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    The book series Frontiers in Clinical Drug Research-HIV presents important recent developments in the form of cutting edge reviews written by eminent authorities in the field. The chapters in this 4th volume are mainly focused on different types of HIV-1 inhibitors (integrase inhibitors, protease inhibitors, entry inhibitors, etc.), magnetic nanotherapeutics, and sexually transmitted co-infections.




    Alluri and Ganguly in Chapter 1 discuss the design and synthesis of HIV-1 protease inhibitors based on a cyclic sulfonamide core structure. Sagar et al., in chapter 2 discuss the importance of magnetic nanocarriers for delivering therapeutics which can exert changes at genetic levels. Chapter 3 by Watts et al., describes the synthesis of currently FDA approved integrase inhibitor drugs and other HIV drugs developed through flow technology.




    Chapter 4 by Yi-Qun Kuang focuses on the development and clinical progress on chemokine receptor-based HIV entry inhibitors. Cobucci et al., in chapter 5, discuss the most prevalent co-infections found in HIV carriers and their epidemiology, clinical features and evidence-based treatments.




    I am grateful to all the eminent scientists for their excellent contributions. I also express my gratitude to the editorial staff, particularly Mr. Mahmood Alam (Director Publication), Mr. Shehzad Naqvi (Editorial Manager Publications) and Ms. Fariya Zulfiqar (Manager Publications) for their hard work and persistent efforts.
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      Abstract




      Human immunodeficiency virus (HIV-1) protease inhibitors play an important role as a part of the HAART (Highly Active Antiretroviral Therapy) treatment regimen for AIDS infection. The main cellular target for HIV-1 is helper T-lymphocytes that is critical to the immune system and renders individuals susceptible to opportunistic infections and tumors. According to World Health Organization, globally 36.9 million people are living with HIV-1 at the end of 2017 making HIV-1 a prime target for drug discovery.




      HIV-1 belongs to the family ‘retroviridae’ that characteristically carry their genetic information in the form of ribonucleic acid (RNA). There are several drug targets that interfere with the life cycle of HIV-1 virus. Drugs such as enfuvirtide inhibit the entry of HIV-1 into the cell by interacting with CD4 receptors and co-receptors CCR5/CXCR4. Three key enzymes involved in the survival and replication of virus inside the host cell are reverse transcriptase, integrase, and protease. Once inside the host, the viral enzyme reverse transcriptase converts the viral RNA into proviral DNA. Azido thymidine (AZT) was the first reverse transcriptase inhibitor discovered. In the next step of viral replication, the proviral DNA is inserted into the host cell genome by the viral enzyme, HIV-1 integrase. Integrase inhibitors (e.g. raltegravir) block this step. Following integration, viral transcription factors cause the normal cellular machinery to produce multiple copies of viral m-RNA, which is transported from the nucleus back into the cytoplasm. In the cytoplasm, viral core proteins are produced as long chain polypeptides that are cleaved by the viral HIV-1 protease enzyme, into smaller polypeptides in order to become functional. HIV-1 protease inhibitors block this step and are considered as major breakthrough in AIDS research. Although there are several drug classes that inhibit the life cycle of HIV-1 virus at various stages, the major emphasis of this chapter will be on the discovery of linear sulfonamides such as darunavir which in particular is being very successfully used in the clinic. We shall also summarize the discovery from our laboratory of a novel class of cyclic sulfonamides as potent HIV-1 protease inhibitors.




      The HIV-1 protease inhibitors represent one of the classic examples of structure-based drug design. The X-ray crystal structure of HIV-1 protease was determined in 1989 and several inhibitors were soon developed based on the configuration of the active site. Protease inhibitors such as saquinavir, ritonavir, indinavir, amprenavir, tipranavir, darunavir etc., are successfully used for the treatment of AIDS patients. Today, new




      protease inhibitors are continuously being developed and designed because HIV-1 virus mutates quickly, and current medications are becoming increasingly ineffective.




      In our published work, we have successfully discovered a novel class of HIV-1 protease inhibitors based on a cyclic sulfonamide core structure. HIV-1 protease inhibitors in clinical use such as amprenavir, tipranavir and darunavir possess sulfonamide moiety in their core structure. Unlike open chain sulfonamides used in the clinic, our compounds possess a conformationally restricted sulfonamide pharmacophore. Molecular modeling was used for the design of these inhibitors and the crucial step in their synthesis involved an unusual endo radical cyclization process.




      Several analogs were synthesized in order to determine their structure activity relationship. X-ray crystallographic analysis confirmed the binding modes of our inhibitors to the HIV-1 protease enzyme. The structures of the novel inhibitors were further optimized to the picomolar affinities in the HIV-1 protease assay. More work remains to be done to determine whether these cyclic sulfonamides could be clinically useful.
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      INTRODUCTION




      Human Immunodeficiency virus (HIV-1) is the causative agent of the acquired immunodeficiency syndrome (AIDS). Approximately 36.9 million people around the world are living with HIV-1/AIDS infection at the end of 2017, according to WHO (World Health Organization) and UNAIDS (The Joint United Nations Program on HIV-1/AIDS) [1]. However, there has been a decline in the number of HIV-1 infections each year due to the discovery of many drugs that halt the viral replication at various stages in the HIV-1 life cycle. Fixed dose combination of various classes of drugs as a part of highly active antiretroviral therapy (HAART) has proven to be successful in managing HIV-1/AIDS infections around the world.




      HIV-1 is a highly mutable retrovirus infecting white blood cells, CD4+ T-lymphocytes, which are critical to the immune system. Attack of the virus weakens the individuals’ immune system and renders them susceptible to life-threatening opportunistic infections such as pneumonia, tuberculosis, herpes, tumors, etc. Different targets for the drugs in the HIV-1 life cycle are shown in Fig. (1). In this chapter, we will provide a brief summary of the various classes of drugs, however, our focus will be on the discovery of HIV-1 protease inhibitors, including work from our own laboratory.




      HIV-1 replicates inside the host cell to produce DNA from its RNA, hence referred to as retrovirus. The first stage in the viruses' life cycle is the infection of a suitable host cell such as a CD4+ T-lymphocyte. Entry of HIV-1 into the host cell requires the presence of certain receptors on the cell surface such as CD4 receptors and co-receptors such as CCR5 or CXCR4. These receptors interact with HIV-1’s three surface group (gp120) glycoproteins that are non-covalently associated with three transmembrane (gp41) protein subunits. The gp120-gp41 complex undergoes further conformational changes allowing the fusion peptide sequence to enter into the host cell and facilitate the cell fusion. Drugs capable of inhibiting this step are called entry/fusion inhibitors, which act on the outside of the host cell and offer potential advantage of lacking cross resistance to currently available therapeutics [2].
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Fig. (1))


      The HIV-1 life cycle and potential targets for antiviral drugs.



      The result of viral and cell membrane fusion allows the viral capsid to enter the host cell cytoplasm. Viral RNA is then released from the capsid and the first viral enzyme, reverse transcriptase (RT), transcribes single-stranded viral RNA to double-stranded DNA, called proviral DNA. Drugs that interfere in this process are called reverse transcriptase inhibitors (RTIs) and include the nucleoside and non-nucleoside RTIs. Azidothymidine (AZT) was the first anti-HIV-1 drug developed in this class.




      In the next step of viral replication, the pro-viral DNA is inserted into the host cell genome using the second viral enzyme, HIV-1 integrase. After the integration of the viral DNA into the host cell, multiple copies of viral m-RNA are produced which are then transported from nucleus into the cytoplasm. Next step is the translation of the viral m-RNA in the cytoplasm to produce viral proteins. Viral core proteins are produced as long polypeptide chains that must be cleaved into smaller polypeptides in order to become functional. This is facilitated by the third viral enzyme, HIV-1 protease. The cleavage of the viral core proteins into functional proteins is essential for the survival and maturation of the virus. Hence the protease enzyme is considered to be a key target for the discovery of antiretroviral drugs known as protease inhibitors. Functional viral proteins and viral m-RNA then assemble at cell membrane and new virions released by a process called viral budding, and ready to infect new healthy host cells.




      Currently, the following 5 classes of HIV-1 drugs have been approved:




      

        	Entry inhibitors/Fusion inhibitors – e.g., enfuvirtide, maraviroc




        	Nucleoside reverse transcriptase inhibitors (NTRIs or “nukes”) – e.g., retrovir (AZT), abacavir, lamivudine, emtricitabine




        	Non- nucleoside reverse transcriptase inhibitors (NNTRIs or “non-nukes”) – e.g., efavirenz, nevirapine, etravirine, rilpivirine




        	Integrase inhibitors – e.g., raltegravir




        	Protease inhibitors – e.g., indinavir, saquinavir, ritonavir, amprenavir, tipranavir, darunavir


      




      

        Entry Inhibitors




        To date only two entry inhibitors, maraviroc (selzentry) and enfuvirtide (fuzion) have received FDA approval and are available in the clinic. These inhibitors act by preventing the fusion of the HIV-1 with the host cell membrane either by mimicking the natural protein substrate or by interacting with the receptors involved in this process. Maraviroc is an orally-active small molecule that targets the co-receptor CCR5 and enfuvirtide is an injectable peptidic drug.




        Enfuvirtide [3] is a membrane fusion inhibitor and is a 36-amino acid polypeptide (Ac-Tyr-Thr-Ser-Leu-Ile-His-Ser-Leu-Ile-Glu-Glu-Ser-Gln-Asn-Gln-Gln-Glu- Lys-Asn-Glu-Gln-Glu-Leu-Leu-Glu-Leu-Asp-Lys-Trp-Ala-Ser-Leu-Trp-Asn- Trp-Phe-NH2). This linear synthetic peptide (Fig. 2) was designed based on the structure of the HIV-1 fusion glycoprotein gp41. It is used in combination with other antiretroviral agents, for the treatment of HIV-1-infected individuals and AIDS patients. The development of cross resistance to this class of drugs is rare as it interferes in the earlier stage of viral entry. Enfuvirtide is synthesized using solid phase synthesis of three main fragments, followed by solution phase condensation of the fragments and purification of the deprotected crude enfuvirtide by chromatography [4]. As enfuvirtide is a peptide and not orally absorbed it is used in the clinic as an injectable and administered by subcutaneous route.
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Fig. (2))


        Structure of enfuvirtide.



        Enfuvirtide disrupts viral entry by competitively binding to the HIV-1 transmembrane protein gp41, thus inhibiting the formation of gp120-gp41complex which aids in cell fusion. The co-receptor CCR5 is a chemokine receptor found primarily in cells of the immune system and its inhibition by Maraviroc (Fig. 3) [5] has proven to be an attractive anti-retroviral therapy.
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Fig. (3))


        Structure of maraviroc.



        Synthesis of maraviroc [6] by Pfizer is shown in Scheme 1. It involves reductive amination of the aldehyde 1 with amine 2 to give the intermediate 3. This is followed by deprotection of the t-boc group to furnish compound 4. Coupling of compound 4 with 4,4-difluorocyclohexanecarboxylic acid (5) gave the desired final product, maraviroc.


      




      

        Nucleoside Reverse Transcriptase Inhibitors (NRTIs)




        Zidovudine (AZT) [7] was the first approved HIV-1/AIDS drug. It is a nucleoside analog or ‘nuke’ which works by inhibiting the viral reverse transcriptase enzyme. AZT gets incorporated in the growing viral DNA strand and since it has an azido group on the ribose instead of hydroxy, the elongation of the chain cannot occur resulting in blockage of DNA synthesis. HIV-1 reverse transcriptase enzyme is a heterodimer consisting of two subunits p66 and p51. The p66 subunit is responsible for the activity of the enzyme whereas p51 subunit is believed to play a structural role. NRTI’s bind to the active site of the p66 subunit and prevent the reverse transcription of the viral RNA.
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Scheme 1)


        Synthesis of maraviroc.



        AZT is used as a key component in HAART therapy. It was approved by FDA in 1987 and subsequently being used extensively in the clinic. It has also been used to reduce the probability of transmission of the disease from infected mothers to the newly born children.




        Synthesis of AZT from thymidine is shown in Scheme 2. The key step is the conversion of thymidine (6) to 2,3′-anhydro-5′-O-(4-methoxybenzoyl)-thymidine (7). Further ring opening of 7 with lithium azide followed by 5′-O-deprotection afforded AZT in 73% overall yield [8].
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Scheme 2)


        Synthesis of AZT.



        Abacavir is a carbocyclic nucleoside analog which is also used in the clinic as a HIV-1 reverse transcriptase inhibitor. Abacavir was synthesized by coupling of two key intermediates 13 and 14 followed by hydrolysis of the acetyl group (Scheme 3) [9].
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Scheme 3)


        Synthesis of abacavir.

      




      

        Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs)




        Although NRTIs have been widely used in the clinic, there were also concerns about the selectivity and the side effects of this class of drugs. In addition, HIV-1 developing resistance to NRTIs have led to investigate NNRTIs with the aim to have activity against resistant organisms and demonstrate fewer side effects.




        Unlike NRTIs, the NNRTIs bind to the allosteric hydrophobic pocket near the catalytic site of the p66 subunit and cause a conformation change in the reverse transcriptase enzyme preventing it from performing its normal function. The first generation of NNRTIs [10] were designed to fit in the hydrophobic pocket incorporating a tricyclic ring system. The two aromatic rings of NNRTIs such as nevirapine assumed to resemble the wings of the butterfly and the hydrophilic center as the body. Second generation NNRTIs such as etravirine (intelence) have a diaryl pyrimidine ring and known to exist in different conformations resulting in stronger binding interactions with the enzyme and improved activity against mutant strains of HIV-1 (Fig. 4).




        Nevirapine is the first NNRTI approved by the FDA in 1996. It is synthesized by the condensation of 3-amino-2-chloro-4-methyl pyridine (15) with 2-chloronicotinyl chloride (16) to yield the 2,2’-dihaloamide 17. In the next step displacement of the 2’-chlorine atom by amino cyclopropane yielded the desired amine 18. Ring closure of the dipyridodiazepinone 18 was affected by heating the dianion generated by sodium hydride to yield nevirapine (Scheme 4) [11].
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Fig. (4))


        Examples of NNRTIs.
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Scheme 4)


        Synthesis of nevirapine.



        The diaryl pyrimidine based NNRTs constitute the second generation drugs and have been successfully used in the clinic against mutant viruses. Etravirine (TMC-125) is an example of the drug in this class which was approved by FDA in 2008 along with other antiretroviral agents for use in adult patients with multi-drug resistant HIV-1 infections. Synthesis of etravirine [12] is shown in Scheme 5.




        The synthesis involves nucleophilic substitution of chlorine in the trihalo compound 19 with phenol derivative 20 to yield compound 21 which when treated with 4-cyano aniline (22) gave compound 23. Aminolysis of 23 yielded 24 which on bromination gave the desired product etravirine.


      




      

        Integrase Inhibitors




        Integrase [13] is a viral enzyme responsible for the insertion of the viral genome into the DNA of the host cell. This integration is a key step in the replication of the virus and blocking this step will stop the multiplication of the virus. Integrase inhibitors (e.g. raltegravir, Fig. (5)) have become part of HAART regimen and are widely used in the clinic to halt viral replication. Synthesis of raltegravir [14] is shown below (Scheme 6).
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Scheme 5)


        Synthesis of etravirine.
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Fig. (5))


        Structure of raltegravir (isentress)
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Scheme 6)


        Synthesis of raltegravir.



        Treatment of compound 25 with ammonia gave the amine 26. Protection of the amino group in 26 followed by reaction with hydroxylamine yielded compound 28. Compound 28 was further treated with dialkyl acetylene dicarboxylate to give compound 29. N-alkylation of compound 29 with trimethylsulfoxonium iodide gave 30, which upon treatment with p-fluorobenzyl amine produced compound 31. Compound 31 was converted to 32, which on treatment with the acid chloride 33 yielded raltegravir.


      




      

        HIV-1 Protease Inhibitors-Structure Based Drug Design




        The discovery of HIV-1 protease inhibitors represents the classic example of structure-based drug design [15]. The X-ray crystal structure of HIV-1 protease was determined in 1989 and several inhibitors were soon developed based on the knowledge of the configuration of the active site. Protease inhibitors were designed to mimic the transition state of the cleavage of the protease's substrates. HIV-1 protease inhibitors fit the active site of the HIV-1 aspartic protease and were rationally designed utilizing knowledge of the aspartyl protease's mode of action. The most promising transition state mimic was hydroxyethylamine, which led to the discovery of the first protease inhibitor, saquinavir. Following that discovery, other HIV-1 protease inhibitors were designed using the same principle.




        

          Binding Site




          HIV-1 protease belongs to a family of aspartic acid proteases and exists as a homodimer of two 99 amino acid containing proteins. The folding of the identical proteins leads to a C2 symmetric tertiary structure. Each monomer contributes an aspartic acid residue that is essential for catalysis, Asp-25 and Asp-25´. Key features of the active site include four hydrophobic binding pockets (S1, S2, S1’, and S2’) and hydrogen bond donors necessary for tight binding to the substrate. Ile50 and Ile50’ play an important role in hydrogen bonding with a structural water molecule. The water molecule is important in increasing the affinity between enzyme and substrate. HIV-1 proteases catalyze the hydrolysis of peptide bonds of the substrate with high sequence selectivity and catalytic efficiency. The aspartyl residues are involved in the hydrolysis of the scissile peptide bonds. The preferred cleavage site for this enzyme is the N-terminal side of proline residues, especially between phenylalanine and proline or tyrosine and proline.




          The HIV-1 protease inhibitors [16] in clinical use have all the structural features necessary for tight binding into the active site of the enzyme. They are designed to include hydrophobic substituents that are clearly necessary for tight fitting into the hydrophobic binding pockets. Additionally, a common feature to nearly all the protease inhibitors is the presence of a free hydroxyl group which plays an important role in hydrogen bonding directly with aspartic acid residues 25 and 25’ in the active site. Another set of hydrogen bond acceptors allow hydrogen bonding to a conserved water molecule that is, in turn, hydrogen bonded to the isoleucine residues 50 and 50’ of the protease backbone. Fig. (6) illustrates these bindings with a pictorial representation of the drug, indinavir as it fits into the active site of the HIV-1 protease.
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Fig. (6))


          X-ray crystal structure of HIV-1 protease bound to the inhibitor (Indinavir) (PDB code 2avo).



          Since HIV-1 protease inhibitors were first introduced in 1995, they have greatly benefited those infected by HIV-1 by suppressing the virus and reducing mortality. As already pointed out HIV-1 protease is a viral encoded aspartyl enzyme which catalyzes the cleavage of a large precursor protein into an array of smaller and functional, viral proteins. Competitive inhibitors are used to bind to the protease and block its function, thereby suppressing the virus, which cannot transform to its mature, infectious form. Although HIV-1 protease is similar to mammalian aspartyl proteases like rennin in terms of its structure and function, however in the host there is virtually no cross-reactivity between the HIV-1 protease and normal human protease gene products. It is this lack of cross-reactivity that gives the protease inhibitors their outstanding safety profile. Some of the protease inhibitors approved by FDA for clinical use are shown in Figs. 7 & 8.
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Fig. (7))


          First generation peptidomimetic HIV-1 protease inhibitors on the market.
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Fig. (8))


          Protease inhibitors containing sulfonamide functional moiety



          Saquinavir was the first protease inhibitor that was approved and its incorporation in HAART has led to significant enhancement of HIV-1 management and improved quality of life in AIDS patients. After the discovery of saquinavir several other HIV-1 protease inhibitors were discovered such as ritonavir, indinavir, nelfinavir and lopinavir. Being peptidic in nature these drugs suffered from poor pharmacokinetic properties including showing low serum concentration after the drug administration and gastrointestinal side effects was also noted. In addition, the rapid emergence of multidrug resistant strains has highly compromised the HAART therapy. As the search for the newer protease inhibitors continued, compounds containing a sulfonamide group as the binding moiety in place of an amide group were discovered which improved the oral bioavailability. Subsequent modification of the end groups of these inhibitors resulted in stronger binding interactions with the protease backbone resulting in enhanced activity against resistant organisms. Examples of sulfonamide containing HIV-1 protease inhibitors include amprenavir, tipranvir, darunavir and investigational candidates GS8374 and GRL02031.




          Towards the design of darunavir [17] the investigators primarily focused on reducing peptidic features, molecular weight and structural complexity of the earlier inhibitors. A number of nonpeptidic high-affinity for HIV-1 protease substrate were designed based on the 3D structures of protein ligand complex. Particularly the design of conformationally constrained molecules of cyclic ether template that could replace peptide bonds, retaining important binding interactions were explored. It was found that 3(S)-tetrahydrofuranyl urethane in the inhibitors showed enhanced potency which led to the development of amprenavir [18]. The tetrahydrofuranyl subunit is found in the structures of natural products such as monensin and various ginkgolides.




          X-ray structures of 3(S)-tetrahydrofuranyl urethane-bearing inhibitors revealed weak hydrogen bonding between the tetrahydrofuranyl oxygen and the main chain aspartic acids (Asp-29 and Asp-30) as well as van der Waals interactions in the S2-site. Critical analysis of the saquinavir-bound protease X-ray crystal structure led to the discovery of a stereochemically defined bicyclic tetrahydrofuran (bis-THF) ligand that appeared to effectively hydrogen bond with both Asp-29 and Asp-30. Thus, inhibitors were synthesized with improved solubility, reduced peptidic features and low molecular weight compared to saquinavir. This led to the development of highly potent protease inhibitor, darunavir. Darunavir (TMC114) with a bis-THF as the P2 ligand and p-aminosulfonamide as the P2’ ligand showed very impressive inhibitory properties. The X-ray crystal structure of darunavir-bound protease revealed that the bis-THF ring oxygens are involved in effective hydrogen bonding interactions with both the backbone NH’s of Asp-29 and Asp-30 present in the S2 subsite. Clinical trials of the darunavir demonstrated significant reduction in the viral load when compared with the existing protease inhibitors. Synthesis of darunavir is presented in Scheme 7 [19].
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Scheme 7)


          Synthesis of darunavir.



          Thus, (S)-phenylalanine (34) is converted to compound 35 by protecting the amine. Treatment of compound 35 with ethylchloroformate gave 36. Compound 36 was further treated with diazomethane, followed by hydrochloric acid to yield the alkyl halide 38. Reduction of compound 38 followed by nucleophilic substitution with isobutyl amine gave compound 39. Compound 39 was converted to compound 40 using p-nitrosulfonyl chloride. Reduction of the nitro group in 40 followed by deprotection of the t-boc group gave the amine 41, which on further treatment with compound 42 yielded darunavir.




          Analogs of darunavir incorporating hexahydrofuropyranol derived P2 ligands have retained potent activity against resistant HIV-1 organisms similar to that of darunavir [20]. Analysis of X-ray crystal structures of compound 43 (Fig. 9) bound with HIV-1 protease showed that the stereochemistry of the ligand and position of the oxygen are critical in binding to the HIV-1 protease enzyme. Furthermore, the extra methylene unit in the ligand maximizes the binding interactions with the hydrophobic pocket in the S2-site more effectively compared to the bis-THF in darunavir.
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Fig. (9))


          Structure of 4-hexahydrofuropyranol-derived urethane derivative, 43.



          As noted above, sulfonamide derived HIV-1 protease inhibitors such as darunavir and analogs incorporate open chain conformationally flexible sulfonamide group in their structures.




          We speculated that conformationally restricted cyclic sulfonamide HIV-1 protease inhibitors, represented by structure 44 (Fig. 10) might offer advantages over open chain analogs by maximizing binding interactions with the backbone of the protease enzyme. To test the hypothesis, we synthesized a series of compounds related to 44 and determined their activities against HIV-1 protease enzyme [21]. General structures represented by 44 also offered an opportunity to explore biological activity associated with lipophilicity and stereochemistry of the crucially important R’ functionality. We believe cyclic sulfonamides will serve as novel pharmacophore for the discovery of drugs involving other biological targets.




          After our work was published, a macrocyclic sulfonamide inhibitor 45 [22] was synthesized and found to be highly active against HIV-1 protease. Inhibitor 45 (Fig. 11) remained highly potent activity against resistant organisms. The flexible P1’-P2’ macrocyclic packs between the S1’-S2’ subsites in a zigzag crown-like shape. The high affinity of the inhibitor was attributed to the new water-mediated hydrogen bonding interactions of the macrocyclic ring oxygen with backbone atoms at the S2’-site.
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Fig. (10))


          Design of novel cyclic sulfonamide HIV-1 protease inhibitors.
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Fig. (11))


          Structure of the macrocyclic HIV-1 protease inhibitor, 45.

        


      




      

        Design of Novel Conformationally Restricted Sulfonamides




        As pointed out above we were interested to discover novel pharmacophores which could be used in drug discovery.




        Thus, we conceived and synthesized novel conformationally restricted sulfonamides and demonstrated that they possessed potent activities against HIV-1 protease which will be discussed in detail in this chapter.




        Sulfonamides are well known for their diverse biological activities, and have been used as antibacterial, antitumor, diuretics, anticonvulsants and protease inhibitors. The importance of sulfonamide group for the HIV-1 protease inhibitory activity may be attributed to the binding to the HIV-1 protease involving, (i) strong hydrogen bonding with the structural water molecule at the active site, (ii) hydrophobic interactions of the phenyl group attached to the sulfonyl group with the S2’ of the enzyme and (iii) increased water solubility. It is important to note that most of the protease inhibitors described in the literature bearing sulfonamide functional group are all open chain compounds and therefore they are likely to assume many conformations. However, we speculated that by making cyclic sulfonamides we would be able to maximize binding interactions with the enzyme. To test the hypothesis, we incorporated cyclic sulfonamide pharmacophore in our HIV-1 protease inhibitors represented by the general structure 44. The first synthesis of the novel seven membered cyclic sulfonamide ring was described from our laboratories involving radical reaction.




        We have described synthesis of conformationally restricted sulfonamides [23] represented by formula 46 wherein the R’ substituents are alkyl, aryl and aryl alkyl groups (Fig. 12). The ring size could be six, seven or eight atoms. In this chapter, we wish to summarize the design and synthesis of compounds represented by the general structure 44 which have been found to be potent inhibitors of HIV-1 protease. Seveal HIV-1 protease inhibitor drugs shown in Figs. (7) & (8), have been successfully used in AIDS patients. In general, our compounds represent novel pharmacophores and are comparable in potency with the protease inhibitors used in the clinic. We hoped that by selectively modifying the structure of 44, these novel compounds might show improvements in the spectrum of activity against resistant organisms and also show improvements in pharmacokinetic properties.
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Fig. (12))


        Novel protease inhibitors – core structure containing sulfonamide.



        As mentioned above compounds represented by structure 46 were synthesized using a radical cyclization process. Thus, treatment of compound 47, with tributyltin hydride (TBTH) and azobisisobutyronitrile (AIBN) in refluxing toluene solution yielded 46 via 48 and 49 (Scheme 8).




        The above synthetic scheme has been extended for the synthesis of the corresponding N-H compound 53 (Scheme 9). Treatment of 2-bromo benzene sulfonyl chloride (50) with allylamine (51) yielded the sulfonamide 52. Radical reaction of 52 provided 53. Treatment of 53 with the epoxide 54 furnished the compound 55. Compound 55 showed Ki of 470 nM in HIV-1 protease assay. Compound 55 when converted to compound 57 was found to be inactive. Compound 57 demonstrated the importance of the presence of the hydroxy group and binding interactions with the carbonyl group of the open chain carbamate residue for antiviral activity.
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Scheme 8)


        Synthesis of 7-membered cyclic sulfonamide using radical cyclization.
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Scheme 9)


        Synthesis of novel HIV-1 protease inhibitor 55.



        Using similar approach, we synthesized compounds 53a-e from 52a-e, respectively (Scheme 10). This allowed us to synthesize compounds represented by structure 44 by derivatization of the free NH- function.




        Based on molecular modeling we considered to introduce a methyl group at C4 on the sulfonamide ring. The synthesis of C4-methyl cyclic sulfonamide is shown in Scheme 11. Radical cyclisation of 52a yielded racemate 53a. Treatment of 53a with the epoxide 54 yielded 58 as a mixture of diastereoisomers, which could not be separated. Removal of the t-boc furnished the amine. At this stage we were able to separate the two diastereoisomers 59 and 60. X-ray crystallographic analysis of 59 established its absolute stereochemistry as 4R, 2’R, 3’S (Fig. 13) and therefore the absolute configuration of 60 will be 4S, 2’R, 3’S. Compounds 59 and 60 were then converted to the t-boc derivatives 61 and 62 respectively. In HIV-1 protease assay 62 with Ki value of 29 nM was considerably more potent than 61, which showed a Ki value of 1000 nm. This dramatic difference in protease inhibitory activities of 61 (4R,2’R,3’S) and 62 (4S,2’R,3’S) suggested the importance of stereochemistry at C4 to be (S) for optimum HIV-1 protease inhibitory activity.
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Scheme 10)


        Synthesis of cyclic sulfonamides 53a-e.
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Scheme 11)


        Synthesis of C4 methyl analogs.
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Fig. (13))


        X-ray crystallographic structure of compound 59.



        As 4S methyl group is important for optimal potency, we included the methyl group in our core structure and decided to study the effect of various N-substitutions. Thus, we made compounds 63-69 and their diastereoisomers. The C4(R) diastereoisomers, which are not shown here, were also analyzed in the protease assay and found to be inactive. Improved activity of 66 and 69 demonstrated that substitution at R1 is important for potency and possibly in preventing metabolism (Table 1). The key interactions of the free hydroxyl group at 2' and the hydrogen bonding ability of the sulfonamide and the carbamate residues remain intact. Although 66 and 69 have nearly equal potency we preferred to have fluorine in our structures for further optimization studies because it is metabolically more stable than methoxy group in 69.




        This demonstrated that not only methyl group is important in improving the potency but it must also have the correct stereochemistry. We were later able to show by molecular modeling, the difference in the potency of the two diastereoisomers was due to differences in the binding interactions with the protease enzyme.




        To investigate whether the carbamates in this series of compounds could be replaced by amides we made compound 70 which when tested in HIV-1 protease assay had a Ki value of 30 nM (Fig. 14).




        The X-ray crystallographic structure of compound 66 bound to the HIV-1 protease (Fig. 15) was solved and was very informative. It was observed that compound 66 occupies the active site cavity of the protease and makes hydrogen bonding to the catalytic aspartic acid residues Asp25 and Asp25’ through the hydroxyl group. The sulfonamide and the carbamate carbonyl form hydrogen bonds with a structural water molecule, which in turn hydrogen bonds with Ile 50 and Ile 50’ of the protease (Fig. 16).




        

          Table 1 SAR of Novel HIV-1 protease inhibitors.
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Fig. (14))


        Structure of the amide inhibitor.
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Fig. (15))


        X-ray crystallographic structure of compound 66 bound to HIV-1 protease enzyme (PDB code 3TH9).
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Fig. (16))


        X-ray crystallographic structure of compound 66 showing key interactions with the HIV-1 protease enzyme (PDB code 3TH9)



        In addition to these favorable hydrogen bonding stabilization effects, C4-Me group of compound 66 has extensive hydrophobic interactions with side chains of Leu23, Val82, and Ile84.




        When superimposed the X-ray structure of 66 with that of darunavir, a similar acyclic inhibitor, there is a nice overlay with exception of the aromatic sulfonamide plane, which is rotated by 42 degrees (Fig. 17). The cyclizing linker, including C4, bridges towards the hydrophobic area of the active site occupied by the iso-butyl group of darunavir.
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Fig. (17))


        Overlay of 66 with darunavir (PDB code 2hs1). Rotation of cyclized fluoro-phenyl with respect to non-cyclized aromatic plane is shown with arrow.
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