mmol) were added to a suspension
of 9-decenoic acid (0.54 ml, 2.91 mmol) in &tk and the reaction mixture was left to shake for 5 h

at -15 °C until the complete disappearance of the starting compound. The resulting mixture was

filtered at room temperature.

Penylpiperazineamine (0.629 g, 3.49 mmol) and DMAP (30.5 mg, 0.25 mmol) were added to
anhydridel13i, which had not been isolated, for 15 hours at room temperature. When the reaction
was over, the solvent was evaporated and the crude product was washed with acetone and filtered,
leaving a white crystalline solid and a solution. The solution was dried the residue
cromatographied by VLC (silica gel) usingnexane/ethyl acetate (7.5:2.5) as eluent, to give 0.300 g

of the compound5i.
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Figure 28.Structure of compount5i 8 F

Compound 15i. yellow oil, yield: 31%;HR-ESIMS (positive moden/z333.2282 [M + HJ (calcd

for CooH30FN20O, 333.2337) 'H NMR (500 MHz, CDCY): i6.96 (t, 2H,H7 6 ;9065 , 6. 87 ( n
H6 6 ;L0 ) 5. 7 D), 4.9N(dg, L HO)H.91 (dq, 1H, HO), 3.76 (t, 2H, HL 6 ;4 6H ,
361(t,2H,HL 6465 , 3. 0-8 03P ,4 H2,. 3B, 2.03t(q, 2H2HB), 1.65(m, 2H,

H-3), 1.35(m, 8H, H4/H-7) ppm;*3C NMR (100 MHz, CDGJ ): 11 171.84 (G1), 161.09, 158.51,

147.59, 139.02, 118.45 , 115.70 , 114.12, 50.821(&) , 5400.)4,1 4BO H A4 43 CH 2 (
33.68 (G2), 33.23 (G3) 29.36, 29.20, 28.89, 28.79, 25.27 ppm.

Synthess of the amide 15]

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension
of decanoic acid (0.5g, 2.91 mmol) in &k and the reaction mixture was left to shake for 5 h at

15 °C until the complete disappearancehef starting compound. The resulting mixture was filtered

at room temperature.
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Phenylpiperazineamine (0.629g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) were added to
anhydridel3j, which is not isolated, for 15 hours at room temperature. When the reaction was over,
the solvent was evaporated and the crude product was washed with acetone and filtered, leaving a
white crystalline solid and a solution. The solution was purified throdigC (silica gel) usingr-

hexane/ethyl acetate (7.5:2.5) as eluent, to give abiipe

8 6 4 2 .
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Figure 29.Structure of compountl5] 4

Compound 15j. white crystal, yield: 29%;HR-ESIMS (positive modejn/z 335.2464 [M + H]

(calcd forCaoH32FN20, 335.2493) H NMR (500 MHz, CDCY): 1i6.97 (t, 2H, H7 6 ;968 , 6. 8.
(m?2H H6 06 ;10 ), 3. 7-10(4tdHb,r ,3 .26H20 ;4H6H , 2 H3 . &® ;3 dH,, 4 H
2.35 (t, 2H, H2), 1.64 (m, 2H, FB), 1.29 (m, 12H, HI/H-9), 0,87 (t, 3H, HB) ppm;**C NMR (100

MHz, CDCk): 1171.73(C-1),15860(8 6 ) , 1466.)60 1{I8¢ 981PO.)51 1(15C
(C606), 1-186pb7 8®.)888 5400.)@,7 450 P9 4306045 B, 8R8 ( C
(C-3), 29.48, 29.44, 29.41, 29.24, 25.36, 22.63)C13.97 ( C10) ppm.

Synthesis of the amide 15k

0.33 ml of ethyl chloroformate (3.49 mmol) and 0.50 ml of TEA (3.49 mmol) were added to a
suspension of octanoic acid (0.46g, 2.91 mmol) in@and the reaction mixture was left to shake
for 5 h at-15 °C until the complete slappearance of the starting compound. The resulting mixture

was filtered at room temperature.

Phenylpiperazinemine (0.629 g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) were added to
anhydridel3k, which is not isolated, for 15 hours at room temperature. When the reaction was over,
the solvent was evaporated and the crude product was washed with acetone and filtered, leaving a
white crystalline solid and a solution. The solution was dried andigaitiirough VLC (silica gel)

usingn-hexane/ethyl acetate (7.5:2.5) as eluent, to give 0.390 g of a&lde

87654321N/ﬁ3'
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N

Figure 30.Structure of compounti5k



Compound 15k.white solid, yield: 44%HR-ESIMS (positive moden/z307.2202 [M + H] (calcd

for C1gH2sFN2O, 307.2180) H NMR (500 MHz, CDC)): 1i6.98 (t,2H, H7 6 ;906 , 6. 89 ( ¢
H606;106), 3.-T3d;406H,, 28BH,61261;4 65 , 28, O-HO (3dH ,4 K2,. 3tb (
H-2), 1.65 (m, 2H, FB), 1.28 (m, 8H, F4/H-7), 0,88 (t, 3H, H8) ppm;**C NMR (100 MHz, CDJ
):0171.72(CG1),15862(C86) , 14H6D)591I18¢CH611PB)551BHQ78 1@L5C
(C-1006), 65®.)93 5400.%5,2 435D pH8 43cCpn i 33,8870 (CR), 28.44,

29.07, 25.36, 22.99 (), 14.04 ( C8) ppm.

Synthesis of the ande 15|

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension
of 9-decenoic acid (0.54g, 2.91 mmol) in &Hb and the reaction mixture was left to shake for 5 h at

-15 °C until the complete disappearance of theistadompound. The resulting mixture was filtered

at room temperature.

Phenylpiperazineamine (0.671 g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) were added to
anhydridel3l, which is not isolated, for 15 hours at room temperature. When the reaction was over
the solvent was evaporated and the crude product was washed with acetone and filtered, leaving a
white crystalline solid and a solution. The solution was dried and the residue purified through VLC

(silica gel) usingr-hexane/ethyl acetate (7:3) as eluengive 0.340 g of compouribl.
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Figure 31.Structure of compounts| ¢
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Compound 15l.beige solid, yield: 34%HR-ESIMS (positive modein/z345.2523 [M + HJ (calcd

for C21H3aN20z, 345.2537) H NMR (500 MHz, CDCY): i6.91 (d, 2H3J=7.0, H7 6 ;965 , 6. 8-
(d,2H,3J=9.0,H6 6 ;L O ) , 5. 89, 4.98rdq, 1H,H4,0), 4B2 (dq, 1H, HO), 3.76 (s,
5HH16;46H806H , 3. 6214 #o6Hr, 3282 06K3H ,4 H,. 3BH,2.03t , 2t
(9, 2H, H8), 1.64 (m, #, H-3), 1.36 (m, 8H, H4/H-7 ppm;**C NMR (100 MHz, CDQ): 1171.62

(C-1), 154.42 , 145.39, 139.05, 118.88, 114.51, 114.13€) , 5 5),5539(€1 6QCH 50. 9
(C46), 456),6 430605,2 3B IB26(C]),E9.39, 29.72, 28.928.82, 25.40 ppm.
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Synthesis of the amide 15m

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a sospension
of decanoic acid (0.5g, 2.91 mmol) in & and the reaction mixture was left to shake for 5 h at

15 °C until the complete disappearance of the starting compound. The resulting mixture was filtered

at room temperature.

Phenylpiperazinamine (0.671g, 3.49 mmol) DMAP (30.5mg, 0.25 mmol) were atlwadhydride

13m, which had not been isolated, for 15 hours at room temperature. When the reaction was over, the
solvent was evaporated and the crude product was washed with acetone and filtered, leaving a white
crystalline solid and a solution. The sotutiwas dried and the residue purified through VLC (silica

gel) usingn-hexane/ethyl acetate (7:3) as eluent, to give 0.310 g of comp&umd
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Figure 32.Structure of compounti5m 7

Compound 15m.white solid, yield: 31%HR-ESIMS (positive moden/z347.2688 [M + H] (calcd

for C21HzsN202, 347.2993) H NMR (500 MHz, CDCY): 116.91 (d, 2H3J=9.0, H7 6 ;965 , 6. 8
(d,2H,3J=90,H6 6 ;100 ), 3. 74D A4 &H806 H, 3H62-1 G4 0BHr, 32184
4H,H2 6 ;308 , 2. 33, 1.65(m, 212, HB), 1.35 (m, 12H, HI/H-9), 0.88 (t, 3H, HL0)

ppm;13C NMR (100 MHz, CDQ): 1i171.72 (G1), 159.22, 139.14, 11891{C&-96 ) , 144. 55
606:100), 55,5B8(GLOCH 5400.)9,8 456)7,2 431605,7 3IB,33388 ( C
(C-3), 29.5, 29.46, 29.43, 29.26, 25.39, 22.6®}14.08 (C10) ppm

Synthesis 6 the amide 15n

0.33 ml of ethyl chloroformate (3.49 mmol) and 0.50 ml of TEA (3.49 mmol) were added to a
suspension of octanoic acid (0.46g, 2.91 mmol) in@and the reaction mixture was left to shake
for 5 h at-15 °C until the complete disappearaméehe starting compound. The resulting mixture

was filtered at room temperature.

Phenylpiperazinamine(0.671g, 3.49 mmol) DMAP (30.5mg, 0.25 mmol) were added to anhydride
13n, which had not been isolated, for 15 hours at room temperature. Wherctimreas over, the

solvent was evaporated and the crude product was washed with acetone and filtered, leaving a white
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crystalline solid and a solution. The solution was dried and the residue purified through VLC (silica

gel) usingn-hexane/ethyl acetate (7:3) as eluent to give 0.410 g of com{ddumd
8765432 lN/ﬁg
‘\/ 10
N

Figure 33.Structure of compount5n

Compound 15n beige solid, yield: 44%HR-ESIMS (positive moden/z319.2346 [M + H] (calcd

for C1oH31N202, 319.2380)  *H NMR (500 MHz, CDCY): 116.91 (d, 2H3J=9.0, H7 0 ;9 6H ,
6.85(d,2H3J=90,H6 6 ;10 ), 3. AD A8 O0HH, 3H621 M4 06Hr, 324,
(m4H,H2 6 ;306 , 2. 32 1.@4t(m, 2H #B), 1.34 (m, 8H, H4/H-7), 0.88 (t, 3H, HLO)

ppm;C NMR (100 MHz, CDQ): i171.67 (G1), 154.49, 135.47, 11BL (G7&€-906 ) , 1414 . 52
66;100), 55,5B2(GLOCHK 5406.)8 9 450G )6,6 43L405,1 I, 31269 ( C
(C-3),29.42, , 29.05, 25.35, 22.57-{¢, 14.02 (C8) ppm.

Synthesis of the amide 16a

0.05 ml ethyl chloroformate (0.564mwol) and 0.08 ml TEA (0.564 mmol) were added to a sospension
of 9-decenoic acid (0.09g, 0.47 mmol) in &b and the reaction mixture was left to shake for 5 h at
-15 °C until the complete disappearance of the original product. The resulting mixture was filtered at

room temperature.

Piperidirylpyridine aming(90 mg) and DMAP (2.4 mg, 0.019 mmol) were added to anhydBde
which had not been isolated, for 15 hours at room temperature. When the reaction was over, the
solvent was evaporated and the crude product was washed with ethyl etlig#ed leaving a
white crystalline solid and a solution. The solution was evaporated and the solid (0.222 mg) was

chromatographed with an alumina column usidgexane/ethyl ether/ (3:7) as eluent, to give 10.3

(e}
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Figure 34.Structure of compounti6a

mg of amidel6a.
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Compound 16a beige solid, yield: 7%*H NMR (500 MHz, CDCJ): ti8.53 (d, 2HJ=3.5H8 6 ; H
96), 7.J1-8.0,64d0 ;1DHkd,) 5. 89), 4.98(dq, 1H, HL0), 4B2 (dq, 1H, H0),
482(d,1HJ=125H56) , 4 .X0=04.00H1,06)1,H,3. 1536)(,t ,2.17H4,6 jHn, 21 B
t1H, H66) , 2. 325231t 1H,2H6) H 2. 020:4GH , 2 H, 9HO 4 65 , 2 H
1.61 (m, 4H, H3, H-8), 1.33 (m, 6H, F4/H-7) ppm;:3C NMR (100 MHz, CDGJ): 1 171.60 (G1),

153.82, 149.99, 139.10, 122.15, 114.17, 45.95, 42.08, 41.92, 33.75, 33.45, 33.10, 31.96, 29.46, 29.27,

Synthesis of the amide 16b

0.06 ml of ethyl chloroformate (0.672 mmol) and 0.09 ml of TEA (0.672 mmol) were added to a
suspension of-bctenoic acid (0.08 g, 0.09ml, 0.56 mmol) in £ and the reaction mixture was

left under agitation for 5 h al5 °C until the complete disappearance of the starting compound. The

resulting mixture was filtered at room temperature.

Piperidinylpyridine aming0.109g, 0.672 mmol) and DMAP (2.4mg, 0.019 mmol) were added to
anhydridel3b, which had not been isolated, for 15 hours at room temperature. When the reaction
was over, the solvent was evaporated and the crude product (0.222 chramsitographed with

alumina column using phasehexane/ethyl acetate (5:5) as eluent, to give 0.120 g of comgébnd

8
s 3

Figure 35.Structure of compounti6b

Compound 16b.white solid, yield: 75%HR-ESIMS (positive moden/z287.2116 [M + H] (calcd
for CigH27N20, 287.2118) H NMR (500 MHz, CDCY): i8.49 (s,2H,H8 6 ;965 , 7. 09 (
3J=55,H7 0 ;1 OH ) 5. TT7), 4.96n(dq, 1H,H8), 4.80 (dq, 1H, FB), 4.78 (d, 1H3J =
130,H50), 3.986136,HLONLH, 3. 0D06)(,t ,2.17H1L 6 {Hn, 21 BPO6 )M,t ,
252 (sbr,1H, K86 ) , 2. 323,2.03t(q,2H2HR 6 ;4BH , 1. 8Z6 ;46H , 2 H, 5H
4H, H-5, H-6), 1.37 (m, 4H, KB, H-4) ppm;**C NMR (100 MHz, CDGJ): 1171.2 (C-1), 153.78,
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149.80, 138.75, 122.08, 114.27, 45.82, 41.94, 41.81, 33.50, 33.26, 32.96, 31.84, 28.85, 28.58, 25.13
ppm.

Synthesis of the amide 16e

0.053 ml ethyl chloroformate (0.558 mmol) and 0.08 ml TEA (0.558 mmol) were added to a
suspension of-Paphthoic acid (0.08g, 0.465 mmol) in & and the reaction mixture was left to
shake for 5 h atl5 °C until the complete disappearance of the starting compound. The resulting

mixture was filtered at room temperature.

Piperidinylpyridine amin€0.09 g, 0558 mmol) and DMAP (2.5mg, 0.019 mmol ) were added to
anhydridel3e which had not been isolated, for 15 hours at room temperature. When the reaction
was over, the solvent was evaporated and the crude product was purified by alumina column
chromatography using-hexane/ethyl acetate (5:5) as eluent, providing 15 mg fiiencompound,

which was further purified in Sephadex using MeOH as eluent, to give 10.5 mg of conjjteund

Figure 36.Structure of compounti6e

Compound 16ewhite solid, yield: 7%;HR-ESIMS (positive modein/z317.1648 [M + HJ (calcd

for C21H21N20, 317.1648)  H NMR (500 MHz, GDe): i8.55 (d, 2H3J=55H106 ;5685 , 7. 9
(s, 1H, H3), 7.60 (m, 4H, +b, H-7, H-8, H-9), 7.25 (m, 2H, H4, H-11), 6.55 (d, 2H3J=6.0, H2 6 ,
H-46), 2. 4B6¢H ,2H,. OHBO6() m, 11 B5-78H B6HIGHLO6HE) Hp m;
13C NMR (100 MHz, CDQ ): 1170.49 (G1), 154.02 (€3 6 ) , 1 419.;34G , ( C2)3. 68
133.24 (G5) , 132.73 (€10), 128.37 (€11), 128.34 (€9), 127.79* (G6), 127.08* (C3), 126.73*
(C-4),124.16* (G7,C8), 12223(2 6460, 4BOPH*3-PE&EBICO OGO &) ppm.

Synthesis of the amide 17a
0.34 ml of ethyl chloroformate (3.53 mmol) and 0.50 ml of TEA (3.53 mmol) were added to a

suspension of-@ecenoic acid (0.5 g, 0.55 ml, 2.94 mmol) inZCH and the reaction mixture was
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left under agitation for 5 h al5 °C until the complete disappearance of the starting compound. The

resulting mixture was filtered at room temperature.

Morfolinpyperidine amine(0.99g, 5.88 mmol) and DMAP (30 mg, 0.25 mmol) were added to
anhydridel3a which had not been isolated, fbf hours at room temperature. When the reaction
was over, the solvent was evaporated and the crude product (221.8 mg) was chromatographed with
SEPHADEX using MeOH as eluent, providing an impure product (1.55 g), which was purified with
alumina column chmmatography usingn-hexane/ethyl acetate (5:5) elkientsto give 0.490 g of

compoundl7a.

Figure 37.Structure of compounti7a

Compound 17aorange oil, yield: 52% HR-ESIMS (positive moden/z323.2693 [M + HJ (calcd

for C1gH3sN202, 323.2693)'H NMR (500 MHz, CDC4) : U 5. 7-9), 49™M(dqg, THH0), H

4.91 (dq, 1H, H10), 4.62 (d, 1H3J=13.0,H56 ) , V=D, HLd,) , 3. 7716868 , 4 H
30(t1H,H506), 2. 5640:9 68 , 4M, B0t , 21 132D 2.82(q, 2H2B),,1.8H
(t,1HH2 06 ;4065 , 1. 6-8),1@38(m, 28, K,-4-H6 ) , 1. 34H-7(ppm°CAMR H
(100 MHz, CDCE) : U 1-7),1139413, 114.C3, 67.14, 61.98, 49.74, 44.79, 40.82, 33.72, 33.35,
29.42, 29.23, 28.93, 28.83, 25.38 ppm.

Synthesis of the amide 17b

0.33 ml of ethyl chloroformate (3.49 mmol) and 0.50 ml of TEA (3.49 mmol) were added to a
suspeni®n of 7-octenoic acid (0.2 g, 1.4 mmol) in @El> and the reaction mixture was left under
agitation for 5 h at1l5 °C until the complete disappearance of the original product. The resulting

mixture was filtered at room temperature.

Morfolinpyperidine amie (0.476 g, 2.8 mmol) and DMAP (30 mg, 0.082 mmol) were added to
anhydride {3b), which had not been isolated, for 15 hours at room temperature. When the reaction
was over, the solvent was removed in a vacuum and the crude product (1.02 g) was chromatographed
with alumina column chromatography using-hexane/ethyl acetate (5:5) sa@vents to give 372.2

of compoundL7b.
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Figure 38.Structure of compounii7b

Compound 17b.orange oil, yield: 90%HR-ESIMS (positive moden/z295.2381 [M + H] (calcd

for C17H31N202, 295.2380) 'H NMR (500 MHz, CDC4) : U 5. 8-0), 499(dg, 1HH8), H

4.93 (dg, 1H, HB), 4.64 (d, 1H3J=145H56 ) , 3.%90146, M1 0L H, 3. 746  sH 4
86), 3. 0516)(,t ,2.15M7p ;6HOH9 69 H, 2H 4 43 )s, b . P HBYgH 2 H,
2H,H6),1.89 (1, 1H,FH2 6 ;4068 , 1. 6-3),14M(m, 2R, WR &-Ho6 ), 1. 3-BH-(m, 4
6) ppm;'°C NMR (100 MHz, CDC#) : U 1-7)1138378, 11(4.27, 67.14, 61.85, 49.74, 44.73,
40.78, 33.52, 33.22, 28.90, 28.87, 28.61, 27.92, 25.17 ppm.

Synthesis of the amide 17c¢

0.16 ml of ethyl chloroformate (1.7 mmol) and 0.22 ml of TEA (1.7 mmol) were ad@esligpension

of decanoic acid (0.5 g, 2.91 mmol) in &Hp and the reaction mixture was left under agitation for 5

h at-15 °C until the complete disappearance of the starting compound. The resulting mixture was

filtered at room temperature.

Morfolinpyperidine aming0.99 g, 5.82 mmol) and DMAP (30 mg, 0.25 mmol) were added to
anhydride {30, which had not been isolated, for 15 hours at room temperature. When the reaction
was over, the solvent was evaporated and the crude product (1.44 g) was chromatographed with
alumina column chromatography usingnexane/ethyl acetate (5:5) as solvents, to give 0.170 g of

compoundL7c. 5

Figure 39.Structure of compounti7c

Compound 17corange solid, yield: 18%¢R-ESIMS (positive modehn/z325.2854 [M + HJ (calcd

for C1oH37N202, 325.2850) H NMR (500 MHz, CDCY): 4.62 (d, 1H3J=135H56) , 3. 87 (
=120,H16), 3. *7116;86H , 48 ,668)t, 21 H0; ;65 , 4 M, 43D )(,t ,
233(,2H,H2),190 (t, IH,H2 6 ;46 , 1. 6-3),14D(Mm,2BLH2 &1-HOG) , 1. 27 (s
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H-4/H-9), 0.89 (t, 3H, H10) ppm#3C NMR (100MHz, CDCk) : U 1-7),1178T 67(1% 62.00,
49.75, 44.80, 33.40, 31.84, 29.50, 29.44, 29.41, 29.24, 25.44, 22.63, 14.06 ppm.

Synthesis of the amide 17d

0.140 ml of ethyl chloroformate (4.16 mmol) and 0.58 ml of TEA (4.16 mmol) were added to a
susgnsion of octanoic acid (0.5 g, 0.55 ml, 3.47 mmol) inClkHand the reaction mixture was left
under agitation for 5 h atl5 °C until the complete disappearance of the starting compound. The

resulting mixture was filtered at room temperature.

Morfolinpyperidine aming(1.2 g, 6.94 mmol) and DMAP (20 mg, 0.16 mmol) were added to
anhydride {3d), which had not been isolated, for 15 hours at room temperature. When the reaction
wasover, the solvent was evaporated and the crude product (1.67 g) was chromatographed with
alumina column chromatography usindiexane/ethyl acetate (5:5) as solvents, to give 0.420 g of

compoundL7d.

Figure 40.Structure of compounti7d b

Compouns 17dyellow solid, yield: 41%HR-ESIMS (positive modehn/z297.2531 [M + HJ (calcd

for C17HasN202, 297.2537) 'HNMR (500 MHz, CDCY) : U 4 .°%8516.0,##50 )L H, 3. 91
1H,%)J=170,H16), 3. 7H06;86H , 4B, O )(,t ,2 .1547p ;6HDHO 6B H, 2H 4.
(sbr,dH,H3 6 ) , 2. 32),1.89t(m, 1R HR 06 ;4H6H , 1. 6-B), 1(42(t br, 2H{ k2 6 H

H-46 1. 28 -4Ha7), 0.88Kt.3H, HB) ppm;**C NMR (100 MHz, CDC}) : U 1-I)1. 32
67.15, 61.97, 49.74, 44.79, 40.80, 33.73, 31.67, 29.44, 29.05, 28.93, 27.93, 25.42, 22.57, 14.02 ppm.
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2.6.2 Citotoxic effect on HelLa cells

The cytotoxicity of the test compounds was evaluated by measuring the pefidaced on cell
morphology and cell growth in vitro. Cell monolayers were prepared-ine2dtissue culture plates

and exposed to various concentrations of the compounds. Plates were checked by light microscopy
after 24, 48 and 72 h. Cytotoxicity was s as morphological alterations (e.g., rounding up,
shrinking, detachment). The viability of the cells was determined by a tetraziodised colorimetric

method using {4,5-dimethylthiazol2-yl)-2,5diphenyltetrazolium bromide (MTT), as previously
descrbed.24,26 The 50% cytotoxic dose (#)ds the concentration of the compound that reduced

the absorbance of the control sample by 50%.

2.6.2.1 Method of reducing the cytopathic effect

HelLa cells were seeded at a density of 1.8 %cklls per well (10&L) in 96-well culture plates.
Studies on rhinoviruses were performed using the MEM Rega 3 medium associated with 2% FBS, 2
mM L-glutamine, 0.075% NaHC{and 30 mM Mgd. The cells had the ability to adhere throughout

the night, after which a series of dilutiooisthe compound and the viral inoculum were added. The
cultures were then incubated for 3 days at 35° until a complete cytopathic effectr{giraed CPE)

was observed, in the untreated and in the control status of the infected viruses. After rerttaval of
medium, 100eL of redfree MEM phenol containing 5% MT@henazine was added. After an
incubation of 1h at 35°, the optical density of each well at 496 nm was determined with a microplate
reader. The optical density values were converted to contranage, the E£g was calculated by
logarithmic interpolation as the concentration of compound that was effective againshaurcsd

CPE. In addition, the cell and morphology of the monolayer after the addition of each compound was

evaluated microscopittg for minor signs of CPE or adverse effects caused by the compound.
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3 Antibiotics

The discovery of antibiotics is rightly considered one of the most significant nekdtbd eventef

modern times. As a matter of fact, these natural products, biosynthesized by microorganisms, are able
to prevent the growth of bacteria and, thus,
first proposed by Selman Waksman, the distewof streptomycin, is a generic term used to describe

any class of organic molecule that inhibits or kills microbes by specific interactions with bacterial

targets, without any specific classificatibn.

Paul Ehrlich, since he promoted the usealvarsan, as a new scientific approach to the treatment of
infectious diseases of humans, can be considered the father of chemotherapy era. Afterwards, in 1928,
Alexander Fleming discovered the antibiotic penicillin and only in 1940, a bacterial jresselwas
identified by two members of the penicillin discovery tehne history of antibiotics discoveryd
resistance can be divided in four phases: the dark ages, the golden ages, the lean years and the
disenchantment periodlhe first period was also called paatii ot i ¢ era. It inclu
advice of hand washing as a way of avoiding infection; it ended with the discovery of the first
effective antibiotic sulphonamides and it is directly connected to the development of specific
mechanisms of resistance whilsas restricted their therapeutic use. During the golden ages, most of
the antibiotics, such as tetracycline, rifamycin, quinolone and aminoglycoside families, used today,
were discovered, to name just a few. In contrast, the lean years were charabteaded rate of

new antibiotic discovery and the attention was focused on pharmacologic, biochemical, target, mode
of-action and genetic studies, in order to understand and improve the use of antibiotics. Furthermore,
in the middl e o6fthdFDA Office ¢f dewDrugs,rafeatheithalidomide disaster,
established stricter requirements for novel compounds, which slowed the registration of new drugs,
including antibiotics. In addition, the discovery of new drugs is often more problematitiaher
therapeutic areas. It is due to the limited antibiotic penetration into bacterial cells, resistance
mechanisms, such as efflux pumps, and 4nagtivating enzymes, and to the required high
concentrations that sometimes provokes side effebtssélare some of the biggest complications in
antibiotic developmerft® In 2000 started the disenchantment period. This era ascterised by

the failure of the investment in genotbased methods and lead many companies to discontinue their

antibacterial discovery prograrfs.
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Figure 1. New antibiotics approved for human use in the last 30 Years
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Figure 2. History of antibiotic discovery and concomitant development of antibiotic resi$tance

In the last 60s, an enorm®amount of antibiotics has been produced and employed for the treatment

of numerous infectious diseases. They have provided better costs and encouraged inappropriate use

in medical practice, such as underdosing, prescriptions to treat minor bacteoabmsfeor viral
infectiond and uncontrolled use in animals to increase meat prodifdtlemeover, outer membrane

of some Grammegative bacteria, blocks antibiotics access to their targets inside the cell and leads to

the development of resistant straindnother important aspect of bacter@sistance is that the
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antibacterials research is still focused on improvesions of existing molecules and not on novel
targets. These events led to the development of antisestistance and economic burdens in term

of period and cost of hospital car e. The ter
morbidity and mortality due to multiple mutations, which increased resistance to the antibiotic classes
recommended for their treatment; sometimes, super resistant strains have acquired increased
virulence and transmissibilify Antibiotic resistance is a huge problem over the world. For this
reason, in 2014, WHO (World Health Organization) understood the urgent need for a global
surveillance system, which was activated in 20d&% was called Global Antimicrobial Surveillance
System (GLASS). It works together with WHO Collaborating Centres and existing antimicrobial
resistance surveillance networks and it based its studies on the experience of other WHO surveillance
programmes imrder to monitor antimicrobial resistance (AMR) at a global level.

GLASS country enrolment status, as of December 2018

l:| Countries enrolled in GLASS (n=71)

l:l Mot enrolled countries N <
l:l Mot applicable 9 80 170 3400 Kibmeles

Figure 3. Global distribution ofAntimicrobial Surveillance System (GLASS)

Compared to 2017, GLASS has revealed a 64% increase in country enrolment and more than twice
the number otountries submitting AMR data in 2018, indicating a collective understanding and
engagement toward AMR.' A report of 2017 indicated that at least 700,000 people die of resistant
bacterial infections globally every year and it is estimated that in 2@5@lue would rise up to 10
million. WHO analysed many potential solutions to combat AMR, which included investment in
research and development of new antibiotics, reduction of antibiotic use in rearing of livestock and
vaccination? It has been observed that the prophylactic use of bacterial vaccines prevents bacterial
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infections, thus antibiotic prescriptions, whese@al vaccines could reduce inappropriate antibiotic
prescriptions for a viral disease and limit superinfections that require antibacterial tifeFapye

are several benefits from the vaccinationstaf all, vaccines work by training the immune system

to recognize and respond to a pathogen, avoiding infection or decreasing disease'$8eeotydly,
immunization could prevent millions of deaths every year, a number that could grow if people
continue to be vaccinatéé For instance, if a population is not immunizediagfbacteria, most
members of the population are susceptible to the pathogen. The infection of a susceptible individual
can be rapidly spread to other susceptible individuals and require antibiotic therapy, which,
sometimes lead to antibiotic resistanegteria, over the world. On the contrary, if a large number of
population have been vaccinated, there will be lower antibiotic use, preventing and reducing the
development of AMR. Besides, many vaccines also protect unvaccinated individuals through a
process called herd immunity; in this way transmission of the infection is interrupted and limited to

a small number of susceptible people who had not been immunized or immunocompt®mised.

. Infected

Immunized

. Susceptible

Figure 4. Susceptibility to the bacteria shmunized and not immunized population.

Viral vaccines, such as influenza vaccines, are able to decrease secondary bacterial infection, like
pneumonia and otitis medfaand thugprevent antibiotic use, sometimes inappropriately prescribed.
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The table below presents global antibiotic resistance data associated with major bacterial pathogens,
from 2000 to 2014, and shows that Grasgative Enterobacteriaceae, suchEasherichia cal
Klebsiella pneumonigéenterobacterspp., are the greatest threat to human health with the highest

levels of resistanct: 1°

Table 1.Global antibiotic resistance data associated with major li@gbathogens (2002014)

Resistance rate

Pathogen United States S. Africa UK India Australia
5. pneumoniae 17-34 ND 7-8 ND ND

S. aureus 0-45 0-29 0-11 2-94 0-18

E. coli 1-55 0-84 0-66 11-92 0-55
Enterobacter spp. H-88 3-100 ND ND 3-30

K. pneumoniae 8-22 2-68 0-14 2-80 0-9

P. aeruginosa b-26 1-3b 3-14 0-69 ND

A. baumannii 6-49 2-11 2-9 3-90 ND

M. tuberculosis 0-29 359 0-2.9 ND 0-2.9

N. gonorrhoeae 0.1-3 0.1-70 0-70 0.1-70 0.1-70

The European Antimicrobial Resistance Surveillance Network (ENB$ is the main EU
surveillance system for AMR. A group of 30 countries, composed of all EU Member States and two
EEA countries (Iceland and Norway) reported AM&a for 2017 to EARSIet before the end of
August 2018° These data serve as important indicators on the occurrence and spread of AMR in
Europe. Among allE. col-F-AMR is one of the most spredgl coliis a Gramnegative bacterium
usually present on the intestinal microbiota of humans, but it is also a common cause of severe
infections. EARSNet reported that in 2017, the highest resistance percentage tveatdwas for
aminopenicillins (58.7%), followed byubroquinolones (25.7%), thigeneration cephalosporins
(14.9%) and aminoglycosides (11.4%).
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Figure 5. Percentage d&. coli resistance to fluoroquinolones, by country, EU/EEA countries in 2017

The graphic above shows that the states at the Meditenramea, such as Italy, Spain, Portugal,
Malta, Greece, and the Eastern Europe countries have the highest value of resistance to

fluoroquinolones, between 25 to 50%.

A similar distribution has been perceived Sn aureusresistance (MRSA)S. aureuss a Gram

positive bacterium that frequently colonises the skin; however, it is also an opportunistic
microorganism, leading cause of skin, soft tissue, bone and bloodstream infections. In 2017, the
percentage of MRSA was around 16.9%, significantly Iatvan 2014. As observed among the states

of Mediterranean area.
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Figure 6. Percentage db aureusresistance to to meticillin (MRSA), by country, EU/EEA countries
in 2017

Italy showed one of the highest percentage of antibacterial resistance agamst@nd Gram
bacteria. For instance, percentage of MRSA, in Italy, is about twice compared to the other EU
countries, with around 40% versus 22, coli resistance to th#éhird-generation cephalosporins
presents values of 21% for Italy against 11% Ofsfates”
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Figure 7. MRSA resistance, on the left, akdcoli resistance to thirgeneration cephalosporins, on the right
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This problem is intensified by a poor global initiative to develop new antibacterial agents. However,
some industrialised countriesyich as the UK, have raised political awareness of the grave risk to
national and international health and most governments dedicate approximately 1% of their GDP to
research and development new antibacterial 8iigblically funded patents for new NCEs often
remain unexploité because of insufficient funding available to support the development phase.
Nevertheless, some publcr i vat e partnerships, such as Eur
(IMI), may remove this obstacle supporting the research. Moreover, the emecgmgrees of

Brazil, Russia, India, China and South Africa (the BRICS), which are all home to excellent
pharmaceutical companies that produce generic medicines, could encourage and finance drug
development. It is central to reduce the costs and encourageni@s to invest in new druffs a

matter of fact, it is reported that it takes more than 10 years to bring a new drug to market and the
costs incurred are well in excess of one billion doffasdditionally, phase 11l clinical trials, which

is crucial to ensure patient safety, account for over half the cost of drug develdpiftesrtefore,

various forms of incentives could be provided, including intefrest credits, tax reductions from
national governments, cash rewards from international funds and extended patent life for products

deemed essentiad healthcare sectd?.

Consequently, deveping new drugs to solve antibacterial infections have global importance and
need to be supported with the knowledge that microbial evolution will constantly continue and drug
resistance will always emerge as a result of natural selection. These opjesritoild ensure that

future generations benefit from antibiotics as our has éone.

3.1 Mechanism of antibiotic resistance

The evolution of resistant strains is a natural phenomenon by which microorganisms respond towards
antibiotics. Indeed, during DNA replication several matatire likely and casual, at a frequency of
D10° to 10%° per gene and copying errors may lead to the partial or complete deletion of individual
genes* As a result, some proteins that are targets of antibacterials can be modifieidagtivgtion

or efflux systers may be upor downregulated, and uptake pathways (porins and active transporters)
can be modified. In addition, DNA transfer, via plasmids, play an important role on the dissemination
of resistancé® Within plasmids, resistance genes are often carried by transposons. Some transposons
are directly transteed between bacteria, especially among Gram + ones, whereas MRSA
staphylococci use lysogenic bacteriophages as a véhiGlami bacteria use integrons, which are

natural recombination systems that facilitate the acquisition and expression of resistance determinants
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behind a single proater, as observed in sulfonamides (sull), and streptomycin (addABg
dissemination of plasmids, transposons, and integrons among bacteria and spedisg ¢ovse

called gene epidemics. Many of the resistance determinants discovered on plasmids originated in the
chromosomes of other species, for instance the plasradiated SHV Hactamases are derived from

the chromosomal -lactamases oKlebsiella preumoniaand several CT>M cefotaximases are
chromosomal escapes from Kluyvera $pMany plasmids and transposons transmit multiple
resistance genes conferring resistance to different antibacterials.

3.2 Targets of antibacterial drugs
Antibiotic are divided according to the step of cell life inhibited; indeed, they can interfere with cell
wall biosynthesis, protein biosynthesis, RNA polymerase, inhibition of replication systems, the folic

acid metabolisnor they could modify the membrane structure.
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Figure 8. The four resistance acquisition pathways, the four main mechanisms of resistance, and the

five main targets for antibiotié%
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3.3DNA gyrase

Among all antibiotic targets, | focused my studies on DNA gyrase, which has attracted attention since
its discovery in 1976, when it was first isolated fré&ncoli*® and identified as a target of the

aminocoumarin class of antibacterial compounds, e.g. novobiocin.

DNA gyrase belongs to the family of topoisomerases. DNA topoisomerases are enzymes that catalyse
changes irthe topology of DNA¥32 indeed they can interconvert relaxed and supercoiled forms or
introduce and remove chains and knBtBNA topoisomerases are classified in tiypes, type |

which catalyse the transient breakage of one strand, while type Il breaks both strains GfAINA.
enzymes relax supercoiled DNA, but only DNA gyrase (a type Il enzyme) can also introduce negative
supercoilsafter ATP hydrolysi$>® Eukaryotic type Il topoisomerases such as human or yeast topo
Il, are large singlsubunit enzymes)170 kDa) and are active as homodimers, while prokaryotic
enzymes, likegyrase and topoisomerase IV, are heterotetrameric protamsosed of two subunits:

A and B in the case of gyrase, which associate to formpBa@d@mplex in the active enzyniéThis
difference in structures necessary for the selectivity toward prokaryotic enzymes. Prokaryotic DNA
gyrase is composed of two A subunits (GyrA) and two B subunits (GyrB), whereas topoisomerase 1V
consists of two C subunits (ParC) and two E subunits (ParE), which are homologeys\tand

GyrB, respectively® The GyrA and ParC subunits are invedl in DNA transit, while the GyrB and

ParE subunits contain an AT#nding domair?’

Gyrase Topo IV
[ ATP % g0
T 7 &— Binding hﬁu{ . ¥
= a
— e %3 \;_. :
B Catalytic AR
Sites ’
S - 3
® 0

Figure 9. Models for bacteria topoisomerase |l tetramers: DNA gyrase (left) and topoisomerase 1V
(right)®®
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3.3.1 Mechanism of DNAsupercoiling by DNA gyrase
The mechanism of action of-g®N&A me ¢*RBNAIggas® .k no v
possesses three interfacke N-terminal domain of GyrB (MNyate), the GyrAGyrBi DNA interface,
where the DNA is cleaved (DNA gate), and thée@ninal area of coiled coils called exit gate (E).

Gy B

Figure 10. Structure of DNA gyrase

The mechanism of cleavage could be summarisdueifoliowing sters:

1. the DNA G (or gate) segment associates with the enzyme and DNA is wrapped around the
enzyme in arighhanded supercoil d#130 base pair¥.

2. Wrapping of DNA on the gyrase C terminal domains facilitates a T segment, belonging to the
same DNA molecule, to reach the N over the G segment, in preparation for strand ffassage.

3. After ATP binding, GyrB dimerises and traps the T segment. The G segment is transiently
cleaved forming DNAphosphorustyrosyl bonds 4 bp apart, resulting in the covalent
attachment of GyrA to the DNA:#°

4. Hydrolysis of one ATP is essential for GyrB rotation and for the passage of the T segment
through the cleave@ segment.

5. The last step consists in release of the T segment and in relegation of the G segment,
introducing two negative supercoils into the DNA molecule. Hydrolysis of the second ATP
produces ADP, which opens the N gate and resets the enzyme fortteapexoiling cycle.

The gyrase supercoiling reaction is a complex process, which has become an attractive target for

discovery of antibacterial agents.
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Figure 11.DNA gyrase mechanism of actitn

3.4 DNA gyrase inhibitors

There are two main mechanisms which are responsible of antibacterial activity of DNA gyrase
inhibitors. The first consists in the stabilisation of the covalent enizid& complex, blocking

GyrA subunit; quinolones, which interrupts DNA cleavaigkegation, are an example. The second
mechanism which is present in compounds such as novobiocityaswbe inhibition of enzymatic
activity by targeting ATFbinding sites at the GyrB. In addition, other compounds, like
simocyclinones, could prevent DNA binding.

3.4.1 Quinolones
Fluoroquinolones (FQs), are so far the most interesting antibacterials tafgsigyrase. One of
the most known FQ is ciprofloxacin. They originated from nalidixic acidpimgluct discovered
during the synthesis of chloroquiffeThe firstgeneration quinolones, nalidixic acid and oxolinic
acid, displayed weak activity, while fluoroquinolones, such as norfloxacin and ciprofloxaoomds
generation), levofloxacin (third generation), moxifloxacin and gemifloxacin (fourth generation)
showed clinical and commercial success, due to its high potency against Batiéti@uinolones

inhi bit the DNA supercoiling and relaxation
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the broken DNAX! The aromatic rings are found to be stacigdinst the DNA bases at the site of
DNA cleavage, while Ser and Asp (or Glu) residues in GyrA and"Nbg°? are involved in the
binding. Furthermore, it has been demonstrated toaib3}-carboxylic acid moiety binds the active
site, and replacement of the carboxylic acid group results in reduction of the pttéhtgwever,

the exact interactions of the drugs with the proteins are not completely®clear.

3.4.2 Aminocoumarins
Aminocoumarins are wek n o wn as the oO0Cinderellasdé of t h
fluoroquinolmes® Although they bind to gyrase, they did not show significainieal success. For
instance, aminocoumarins, novobiocin, clorobiocin and coumermycin Al, are natural products
isolated fronStreptomycespecies, which contain agBninc4,7-dihydroxycoumarin ring with some
Ssubstitution i n po sadterial aompohds have lken Xrown sihde the 0508 n t
for their inhibitory activity on DNA synthesis in bacteria. Only later was discovered the enzymatic
inhibition of ATPase by competing with ATP in GyrB subufiit/ in a domain that does not bind
ATP by itself, but overlap the site and prevent the AliRling’® despite aminocoumarins have
limited structural resemblance to ATP. It is noteworthy that mutations conferring resistance to
aminocoumarins tend to inactivate the enzyme due to their proximity to the ATPase acfi¥e site.
Nevertheless coumarins were not considered promising drugs due to their pooragaivisy Gram
negative bacteria, high cytotoxicity and low solubility. For instance, novobiocin was the only GyrB
inhibitor to be used in clinical practice, which has progressed beyond phase | clinica® trials.
Unfortunately, it wasapidly withdrawn from the market due to its toxicity and to the high rate of
resistance development. Several studies focused on the development of novobiocin analogues were

unsuccessful due to their adverse pharmacokinetic profile and lack of attivity.

3.4.3 Simocyclinones
Simocyclinones are classified as hybrid antibiotics containing both aminocoumarin and polyketide
el ement s. SD8 is known as O6two headedd antib
separate binding pockets in thet&minal domairof GyrA, avoiding DNA bindindg® Moreover,
Sissi et al® have found a second binding site in thete@minal domain of GyrBAlthough
simocyclinones possess modest antibacterial actafainst Granpositive and are ineffective
against Grannegative®%3they appear to have highertpocy in clinical setting®’ Indeed, they

showed inhibitory activity toward bacterial gyr£4€° of E. coliandS. aureu$®
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3.4.4 Use of Quinolones
Since the discovery of nalidixic acid, in 1962, FQs have been introduced in clinical fagatmeent
of urinary infection$® Nowadays, FQs, are among the most common drugs approved for the
treatment of upper and lower respiratory infections, and some skin, bone, soft tissue infections and
community acquired pneumorfid® In addition, 4quinolones diglayed also antitumor,
antitubercular, artHIV and antimalarial activitie®>’° However, in tle last five decades, antibiotic
resistance develops rapidly and spreads widely throughout the world, creating urgent needs to develop
new antibacterial agents. The main strategy was to synthesize new analogues or modify existing FQs
with lower or without cossresistance to the existing antibiotics. Therefore, manv ciprofloxacin
based derivatives have been synthesized and some of them exhibited promising potency. It has been
demonstrated that carboxylic acid plays a key role, indeed modificatior8 gioStion resulted in
loss of the activity’? whereas when carboxylic acid was replaced by an aromatic amide group,
significant enhancements of potency are obsef¥Edrthamore, the derivatives with an ester group
exhibited greater dermal penetration and higher efficacy in the treatment of methicillin sus&eptible
aureus(MSSA) and MRSA™*

Figure 12. Structure of ciprofloxacin

SeveralFQs substituted at44 position of core structure and at-pbsition of piperazinyl exhibited
considerable activity>’® For instance, the introduction of “Mdarboxymethyl increases the
antibacterial activity slightly; while N*formyl reduces the potend§.Moreover, acylation of the
piperazinyl nitrogen showed highly effect against Gyawsitive and Grarmegative bacteria and
several derivatives possess good activity against MRSMartdnellaspecies?® The arene sulfonyl
moiety linked in N-position presented comparable activity to ciprofloxacin, having the same binding
mode with additional classical and nolassical hydrogen bond$while carboxamide derivatives
seem to be less potent than ciprofloxg&gimn addition, it was observed that chlesobstituted
phenethyl group attached to a piperazine ring displayed excellent in vitro activity against Gram
positive and Grasmegative, which was sometimes superior to the ofRémsgjcating that piperazine

NH substitution with moieties of different size is tolecht@thout loss of gyrase A inhibition.
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3.4.5 Novel DNA GyrB inhibitors
Despite new GyrB and dual targeting GyrB/ParE inhibitors have been already identified, none have
advanced into the clinic. Several of these compounds, such-(8gpysazolyl)}thiazoles®
azaindole$? pyrrolo[2,3-d]pyrimidines®8® imidazo[1,2a]pyridine urea$! benzimidazole ure8$
and pyrrolamide€®°target the ATFbinding site of GyrB and/or ParE. Most of the dual inhibitors
displayedpotent MICs values against Gram positive, but only few showed activity against Gram

negative bacteria.

Based on previous work, the research group of the Faculty of Pharmacy of the University of Ljubljana
has been investigating some novel DNA Gyrase B inhibitors. For instancegT@mal,** starting

from a library of marine alkaloid oroidin analogues, identified low micromolar inhibitoEs obli

DNA gyrase based on the 5,6, Zérahydroquinazoline and 4,5,61étrahydobenzo[1,2d]thiazole
scaffolds. Structurdased optimization of these compounds led to inhibitors with improved activity
in the nanomolar range, in which tetrahydrobenzothiazole derivatives result more potent than
tetrahydroquinazoline ones. Supercoilagsay, in agreement with ATPase assay, SPR experiment
and SAR, suggested that these inhibitors bind to the-Biméing site of thee. colienzyme, while

they display a weaker inhibition &. aureusDNA gyrase. Subsequently-(2-aminothiazol4-
yhacetic &ids designed as ringpened analogues of the 4,5:&%ahydrobenzo[1;d]thiazoles,
displayed lower DNA gyrase inhibition with i€values between 15.9 and 169 pM against Gram
positive and Grarmegative bacteria. However, docking studies suggestedsibilding modes for

benzothiazoles and thiazoles, with two hydrogen bonds with Asp73 and At¥g136.

Figure 13. Analogues of the alkaloid oroidin
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