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Abstract

In order to discover novel selective anti-HIV resistance-evading drugs, a theoretical study was
carried out combining structural analysis of RT crystallographic models, clinical data about
RT conserved residues and an innovative computational method based on GRID maps. Such
analysis allowed to reproduce clinical results and to highlight the consequences of the
mutations in the recognition step. Moreover the computational approach generated a
pharmacophore model useful for the design of novel RT inhibitors.

The presence of the 1135T polymorphism in NNRTI-naive patients significantly correlated
with the appearance of KI103N in cases of NNRTI failure, suggesting that 1135T may
represent a crucial determinant of NNRTI resistance evolution. Molecular Dynamics
simulations (MD) showed that [135T can contribute to the stabilization of the K103N-induced
closure of the NNRTI binding pocket by reducing the distance and increasing the number of
hydrogen bonds between 103N and 188Y.

In addition the influence of two drug resistance-associated mutations, L33F and L76V, of
HIV-1 PR has been evaluated with respect to lopinavir (LPV) and atazanavir (ATV)
molecular recognition. The evaluation of the interaction energies after the MD revealed that
L33F substitution is related to reduced host/guest interactions, decreased affinity and to a
dimer destabilizing effect for both PR inhibitors. In presence of L76V mutation, LPV showed
a lowered binding affinity and a reduced hydrogen bonding network, while ATV complexes
revealed a more productive binding affinity, increased host/guest interactions and dimer
stabilizing effects, in agreement with hyper susceptibility data.

With the aim to estimate the stability of its 6-helix bundle, the gp41 conformational properties
were investigated in presence of V38A and N140I, known enfuvirtide resistance-associated
mutations. MD showed that the co-presence of V38A+N140I abolished the interaction

between residue 38 and 145 important for the 6-helix-bundle stabilization.
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Riassunto

Al fine di identificare nuovi farmaci anti-HIV capaci di superare i problemi legati alla
resistenza, € stato condotto uno studio teorico combinando 1’analisi strutturale sui modelli
cristallografici della trascrittasi inversa (RT), 1 dati clinici relativi ai residui conservati dell’RT
ed un’innovativa metodica computazionale basata sulle mappe di GRID.

Tale analisi ha permesso di riprodurre i risultati clinici e di evidenziare le conseguenze delle
mutazioni nella fase di ricognizione. Inoltre I’approccio computazionale ha portato
all’identificazione di un modello farmacoforico utile per la progettazione di nuovi inibitori
dell’RT.

E’ stato riscontrato che la presenza del polimorfismo I135T nei pazienti NNRTI-naive
correlasse in modo significativo con la mutazione K103N nei casi di fallimento agli NNRTI,
suggerendo cosi che la sostituzione 1135T rappresenti un punto cruciale per I’evoluzione della
resistenza agli NNRTI. Le simulazioni di dinamica molecolare (MD) hanno mostrato che la
mutazione [135T contribuisce alla stabilizzazione della chiusura della tasca di legame degli
NNRTI indotta dalla K103N in seguito alla riduzione della distanza ed all’aumento del
numero di legami idrogeno tra I’Asn103 e la Tyr188.

Inoltre ¢ stata valutata 1’influenza di due mutazioni associate a resistenza, L33F e L76V,
presenti a livello della proteasi (PR) di HIV-1 rispetto alla ricognizione molecolare del
Lopinavir (LPV) e dell’ Atazanavir (ATV). L’analisi delle energie di interazione ottenute in
seguito alla MD ha rivelato che la mutazione L33F determina una riduzione delle interazioni
tra il ligando ed il recettore, dell’affinita di legame e della stabilita del dimero per entrambi gli
inibitori della PR. In presenza della mutazione L76V, il LPV ha mostrato una minore affinita
di legame ed un ridotto network di legami idrogeno, mentre i complessi con I’ATV hanno
rivelato una migliore affinita, un effetto stabilizzante a livello dell’interfaccia del dimero e piu
efficaci interazioni ligando-recettore, in accordo con i dati di ipersuscettibilita.

Al fine di valutare la stabilita del 6-helix bundle, sono state studiate le proprieta
conformazionali della glicoproteina gp41 in presenza delle mutazioni associate a resistenza
all’enfuvirtide V38A ed N140I. Le simulazioni di MD hanno mostrato che la copresenza delle
mutazioni V38A+N140I ¢ in grado di abolire I’interazione stabilita tra 1 residui 38 e 145, che

risulta fondamentale per la stabilizzazione del 6-helix bundle.
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1. Introduction

1.1. Pathogenesis of HIV-1 infection
In 1981 the Centers for Disease Control (CDC) reported an unusual occurrence of

Pneumocystis carinii pneumonia (PCP) in five young homosexual men from Los Angeles
[1]. Other unusual cases of diseases indicative of cellular immunodeficiency occurring in
young, previously healthy homosexual men, were described later [2]. Initially, more than
90% of these cases occurred in homosexual and bisexual men, and therefore the term “gay-
related immunodeficiency” (GRID) was coined. However, by 1982, hundreds of similar
cases of an acquired immunodeficiency syndrome (AIDS) were reported in intravenous
drug users, haemophiliacs, blood-transfusion recipients, heterosexual adults and infants
born by mothers with the syndrome. Moreover the increase in the incidence of Kaposi’s
sarcoma (KS) in young gay men highlighted that AIDS was an emerging new syndrome
[3]. An infectious etiology as the cause of AIDS was suggested by geographic clustering of
cases and the depletion in numbers and function of T-helper cells suggested that a
lymphotropic agent might be responsible [4]. The prominent immunosuppression that
characterized AIDS recalled certain retroviral infections in animals. Human T-cell
leukaemia virus type 1 (HTLV-1) was known to be tropic for T-helper cells and was a
candidate for searching the cause of AIDS [5]. A human T-lymphotropic retrovirus
immunologically related to HTLV-I was detected in lymph node tissue from a French
patient who was at risk for AIDS [6]. This virus, later named “lymphadenopathy-
associated virus” (LAV), proved to be highly related to the virus subsequently isolated at
the National Cancer Institute, termed HTLV-III [7], and in San Francisco, termed AIDS-
associated retrovirus (ARV) [8]. These viruses were consequently cloned and characterized
[9] and are now known as human immunodeficiency virus type 1 (HIV-1). Molecular and
sieroepidemiologic studies have consistently demonstrated a great correlation between
infection with HIV-1 and subsequent development of AIDS [10]. All known HIV-1
sequences are closely related to simian immunodeficiency virus (SIV) sequences
harboured by the Pan troglodytes troglodytes subspecies of chimpanzees [11]. In fact,
zoonotic transmission of retroviruses from chimpanzees to humans is the most plausible
explanation for the genesis of the HIV epidemic [11].

In spite of the rapid scientific advances that have been made, the HIV/AIDS epidemic has

continued largely unchecked in most parts of the world. Prevention efforts and the



availability of antiretroviral therapies have blunted the expansion of the epidemic in the
USA and Western Europe; however the diffusion of the epidemic continues in Africa and
Southeast Asia. Approximately 300 cases of AIDS had been reported by the end of 1982;
by the end of 2000, nearly 22 million individuals had died of AIDS, and 36 million were

living with HIV-1 infection worldwide.

1.1.1. Epidemiology

The global HIV pandemic ranks among the greatest infectious disease in human history.
During 2000 alone, nearly 6 million individuals worldwide acquired HIV infection, and 3
million deaths due to HIV infection occurred; these statistics highlight the continued
expansion of the epidemic on a global scale [12]. Phylogenetic analysis of HIV proviral
sequences reveals three major genetic groups of HIVs, the M (major), N (new), and O
(outlier), that are close related to SIV sequences. These groups are classified into clades, or
subtypes, according to their degree of genetic similarity [13]. Subtype B viruses comprise
the overwhelming majority of viruses isolated in the USA, Europe, Australia and South
America [14]. The dynamics of the spread of different subtypes of HIV through
populations is determined by the genetics of the population as well as by viral properties.
Zoonotic transmission of a retrovirus from chimpanzees to humans in sub-Saharan Africa
is the most plausible explanation for the genesis of the HIV epidemic [11]. Currently, the
heaviest burden of the epidemic is concentrated in southern Africa, India, and southeast
Asia. Although only 12% of the world’s population lives in sub-Saharan Africa, 70% of
individuals who acquired HIV infection in 2000 live there. Of all AIDS deaths since the
beginning of the AIDS epidemic, 78% occurred in sub-Saharan Africa, but the epidemic is

expanding very rapidly in South Africa, Asia and eastern Europe, as shown in figure 1.



Adult HIV
prevalance %

15 -50

M55
1.5
05-1.0
0.1-05

B 00-0.1
No data

Figure 1. Adult HIV-1 world prevalence percentage updated as of November 2007 [15].

Nearly 1% of the adult population in India is infected with HIV. Although this
seroprevalence is lower than that in many affected countries, it makes India the country
with the largest number of HIV-infected individuals (approximately 4 million). Most HIV
infections in India have occurred during the 1990s, but recently morbidity and mortality
are increasing, with nearly 14% of women tested positive for HIV [16]. Current estimates
place the burden of HIV infections at 500,000 in China, and this number appears to be
growing rapidly. Molecular epidemiologic studies indicate that about 50% of viral isolates
originated from injection-drug users in Thailand, and one third of isolates originated from
injection-drug users in India. In the United States , between 600,000 and 800,000
individuals are infected with HIV [12]. The availability of therapeutic regimens in
developed countries has led to substantial reductions in the death rate due to AIDS [17].
Unfortunately, no such benefit has reached the developing world, where AIDS-related
mortality continues to exact a devastating toll. The nine African nations with an HIV
seroprevalence of greater than 10% will experience a decline in average life expectancy of
17 years by the year 2015; instead of an average life expectancy that would have been on a
trajectory to reach 64 years in the absence of HIV, it will decline to only 47 years [12].
Infant mortality is increasing in these countries as well, largely as a direct result of HIV
infections. Finally, most developing countries do not have adequate resources to provide
for a growing population of AIDS orphans; 20% to 30% of all children younger than 15
years had been orphaned by the year 2000 in nine sub-Saharan countries [18].



1.1.2. Transmission

The three main transmission routes of HIV are sexual contact, exposure to infected body
fluids or tissues, and from mother to fetus during perinatal period. It is possible to find HIV
in the saliva, tears and urine of infected individuals, but there are no recorded cases of
infection by these secretions, and the risk of infection is negligible.

The majority of HIV infections are acquired through unprotected sexual relations between
partners, one of whom has HIV. Heterosexual intercourse is the primary mode of HIV
infection worldwide [19]. Sexual transmission occurs with the contact between sexual
secretions of one partner with the rectal, genital or oral mucous membranes of another.
Unprotected receptive sexual acts are riskier than unprotected insertive sexual acts, with
the risk for transmitting HIV from an infected partner to an uninfected partner through
unprotected anal intercourse greater than the risk for transmission through vaginal
intercourse or oral sex. Oral sex is not without its risks as HIV is transmissible through
both insertive and receptive oral sex [20]. The risk of HIV transmission from exposure to
saliva is considerably smaller than the risk from exposure to semen; contrary to popular
belief, one would have to swallow gallons of saliva from a carrier to run a significant risk
of becoming infected [21]. Approximately 30% of women in ten countries representing
"diverse cultural, geographical and urban/rural settings" report that their first sexual
experience was forced or coerced, making sexual violence a key driver of the HIV/AIDS
pandemic [22]. Sexual assault greatly increases the risk of HIV transmission as protection
is rarely employed and physical trauma to the vaginal cavity frequently occurs which
facilitates the transmission of HIV [23].

Sexually transmitted infections (STI) increase the risk of HIV transmission and infection
because they cause the disruption of the normal epithelial barrier by genital ulceration
and/or microulceration; and by accumulation of pools of HIV-susceptible or HIV-infected
cells (lymphocytes and macrophages) in semen and vaginal secretions. Epidemiological
studies from sub-Saharan Africa, Europe and North America have suggested that there is
approximately a four times greater risk of becoming infected with HIV in the presence of a
genital ulcer such as those caused by syphilis and/or chancroid. There is also a significant
though lesser increased risk in the presence of STIs such as gonorrhea, Chlamydial
infection and trichomoniasis which cause local accumulations of lymphocytes and

macrophages [24].



Transmission of HIV depends on the infectiousness of the index case and the susceptibility
of the uninfected partner. Infectivity seems to vary during the course of illness and is not
constant between individuals. An undetectable plasma viral load does not necessarily
indicate a low viral load in the seminal liquid or genital secretions. Each 10-fold increment
of blood plasma HIV RNA is associated with an 81% increased rate of HIV transmission
[24; 25]. Women are more susceptible to HIV-1 infection due to hormonal changes,
vaginal microbial ecology and physiology, and a higher prevalence of sexually transmitted
diseases [26]. People who are infected with HIV can still be infected by other, more
virulent strains.

HIV can also be transmitted through exposure to infected body fluids. This transmission
route is particularly relevant to intravenous drug users, hemophiliacs and recipients of
blood transfusions and blood products. Sharing and reusing syringes contaminated with
HIV-infected blood represents a major risk for infection with not only HIV, but also
hepatitis B and hepatitis C. Needle sharing is the cause of one third of all new HIV-
infections and 50% of hepatitis C infections in North America, China, and Eastern Europe.
The risk of being infected with HIV from a single prick with a needle that has been used on
an HIV-infected person is thought to be about 1 in 150 (Table 1) [27].

Estimated infections per 10,000
Exposure route
exposures to an infected source
Blood transfusion 9,000
Childbirth 2,500
Needle-sharing injection drug use 67
Receptive anal intercorse* 50
Percutaneous needle stick 30
Receptive penile-vaginal intercourse* 10
Insertive anal intercourse™ 6.5
Insertive penile-vaginal intercourse™ 5
Receptive oral intercorse* 1§
Insertive oral intercourse™ 0.5§
* assuming no condom use
§ Source refers to oral intercourse performed on a man

Table 1. Estimated per act risk for acquisition of HIV by different exposure routes [27].



Post-exposure prophylaxis with anti-HIV drugs can further reduce that small risk. Health
care workers (nurses, laboratory workers, doctors etc) are also concerned, although more
rarely. This route can affect people who give and receive tattoos and piercings. Universal
precautions are frequently not followed in both sub-Saharan Africa and much of Asia
because of both a shortage of supplies and inadequate training. The World Health
Organization (WHO) estimates that approximately 2.5% of all HIV infections in sub-
Saharan Africa are transmitted through unsafe healthcare injections. Because of this, the
United Nations General Assembly, supported by universal medical opinion on the matter,
has urged the nations of the world to implement universal precautions to prevent HIV
transmission in health care settings [28].

The risk of transmitting HIV to blood transfusion recipients is extremely low in developed
countries where improved donor selection and HIV screening is performed. However,
according to the WHO, the overwhelming majority of the world's population does not have
access to safe blood and "between 5% and 10% of HIV infections worldwide are
transmitted through the transfusion of infected blood and blood products" [29].

The transmission of the virus from the mother to the child can occur in utero during the
last weeks of pregnancy and at childbirth. In the absence of treatment, the transmission rate
between the mother to the child during pregnancy, labor and delivery is 25%. However,
when the mother has access to antiretroviral therapy and gives birth by caesarean section,
the rate of transmission is just 1% [30]. A number of factors influence the risk of infection,
particularly the viral load of the mother at birth (the higher the load, the higher the risk).
Breastfeeding increases the risk of transmission by 10-15%. This risk depends on clinical
factors and may vary according to the pattern and duration of breast-feeding. Some recent
studies have shown that antiretroviral drugs, caesarean delivery and formula feeding
reduce the chance of transmission of HIV from mother to child [31]. Current
recommendations state that when replacement feeding is acceptable, feasible, affordable,
sustainable and safe, HIV-infected mothers should avoid breast-feeding their infant.
However, if this is not the case, exclusive breast-feeding is recommended during the first
months of life and discontinued as soon as possible [12]. In 2005, around 700,000 children
under 15 contracted HIV, mainly through MTCT, with 630,000 of these infections
occurring in Africa [32]. Of the estimated 2.3 million (1.7-3.5 million) children currently
living with HIV, 2 million (almost 90%) live in sub-Saharan Africa [12]. Prevention
strategies are well known in developed countries, however, recent epidemiological and

behavioral studies in Europe and North America have suggested that a substantial minority
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of young people continue to engage in high-risk practices and that despite HIV/AIDS
knowledge, young people underestimate their own risk of becoming infected with HIV
[33]. However, transmission of HIV between intravenous drug users has clearly decreased,

and HIV transmission by blood transfusion has become quite rare in developed countries.

1.1.3. Clinical features of HIV infection

HIV primarily infects vital cells in the human immune system such as helper T cells
(specifically CD4+ T cells), macrophages and dendritic cells. HIV infection leads to low
levels of CD4+ T cells through three main mechanisms: firstly, direct viral killing of
infected cells; secondly, increased rates of apoptosis in infected cells; and thirdly, killing of
infected CD4+ T cells by CDS cytotoxic lymphocytes that recognize infected cells. When
CDA4+ T cell numbers decline below a critical level, cell-mediated immunity is lost, and the
body becomes progressively more susceptible to opportunistic infections [34].

The clinical features of HIV infection vary depending on the stage of disease. In the acute
and early stages of the disease, symptoms resulting from immune hyperactivation
predominate; however, with the depletion of CD4+ T-cells that characterizes disease
progression, an evident cellular immunodeficiency and its many complications develop.
The CD4+ T-cell count is an excellent marker of the degree of immunodeficiency and
determines the immediate risk of opportunistic infections and other AIDS-related
complications [35]. The plasma viral load is the most valuable prognosticator of HIV
infection that is currently available, because it not only predicts disease progression
independent of the CD4+ T-cell count, but also predicts the trajectory of the CD4+ T-cell
count [36]. Although more than half of primary HIV infections are accompanied by
symptoms, most of these infections are not recognized in the acute setting. The differential
diagnosis of primary HIV infection is extremely broad, given the variable presentations
associated with the syndrome. Fever, rash, pharyngitis and lymphadenopathy are common
during HIV infection, as they are in many “flu-like” and “mononucleosis-like” illness [37].
Myalgias, arthralgias, diarrhea, nausea, vomiting, headache, hepatosplenomegaly, weight
loss, thrush and neurological symptoms also may occur. Among patients who present
symptoms during primary HIV infection, the mean duration of symptoms is 3 weeks [38].
The natural history of HIV infection includes a long period ( i.e., approximately 10 years)
of clinical latency between the time of primary infection and the development of symptoms
indicative of advanced immunodeficiency. Even during the period of clinical latency,

many patients experience fatigue as well as generalized lymphadenophaty. Syndromes
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indicative of depressed cell-mediated immunity in HIV infection that are not AIDS
defining generally begin to appear as the CD4+ T-cell count falls below 500 cells/pL.
Examples include oropharyngeal and recurrent vulvovaginal candidiasis, bacillary
angiomatosis, multidermatomal herpes zoster, listeriosis, pelvic inflammatory disease, oral
hairy leukoplakia associated with EBV, cervical dysplasia, unexplained fever or diarrhea
lasting more than 1 month, idiopathic thrombocytopenic purpura and peripheral
neuropathy [39].

As the CD4+ T-cell count decreases below the level of approximately 200 cells/uL, the
loss of integrity of cell-mediated immune responses allows ubiquitous environmental
organisms with limited virulence (e.g., Pneumocystis carinii and Mycobacterium avium) to
become life-threatening pathogens. HIV-associated diseases indicative of severe
impairment of cell-mediated immunity, but not included in the current case definition of
AIDS, include chronic microsporidiosis, gastrointestinal infection with Cyclospora
cayetanensis, disseminated Penicillium marneffei infection, cerebral or disseminated
Trypanosoma cruzi infection, relapsing or chronic visceral leishmaniasis, anal carcinoma,
EBV-positive cases of leiosarcoma, leiomyosarcoma and Hodgkin’s disease [40]. All of
these associated illnesses are now known to be caused by infection with or reactivation of
opportunistic organisms. In this regard, human papillomaviruses EBV and human
herpesvirus-8 appear to play causative roles in the AIDS-defining malignancies, cervical,
cancer, lymphomas and Kaposi’s sarcoma, respectively. The degree to which an infection
or reactivation syndrome can be considered opportunistic can be inferred by the CD4+ T-
cell counts at which it occurs [35]. The incidence of AIDS-defining illnesses in
industrialized nations has decreased sharply since 1996. In the USA, the AIDS mortality
rate decreased 68% between 1996 and 1999 [41]. These decreases in AIDS-associated
mortality can be attributed to a number of factors, including continued progress in
prophylaxis against opportunistic infections, improved access to health care and improved
antiretroviral therapies.

Several host and virologic factors determine the extremely variable rates of disease
progression that are observed among HIV-infected individuals. A small percentage of
HIV-infected individuals experience no evidence of disease progression over a prolonged
period. Although a minority of cases of long-term non-progressive HIV infection may be
associated with attenuated strains of HIV [42], most data suggest that viral attenuation is
rare among long-term non-progressors, and that host factors play a crucial role in

determining the state of non-progression [43].
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Host genetic factors strongly influence the rate of disease progression in HIV infection;
genetic polymorphisms in the HIV coreceptors and their ligands may also significantly
affect the course of the progression [44]. Genetic polymorphisms in the chemokine-
chemokine receptor axis genes represent only one of a number of possible mechanisms
responsible for resistance to HIV infection or delayed disease progression [45].

Also quantitative as well as qualitative aspects of the host immune response that is
mobilized against HIV are important determinants of the rate of disease progression as
well [46].

At last the morphologic abnormalities of lymphoid tissue associated with HIV disease

progression are important determinants of immunodeficiency [47].

1.1.4. Organization of viral genome

The genome and proteins of HIV have been the subject of extensive research since the
discovery of the virus in 1983. The new and unusual syndrome was characterized by
generalized lymphadenopathy and opportunistic infections, with a marked depletion of the
CD4+ T-lymphocyte subset in the peripheral blood. The disease was first brought to the
attention of the general medical community in June 1981, when the Centers for Disease
Control described five California men with severe immunodeficiency in the Morbidity and
Mortality Weekly Report [48]. This notification was followed by several reports describing
male homosexual and intravenous drug users with impaired immune systems and T-
lymphocytes that responded poorly to antigen and mitogen stimulation in functional
assays. Within several months, it became clear that a similar immunodeficiency disease
was also affecting other groups, including hemophiliacs, blood transfusion recipients,
sexual partners and/or children of different risk groups, and that the new disease was
transmitted by a novel pathogen in contaminated blood or following sexual intercourse
with an affected individual. In 1983, scientists at the Pasteur Institute recovered an agent
from the lymph nodes of an asymptomatic individual who presented a generalized
lymphadenopathy of unknown origin [49].

The new retrovirus, associated with AIDS in the USA, Europe and central Africa and
exhibiting morphologic and genetic characteristics typical of the Lentivirus genus, was
named human immunodeficiency virus, or HIV [50] (and subsequently HIV-1). In 1986, a
related, but immunologically distinct and less pathogenic human retrovirus (now called
HIV-2), was recovered from individuals residing in several west African countries such as

Senegal, Ivory, Coast and Guinea-Bissau [51].

13



One of the first features the Pasteur Institute group noted about HIV-1 was its particle-
associated reverse transcriptase, a property that placed the new agent in the retrovirus
family. This was consistent with EM analyses of particles released from infected cell
cultures, which revealed 100- to 120-pum enveloped virions, similar in size and morphology
to other retroviruses. The mature HIV-1 particles contained a cone-shaped cylindrical core
or nucleoid reminiscent similar to that of visna virus [52]. The cloning and sequencing of
proviral DNA indicated that HIV-1 not only possessed a genomic organization related to
other replication-competent retroviruses, but placed it, taxonomically, in the Lentivirus
genus [53]. As their name suggests, Lentiviruses were known to cause slow, unremitting
disease in sheep, horses and cattle, and to target various lineages of hematopoietic cells,
particularly lymphocytes and differentiated macrophages. It was originally thought that
HIV-1, like other replication competent retroviruses, would be genetically homogeneous.
However, as proviral DNAs corresponding to HIV-1 isolates from Europe, North America
and Africa became available and were compared, their extensive genetic heterogeneity
became apparent [54]. No two HIV-1 isolates were identical. When subjected to nucleotide
sequence analysis, even HIV-1 samples recovered from a single individual exhibited
significant heterology [55]. The term quasi-species was subsequently coined to describe
the heterogeneous and changing population of virus present in an HIV-1 infected
individual [56]. Distinct genetic subtypes or clades of HIV-1 were consequently defined
and classified into three groups: M (major), O (outlier) and N (non-M or O). The M group
of HIV-1, which includes over 95% of the global virus isolates, consists of at least eight
discrete clades (A, B, C, D, E, F, G, H, and J), based on the sequence of complete viral
genome [57]. Members of HIV-1 group O have been recovered from individuals living in
Cameroon, Gabon and Equatorial Guinea; their genomes share less than 50% identity in
nucleotide sequence with group M viruses [58]. The more recently discovered group N
HIV-1 strains have been identified in infected Cameroonians, fail to react serologically in
standard whole-virus enzyme-linked immunosorbent assay (ELISA) [59].

HIV is different in structure from other retroviruses. It is around 120 nm in diameter (120
billionths of a meter; around 60 times smaller than a red blood cell) and roughly spherical.
HIV-1 is composed of two copies of single-stranded RNA enclosed by a conical capsid
comprising the viral protein p24, typical of Lentiviruses. The RNA component is 9749
nucleotides long. This is in turn surrounded by a plasma membrane of host-cell origin. The
single-strand RNA is tightly bound to the nucleocapsid proteins, p7 and enzymes that are

indispensable for the development of the virion, such as reverse transcriptase and integrase.
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The nucleocapsid (p7 and p6) associates with the genomic RNA (one molecule per
hexamer) and protects the RNA from digestion by nucleases. A matrix composed of an
association of the viral protein pl7 surrounds the capsid, ensuring the integrity of the
virion particle. Also enclosed within the virion particle are Vif, Vpr, Nef, p7 and viral
protease. The envelope is formed when the capsid buds from the host cell, taking some of

the host-cell membrane with it. The envelope includes the glycoproteins gp120 and gp41
(figure 2).
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Figure 2. HIV-1 structure. In this figure are represented the viral envelope with its transmembrane
and fusion glycoproteins (gp120 and gp41), the matrix (p17) and the core (p24) proteins, the viral
nucleic acid (RNA) and the enzymes involved in different cleavage events (PR) and in reverse
transcription step (RT) [60].

HIV has several major genes coding for structural proteins that are found in all
retroviruses, and several nonstructural ("accessory") genes that are unique to HIV. The
Gag gene provides the basic physical infrastructure of the virus, and Pol provides the basic
mechanism by which retroviruses reproduce, while the others help HIV to enter the host
cell and enhance its reproduction. Though they may be altered by mutation, all of these
genes except Tev exist in all known variants of HIV (figure 3) [61].

Gag (for “Group-specific Antigen”): encodes for p24, the viral capsid, p6 and p7, the

nucleocapsid proteins, and p17, a matrix protein.
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Pol: encodes for the specific viral enzymes, reverse transcriptase, integrase, and protease.
The last one cleaves the proteins derived from Gag and Pol into functional proteins.

Env (for "Envelope"): encodes for the polyproteic precursor gpl60, that, after
glycosylation, is cleaved into gp120 and gp41, proteins embedded in the viral envelope
which enable the virus to attach to and fuse with target cells.

Tat (for “Transactivation gene”): after its synthesis, it enters in the cellular nucleus and
acts as transactivating factor of proviral genome transcription linking the Tar sequence of
the originating mRNAs.

Rev (for “Regulatory of Virus Gene”): regulates the sequence in the production of
specific-virus RNAs, protecting them from splicing process.

Nef (for “Negative Factor Gene”): through its binding to CD4 and HLA-I molecules, it
facilitates their translocation and degradation.

Vif (for “Viral Infectivity Factor Gene”): is important during the core assemblage and
enhances viral infectivity.

Vpr (for “Viral Protein R Gene”): favors the intranuclear shift of the viral nucleoproteic
complex for the subsequent integration of the provirus in cellular genome.

Vpu (for “Virus Protein U”): through its binding to CD4 molecules, it facilitates the
translocation of the product of Env gene towards the cellular membrane.

Tev: this gene is only present in few HIV-1 isolates. It results from the fusion of parts of
Tat, Env, and Rev genes, and it encodes for a protein with some of the properties of Tat,

but little or none of the properties of Rev.
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Figure 3. HIV-1 encoded proteins. The location of the HIV-1 genes, the relative positions and the
processed mature viral proteins are indicated [62].
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The HIV-1 genome is unique in having a novel central polypurine tract (PPT) in addition
to a traditional U3-proximal PPT, both of which are used for the synthesis of plus-strand
viral DNA [63]. The viral RNA folds into two additional complex structures (TAR and
RRE), which are involved in RNA synthesis and transport, respectively. The TAR has also

been reported to be required for the efficient initiation of reverse transcription [64].

1.1.5. The HIV-1 replication cycle

The main cellular targets for HIV-1 are the CD4+ T-helper/inducer subset of lymphocytes,
CD4+ cells of macrophage lineage and some populations of dendritic cells.

The HIV-1 replicative cycle begins with adsorption of virus particles to CD4 molecules on
the surface of susceptible cells (figure 4). While binding of virions to CD4 is essential for
HIV infectivity, their subsequent interaction with a coreceptor, one of which are now
known to be the seven membrane-spanning CC or CXC families of chemokine receptors, is
required for membrane fusion and entry [65; 66]. Although multiple chemokine receptors
exhibit activity in fusion/entry assays with HIV-1 gp120, the two most important are
CXCR4 and CCRS.

Unlike other enveloped viruses, which use receptor-mediated endocytosis to enter cells,
HIV-1 and most other retroviruses directly fuse with the plasma membrane of a susceptible
cell. Following entry, subviral particles are partially uncoated in the cytoplasm and initiate
the reverse transcription of their viral RNA genomes. The partially double-stranded DNA
reverse transcription product is transported through the cytoplasm and into the nucleus as a
component of a nucleoprotein-preintegration complex (PIC) containing a subset of the Gag
and Pol proteins [67; 68]. This process very likely depends on host factors that actively
transport the PICs from the plasma membrane to the nuclear pore. These “early” steps in
the retrovirus replication cycle require the participation of multiple cellular factors for their
successful completion. Following the import of the PIC into the nucleus, full length linear
copies of the reverse transcript are integrated into the chromosomal DNA of the infected
cell, a step required for the efficient viral RNA synthesis and infectious particle production
[69]. The Lentiviruses are unique among Retroviruses in generating PICs that are actively
transported by the nuclear import machinery into the interphase nucleus of non-dividing
cells arrested in the G; phase of the cell cycle. In activated T lymphocytes, integrated
copies of HIV DNA serve as templates for RNA polymerase II (Pol II)-directed viral RNA
synthesis. The coordinated interaction of the HIV-encoded Tat protein and some cellular

transcriptional transactivator proteins with the Pol II transcriptional apparatus ensures the
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production of high levels of viral RNA. Unspliced or partially spliced HIV transcripts are
exported from the nucleus to the cytoplasm by a unique transport mechanism mediated by
the shuttling virus-encoded Rev protein. The subsequent translation of the gpl160 Env
precursor occurs in the endoplasmic reticulum, while the Gag and Gag-Pol polyproteins
are synthesized on free cytoplasmic ribosomes and transported to the plasma membrane.
The Gag and Gag-Pol polyproteins, in association with dimer of genomic RNA, condense
at the plasma membrane to form an electron dense “bud”, that gives rise to a spherical
immature particle containing the mature gp41 transmembrane and the gpl20 surface
envelope glycoproteins. The proteolytic process carried out by the HIV PR during or

immediately after particle release generates the cone-shaped nucleoid characteristic of

mature HIV virions.
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Figure 4. The HIV-1 replication cycle [70].
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1.2 The reverse transcriptase (RT)

Retroviral replication requires the conversion of single-stranded genomic RNA into double-
stranded proviral DNA that is later integrated into the host chromosome. Such a process is a
central step in the life cycle of HIV-1 and is mediated by the virus encoded reverse
transcriptase (RT). HIV-1 RT is a multifunctional enzyme that possesses RNA-dependent and
DNA-dependent DNA polymerase activities as well as an RNase H activity that specifically
degrades the RNA strand of RNA/DNA hybrids [71]. Its structure is a heterodimer consisting
of two subunits, termed p66 and p51. Based on its crystal structure, the enzyme has been
divided into several regions, as shown in figure 5. These include fingers, thumb, palm and
connection subdomains, that are present in both p66 and p51, as well as the RNase H domain,

found at the carboxy-terminus of p66 [72].

p51

thumb

Figure 5. Structure of HIV-1 reverse transcriptase. The p66 and p51 subunits are showed in cyan and pink,
respectively; the four subdomains palm, thumb, fingers and connection and the RNase H domain are colored in
purple, green, blue, gold and red, respectively [73].

The larger subunit p66 contains both polymerase and RNase H activities, while the smaller
subunit p51 lacks these functions, in context of the heterodimer [74]. However, both the p66
and p51 monomers are functionally inactive when dissociated from each other. Despite the

evidence that p5S1 shares an identical amino acid sequence with the N-terminal portion of p66,
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the two subunits assume different global folding patterns in the formation of the asymmetric
dimer. Structural determination through X-ray crystallography has revealed that the p66
subunit of HIV-1 RT has its polymerase domain in an “open” conformation, with its
subdomains forming a large cleft which well accommodates DNA. In contrast, the p51
subunit assumes a compact folded conformation that causes the active site residues in this
subunit to be buried and therefore non-functional. The two subunits interact mainly via their
connection subdomains; additional contacts between the thumb subdomain of p51 and RNase
H subdomain of p66 are also crucial [75]. The RNase H domain of HIV-1 RT has been
crystallized in free form and has a structure that is similar to that of E. Coli RNase H [72].
However the isolated form of RNase H is not active; restoration of its activity requires the
presence of p51, indicating that additional RT residues contribute to RNase function. In fact,
subunit-selective amino acid substitutions demonstrated that residues located in the thumb of

p51 and p66 are important for RNase H cleavage [76].

1.2.1. RT polymerase site

All DNA polymerases, including RT, have an absolute requirement for the 3'-OH group of
primers during DNA polymerization. The DNA duplex binds along a groove, about 60 A in
length, stretching from the polymerase active site to the RNase H active site (figure 6).

Fingers
Figure 6. The structure of the calytic site of HIV-1 RT. The p51 subunit is shown in grey, while in p66 the

thumb subdomain is represented in orange, palm in yellow, fingers in red, connection in cyan and RNase H
domain is shown in blue [77].
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The DNA has an A-like structure in the region of the polymerase active site, but between base
pair n-5 (the site of the covalent cross-link to the thumb) and n-11 (figure 7), the structure
becomes gradually more B-like, but the major groove remains unusually deep for B DNA and
the base pairs retain some tilt with respect to the helix axis. The 5'-template overhang bends
away from the duplex and extends across the face of the fingers subdomain. The DNA duplex
contacts mainly the p66 subunit of the RT heterodimer; the only direct interactions with bases
occur in the minor groove. There are van der Waals contacts with Pro157 and Met184 and

with 11e94, and hydrogen bonds with Tyr183 [77].
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Figure 7. Interactions between RT and its substrates. Assigned hydrogen bonds are showed as solid red lines;
other interactions are dashed black lines. Main-chain contacts are abbreviated “mc”. Asterisks indicate the
position of the disulfide cross-link. The numbering scheme for the template-primer is shown along the sugar
phosphate backbone. The base pair containing the 39-primer terminus is labeled n. Bases in the 59-template
extension are numbered nl1 to n13, where nl1 is the templating nucleotide. Base pairs in the duplex are
numbered from n to n-20, and there is a single-base overhang at n-21 at the 39 end of the template strand [77].
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The catalytic triad Asp110, Asp185 and Asp186 is located near to the 3’ primer terminus. The
side chains of these residues are carboxy groups able to induce the DNA nucleophilic attack
during the polymerization step.

Between nucleotides n and n-3, the sugar-phosphate backbone of the template strand contacts
residues in the fingers and palm through van der Waals interactions. Between nucleotides n-1
and n-4 of the primer strand and n-5 and n-8 of the template strand, the minor groove faces
the thumb. The primer strand contacts the loop between palm and thumb (Met230 and
Gly231: the “primer grip” ), and both strands interact with residues in helices H and I (figure
8).

Figure 8. “Helix clamp” area constituted by the two antiparallel helices, aH (residues 253-270) and al (residues
277-287) [77].

Near the RNase H active site, the position of the template backbone appears to be close to the
expected catalytic configuration for an RNA strand, even though a DNA duplex is not the
correct substrate for the ribonuclease activity. In particular, there is a Mg ion bound by
Asp443, Asp549, and phosphate n-17, which lies between GIn478 and His539, essential for
activity in homologous enzymes. Also Arg448 inserts into the minor groove in the same
region. Binding of the template-primer and ANTP induces significant conformational changes
in parts of p66. The outer part of the fingers domain shifts significantly with respect to its
base, bringing the “fingertips” closer to the palm. The palm moves slightly toward the core
and the tyrosines 181 and 188, which rotate in response to NNRTI binding, present
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unperturbed conformations with respect to the unbound RT. The closure of the outer part of
fingers subdomain causes a distortion of the hydrophobic core, allowing some residues to
contact with the incoming nucleoside triphosphate (dANTP). Its triphosphate moiety is
coordinated by Lys65, Arg72, main-chain-NH groups of residues 113 and 114 and two metal
ions (Mg). The guanidinium group of Arg72, which lies flat against the INTP base, gives
hydrogen bonds to the a-phosphate and the e-amino group of Lys 65 donates hydrogen bonds
to the y-phosphate. Both of these side chains move into position as a result of the fingers
closure. The 3'-OH of the dTTP projects into a small pocket lined by the side chains of
Aspl13, Tyrl15, Phell6 and GInl51, and the peptide backbone between 113 and 115;
moreover it accepts a hydrogen bond from the main-chain-NH of Tyr115 (figure 9) [77].

+1

n Template

M184

Figure 9. Stereo view of polymerase active site. Template, primer strand and dTTP are shown in light green,
dark green and gold, respectively; Mg ions are represented as yellow spheres; H-bonds and metal ligand
interactions are indicated with dashed lines [77].

Part of the catalytic site, the YMMD motif (Tyr183-Asp186) result crucial in polymerase
activity, as well as the single substitution Met184Pro is related to a drastic decrease of viral
replication.

Several mutagenesis studies showed that some residues of the primer grip region (residues
226-235) have a pivotal role both in catalytic activity and in heterodimer association [78].
Analyzing the RT conformation in presence of the primer, Trp266 was found to be essential

in the interactions with the nucleic acid. In fact the mutation Trp266Glu causes a repulsion
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with the phosphate of the nucleic acid due to the negative charge present on the glutamate
side chain.

Even if it is not directly involved in catalytic activity, p5S1 subunit resulted crucial in dimer
stabilization and RT functions. Its thumb subdomain is responsible to guarantee RT activities
through fundamental interactions with the RNAse H domain (figure 10). Site-directed
mutagenesis analysis confirmed such a data, showing that Asn255Asp, Asn265Asp and
Cys280Ser mutations are related to an incorrect polymerization process, a reduced DNA

affinity and a decreased RNase H activity, respectively [79].
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Figure 10. Diagram of the structure of HIV-1 RT in complex with an RNA-DNA template-primer. The figure
shows the portion of the structure near the RNase H active site; the contacts between the nucleic acid and the
RNase H domain and the connection domain are indicated. The RNA template strand is shown in turquoise; the
DNA primer strand is shown in purple. The scissile phosphate is designated with a green arrow pointing to the
phosphate. The RNase H domain is represented in orange; the connection subdomain is shown in yellow, while
the thumb in green. The p51 subunit is in gray. Amino acids in the p51 subunit that contact the nucleic acids are
marked with an asterisk next to the position number. Amino acids contacting the nucleic acid are labeled.
Contacts between individual amino acids and the nucleic acid are shown in red. The RNA strand is numbered
relative to the site of cleavage [79].
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1.2.2. Heterodimer interface area

The RT heterodimer represents the biologically relevant form of the enzyme; the monomeric
subunits show only low catalytic activity. Structural analysis reveals three major contacts
between p66 and pS1 subunits, with most of the interactions surfaces being largely
hydrophobic [80]. The three contacts comprise an extensive dimer interface that includes the
fingers subdomain of p51 with the pa/m of p66, the connection subdomains of both subunits
and the thumb subdomain of p5S1 with the RNase H domain of p66.

Two highly conserved residues of the fingers subdomain of p51, Trp24 and Phe61, strictly
interact with several amino acids of the connection subdomain, including Glu399, Trp402,
Thr403, Trp406 and Trp410 (figure 11). Even if they are not located at the interface region,
the specific mutagenesis of both residues of p5S1 subunit dramatically reduces the interactions

between p51 and p66 subunits, decreasing the heterodimer stability [81].

Figure 11. Representation of the most important residues of both RT subunits involved in the interface
interactions stabilizing the heterodimer enzyme [81].

-

The mutations Trp402Arg and Trp406Arg, located in the connection subdomain that contacts
the p51 connection domain in the heterodimer, were found to reduce RT stability. In fact the
appearance of a basic residue in both codons 402 and 406 suggests a charge interaction with
an acid residue in p51 or, alternatively, an increase in electrostatic potential between the

surfaces at the connection domain interface [81].
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Another critical region resulted essential for RT proper dimerization contains a leucine hepta-
repeat motif from leucine 282 to leucine 310 [82]. This area showed an important role in
protein-protein interactions required for dimerization [83]. After site-directed mutagenesis of
these leucine residues, L289K of p66 resulted unable to dimerize with itself and wild-type or
L289K of p51.

Also the Leu234Ala substitution was found to inhibit RT dimerization due to the capability of
this residue, not placed at the dimer interface, to indirectly affect contacts between Pro95 in
the palm of p66 with residues in the B7-B8 loop of p51.

The loop between B-strands 7 and 8 in HIV-1 RT is highly conserved in amino acid sequence.
This sequence, SINNET (residues 134-139), is relatively conserved in drug-naive HIV-1
clones/isolates with the exception of Ile135, which is sometimes substituted by threonine or
valine.

Some structural analysis indicated that the Asn136 residue in p51 is placed centrally in the
B7-B8 loop at the p5S1-p66 dimer interface. There appears to be a key inter-subunit contact
between the side-chain of Asn136 in p51 and the backbone of residues Pro95 and His96 at the
carboxy-terminal end of the B5-strand in p66, which is consistently at a distance of less than
3.0 A (figure 12). In several structures, the prolyl ring and backbone of Pro95 are close
enough (3.9 A on average) to interact with the side-chain of Trp229 in the polymerase primer

grip [84].
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Figure 12. Detail of the HIV-1 RT subunit interface showing as sticks the side chains of Asn137 and Pro140 in
the B7-B8 loop of p5S1 (pink ribbon) and of Pro95 in the p66 subunit (cyan ribbon). Carbon atoms of the DNA
template-primer are colored grey whereas those of the incoming nucleotide triphosphate are colored yellow [84].

Alanine substitution of Asnl136 in the f7—38 loop of p5S1 destabilized the heterodimeric RT,
rendering it sensitive to degradation by the viral PR, and significantly reduced viral infectivity
[81]. Also the mutations of four amino acids on the B7-B8 loop with alanine reduced the DNA
binding ability of the enzyme and similar results were obtained when four amino acids were

deleted from the loop [85].

1.2.3. NNRTI binding pocket region

The polymerase activity of the catalytic triad can be considerably influenced by
conformational changes occurring in an allosteric site known as NNRTI binding pocket
(NNRTI-BP). The NNRTI-BP is situated between the f6-f10-f9 and p12-f13-B14 sheets in
the palm subdomain of the p66 subunit, approximately 10A from the RT DNA polymerase
aspartic acid catalytic triad [86]. The NNRTI-BP is predominantly hydrophobic in nature with
substantial aromatic character (Tyrl181, Tyr188, Phe227, Trp229, and Tyr232), but also
contains several hydrophilic residues (Lys101, Lys103, Ser105, Asp192, and Glu224 of the
p66 subunit and Glul38 of the B7-B8 loop of the pS1 subunit). A probable solvent accessible
entrance to the NNRTI-BP is located at the p66/p51 heterodimer interface, ringed by residues
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Leul00, Lys101, Lys103, Vall79, and Tyrl81 of the p66 subunit and Glul38 of the p51
subunit (figure 13) [86].

B10
B9

Figure 13. The NNRTI-BP of wild-type RT in the unbound conformation [87].

Interestingly, in the absence of ligand, the side chains of Tyr181 and Tyr188 of p66 point into
the hydrophobic core and, as a consequence, the NNRTI-BP does not exist in the free enzyme
[88]. Instead, a surface depression is present at a location which is equivalent to the putative
entrance of the pocket. NNRTI-binding to HIV-1 RT causes the side chains of both Tyr181
and Tyr188 to rotate away from their positions in the hydrophobic core thereby creating a
space to accommodate the ligand [88]. The major difference in the location of the secondary
structural elements that form the pocket between the structures of HIV-1 RT with and without
NNRTI is a differential twisting (about 30°) of the f12-B13-f14 sheet, which results in an
expansion of the NNRTI-BP, as reported in figure 14.

Figure 14. Closed (left) and open (right) NNRTI-BP conformations. The p66 and p51 subunits are shown as
cartoons and colored in cyan and magenta, respectively [88].
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Comparison of the available structures of HIV-1 RT indicates that the binding of an NNRTI
causes both short-range and long-range distortions of the HIV-1 RT structure. The short-range
distortions include the conformational changes of the amino acids and/or structural elements
that form the NNRTI-BP, such as the re-orientation of the side chains of Y181 and Y 188, and
the displacement of the B12-B13-B14 sheet. The long-range distortions involve a hinge-
bending movement of the p66 thumb subdomain that results in the displacements of the p66
connection, the RNase H domain, and the p51 subunit relative to the polymerase active site
[86].

An interesting aspect of the NNRTI-BP is that it is situated close to the subunit-subunit
interface, and the entrance of the pocket is composed of residues from the p66 (Leul0O0,
Lys101, Lys103, Vall79 and Tyr181) and p51 (Glul38) subunits that also form part of the
RT dimer interface.

Several studies have evaluated the ability of NNRTI to impact on the dimeric structure of
HIV-1 RT and surprising results have been obtained in this regard [89].

K103N is a clinically relevant mutation that hampers the binding of and confers resistance to
many classes of structurally diverse NNRTIs inhibitors. Some crystallographic studies with
the K103N mutant enzyme have revealed a notable absence of specific interactions involving
the Asnl03 side chain. In the presence of the K103N mutation, the formation of a good
hydrogen bond between the phenol oxygen of Tyr188 and the side-chain carboxamide of
Asnl03 was early suggested to hamper the rotation of the tyrosines toward the polymerase
active site, thereby increasing the stabilization of the closed-pocket form of this mutant

enzyme [90].
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1.3. The protease (PR)

Several studies demonstrated that the processing function is provided by a viral rather a
cellular enzyme, and that proteolytic digestion of the Gag and Gag-Pol precursors is essential
for virus infectivity [91]. Sequence analysis of retroviral PRs indicated that they are related to
cellular “aspartic” proteases such as pepsin and rennin. Like these cellular enzymes, retroviral
PRs use two apposed Asp residues at the active site to coordinate a water molecule that
catalyzes the hydrolysis of a peptide bond in the target protein.

HIV-1 PR is a homodimer in which each monomer contains 99 amino acid residues. X-ray
crystallographic data from HIV-1 PR [92] indicate that two monomers are held together in
part by a four-stranded antiparallel B-sheet derived from both N- and C-terminal ends of each
monomers and the C-terminus of the first monomer and the N-terminus of the second one are

separated by less than 5 A (figure 14).

Figure 14. Tridimensional structure of HIV-1 protease. The two monomers are represented as cartoon and
colored in green and cyan [Artese et al., unpublished data].

The substrate binding site is located within a cleft formed between the two monomers. Like
their cellular homologs, the HIV-1 PR dimer contains flexible “flaps” that overhang the
binding site and may stabilize the substrate within the cleft; the active site Asp residues lie in
the center of the dimer.

The first cleavage events catalyzed by retroviral PRs during or immediately after virion

release from the cell serve to liberate PR from the Gag-Pol precursors. It is still unclear
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whether this initial cleavage event takes place in cis (intramolecularly) or in trans
(intermolecularly); in either case, following the release of PR, the dimeric enzyme cleaves a
number of sites in both Gag and Gag-Pol. These cleavage events lead to obtain functional
proteins essential for maturation of infectious HIV particles. Inactivation of this enzyme
causes the production of immature, noninfectious viral particles and hence blocks further HIV

infection [92].

1.3.1. PR active site

As a member of the aspartyl protease family, the HIV-1 PR is composed of conserved
residues, the so-called binding triads: D25(D25")-T26(T26')-G27(G27"), of which D25 and
D25" are known to be active residues [93]. The active cylindrical site presents a length of 23
A and a diameter of 6-8 A. Through interaction with this site, an inhibitor competes for
binding with a normal substrate.

Residues 1-27 and 60-99 in each monomer form the region known as “core”, while residues
28-59 constitute the “flap” region, a flexible area shown to be pivotal for PR activity.

Crystal structures of a functional HIV-1 PR tethered dimer (PDB codes 1LV1 and 1G6L)
showed that the two flaps are in “closed conformation” even when no ligands are bound in the
active-site cavity. HIV-1 PR catalyses the peptide hydrolysis reaction through nucleophilic
attack by a water molecule on the carbonyl carbon of the scissile peptide bond [94]. This
water molecule is believed to be the one that is hydrogen-bonded to both of the catalytic
aspartates in the unliganded enzyme structure. When the substrate peptide moves into the
active site of the enzyme and is oriented suitably, the water molecule attacks the carbon atom
of the scissile peptide bond. The carbon atom then becomes tetravalent, with two oxygens
attached to it.

This leads to a highly strained structure. When the entire substrate is enveloped by the
enzyme, as is the case here, such a strained substrate structure would be stabilized by many
different interactions with the enzyme. Stabilization of such a reaction intermediate by the
enzyme is the key to rate enhancement in a catalytic reaction [95]. The dynamics of the flaps
are very important for the functioning of this enzyme [96]. However, the flap dynamics
(flexibility) are lost in the present hexagonal crystal, where flaps from symmetry-related
molecules are in van der Waals contact. In the crystal structures of complexes between
substrate oligopeptides and the inactive mutant D25N HIV-1 protease, the substrate is
retained as a regular peptide [97]. It may be seen that the major change is in the orientation of

the scissile amide proton relative to the catalytic aspartates. There is a strong hydrogen bond
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between the scissile nitrogen atom and the outer oxygen of one of the aspartates (O. . . N
distance 2.80 and 2.90 A); this change is caused largely by the decrease in the torsion angle
about the scissile C—N bond (figure 15).
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Figure 15. Hydrogen-bonding interactions at the catalytic site [98].

Special attention was given to the protonation state of Asp25 and Asp25’ in the active site
because they occur in three possible states (diprotonated, monoprotonated, and deprotonated)
depending on the inhibitor bound. So protonation of D25/D25" was assigned into six different
ionizable states, including unprotonation, four monoprotonated states for D25" or D25, and
diprotonation. The two Asp25 residues in protease can adopt two possible configurations,
labeled as “up” and “down” based on the position of proton on OD1 oxygen or OD2 oxygen
atom of D25 or D25'.

Based on the distance criteria alone, there are two strong hydrogen bonds involving catalytic
aspartates: (a) between the Ol atom of the tetrahedral intermediate and the outer oxygen atom

(OD1) of one of the catalytic aspartates (distance 2.5 A), and (b) between the substrate

nitrogen and the outer oxygen (OD1%) of the second catalytic aspartate (distance 2.8 A). In

contrast, in the inactive enzyme complex, there is only one hydrogen bond at the catalytic
centre, and that is between the scissile carbonyl oxygen and the outer carboxyl oxygen of the

catalytic aspartate. One water molecule in the active site, popularly known as the flap water,
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links the reaction intermediate to the protein through four hydrogen bonds, two to the flap
amide groups of Ile-50 and Ile-1050, and two to the CO groups of residues P2 and P1’ from

the reaction intermediate (figure 16) [98].

Figure 16. Hydrogen-bonding interactions between main-chain atoms of the substrate and the PR molecule

[98].

The NH groups of the residues at positions P3 and P4’ are hydrogen bonded to water
molecules, which in turn are hydrogen-bonded to the carboxy oxygen atom of side-chain Asp-
29/1029 from the enzyme.

Several residues contribute to the PR active site: Arg8, Leu23, Asp25-Thr-Gly-Ala-Asp-
Asp30, Val32, Ile47-Gly-Gly-1le50, Phe53, Thr80-Pro-Val82 and Ile84. Within such a pocket
a wide distribution of positive and negative charges is localized and different hydrophobic
elements are present. Crystallographic data showed that these residues are involved in van der
Waals interactions with the substrate, forming the binding site. Many residues are able to
create more than a single sub-site; some are involved only in contacts with the longest side
chains of the substrate at specific positions. The bulky aromatic side chains of Tyr or Phe
placed at P1 or P1’ are introduced between the PR side chains of Pro81 and Val82, while the
side chain of Phe at P3 is located between PR residues Pro81’ and Phe53.

The importance of the Asp25 residue for PR function was confirmed in studies showing that it
is required for catalytic activity and viral infectivity [99]. Subsequent studies showed that co-

expression of the wild-type proviral DNA with increasing amounts of the mutant proviral
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DNA bearing the D25N mutation results in a concomitant decrease in the proteolytic activity
monitored by in vivo viral polyprotein processing [100]. This suggested that the PR domain
bearing the D25N mutation is capable of adopting a native-like fold to sequester the wild-type
PR via heterodimer formation and is related to a drastic decrease in PR inhibitors binding
affinity.

More than 20 mutations, located in the active site, the flap region, dimerization interface, and
double-strand B-sheet, have been identified in clinical and in vitro isolates exposed to PR
inhibitors [101]. Among all these mutations, the mutations of six residues can confer
resistance to almost all protease drugs, including L10, M46, 154, V82, 184, and L90, which
are located in different regions of protease, including the active site (V82 and 184), the flap
region (M46 and 154), and the dimerization interface (L10 and L90) [102]. The mutations of
V82 and 184 in the active site have more significant effect on the binding affinities than the
other four residues [103]. The double mutation of V82 and 184 impair affinities of all
available drugs significantly. For example, the V82F/I84V double mutant has a 700-fold
increase in Kj for ritonavir, 100-fold increase in K; for amprenavir, a 79-fold increase in K; for

indinavir, 86-fold increase in K; for nelfinavir, and 19-fold increase in K; for saquinavir [ 104].

1.3.2. Heterodimer interface area

The dimer of PR is maintained by interactions between the two subunits, including the
terminal residues (1-4 and 96-99), the tips of the flaps (50, 51), Asp29, Arg87 and Arg8' and
residues in and surrounding the active site (residues 24-27) [105].

Upon its intramolecular maturation at its N terminus, the protease forms a stable dimer
concomitant with the formation of the terminal B-sheet structure and a very low equilibrium
dimer dissociation constant (K4 < 10 nM) [106]. Some CH-r interactions stabilizing the two
subunits at the termini are essential for PR dimer stability. Moreover the hydroxyl oxygen of
Thr26 and the carbonyl of Leu24 form a hydrogen bond that is critical for dimerization (inter-
oxygen distance equal to 2.7 A) [107], while the distance between NH, and OD, of Arg8 and
Asp29’ must be equal to 2.8 A.

NMR studies of the inhibitor-free PR and PRD25N suggest that the principal difference
between these two proteins resides in the P1 loop and flap regions, which are known to be
relatively mobile. These results indicate that the active site Asp residues make a large and
specific contribution to the stabilization of the monomer fold and dimerization. Other PR
mutations related to a destabilizing dimer effect and to a reduced sensitivity to the current PR

inhibitors are: Arg8GIn, Leul0Arg, lle50Val and Leu90Met.

34



Arg8 results fundamental in the formation of the subsite S3 and S3’ and is involved in a ionic
interaction with the Asp at P3’. The mutant R8Q is not allowed to establish this interaction
and causes a reduction in the viral growth.

The L10R substitution is identified as being strongly associated with indinavir resistance in
clinical isolates due to the loss of hydrophobic interactions [108].

I1e50 is located in the flap region of HIV-1 PR. The conserved sequence domain of the flap
begins at position 47 of the HIV-1 sequence and extends through the glycine at position 52.
Sequences between these points align in length and in a pattern: aliphatic-Xaa-Gly aliphatic-
small-Gly. In the HIV-1 PR, these residues combine to give a short stretch of B-sheet
followed by a turn that ends with the conserved glycine at position 52.

I1e50 can participate in both the S1/S1’ and S2/S2’ subsites, although in an asymmetric way.
The o carbon can be involved in hydrophobic packing within the flap or extend out toward
solvent, with the y carbons making contacts with bound inhibitors in either orientation. Thus,
while a valine substitution would reduce some of the internal packing, it would not preclude
continued interaction with substrate, consistent with the near wild-type level of activity that
was observed with the Ile50Val mutant. However, the loss of the internal packing of the d
carbon may provide more flexibility to the remaining atoms of the side chain. This
explanation could account for the appearance of Ile50Val as a substitution associated with at
least partial resistance to some PR inhibitors [109].

The single mutation L90M, usually associated to saquinavir treatment, exhibits the
impairment in viral fitness and a less processing in vitro with respect to wild-type PR and

causes also a significant decrease in replicative capacity [110].

1.4. The glycoproteins of HIV-1 envelope: gp41 and gpl20
The HIV Env glycoproteins play a major role in the virus life cycle. They contain the

determinants that interact with the CD4 receptor and coreceptor, and they catalyze the fusion
reaction between the lipid bilayer of the viral envelope and the host cell plasma membrane. In
addition, the HIV Env glycoproteins contain epitopes that elicit immune responses that are
important from both diagnostic and vaccine development perspectives.

The HIV Env glycoprotein is synthesized from the single spliced Vpu/Env bicistronic mRNA;
translation occurs on ribosomes associated with the rough endoplasmic reticulum (ER). The
160-kd polyprotein precursor (gpl60) is an integral membrane protein anchored to cell

membranes by a hydrophobic stop-transfer signal in the domain destined to be mature
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transmembrane Env glycoprotein, gp41. The gp160 is cotranslationally glycosylated, rapidly
associates with the host chaperone BiP/GRP78, forms disulfide bonds and undergoes
oligomerization in the ER [111]. The gpl60 is transported to the Golgi, where is
proteolytically cleaved by cellular enzymes to the mature surface (SU) glycoprotein gp120
and transmembrane (TM) glycoprotein gp41 (figure 17).
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Figure 17. Linear representations of the HIV-1 Env gp160 glycoprotein and CD4 sequence [112].

The cellular enzyme responsible for cleavage of retroviral Env precursors following a highly
conserved Lys/Arg-X-Lys/Arg-Arg motif is furin or a furin-like protease, although other
enzymes may also catalyze gp160 processing. Cleavage of gp160 is required for Env-induced
fusion activity and virus infectivity [113]. Subsequent to gp160 cleavage, gp120 and gp41
form a non-covalent association that is critical for transport of the Env complex from the
Golgi to the cell surface. The HIV Env glycoprotein complex, in particular the SU (gp120)
domain, is very heavily glycosylated; approximately half the molecular mass of gp160 is
composed of oligosaccharide side chains. During transport of Env from its site of synthesis in
the ER to the plasma membrane, many of the side chains are modified by the addition of
complex sugars. Following its arrival at the cell surface, the gp120-gp41 complex is rapidly
internalized. Several studies have demonstrated that a Tyr-X-X-Leu sequence in the gp41
cytoplasmic tail is partially responsible for this rapid internalization.

The mechanism by which the Env glycoproteins are incorporated into budding virus particles
remains incompletely characterized. The Env glycoproteins are actively recruited into virions
via direct interactions between Env and the matrix (MA):

1. Mutations in the HIv-1 MA can block HIV-1 Env incorporation [114].
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2. HIV-1 Env directs basolateral budding of Gag in polarized epithelial cells [115].
3. A direct binding between HIV-1 MA and peptides derived from the gp41 cytoplasmic
tail was detected in vitro [116].
4. A single amino acid change in MA reverses an Env incorporation defect caused by a
small deletion in the gp41 cytoplasmic tail [117].

Thus it is clear that the gp41 cytoplasmic tail plays a crucial role in Env incorporation.
A primary function of viral Env glycoproteins is to promote a membrane fusion reaction
between the lipid bilayers of the viral envelope and host cell membranes. This membrane
fusion event enables the viral core to gain entry into the host cell cytoplasm. A number of
regions in both gp120 and gp41 have been implicated, directly or indirectly, in Env-mediated
membrane fusion. Studies of the HA, hemagglutinin protein of the Orthomyxoviruses
indicated that a highly hydrophobic domain at the N-terminus of this protein, referred to a
fusion peptide, plays a critical role in membrane fusion [118]. Mutational analyses
demonstrated that an analogous domain was located at the N-terminus of the HIV-1 TM
glycoprotein. Non hydrophobic substitutions within this region of gp41 greatly reduced or
blocked syncytium formation and resulted in the production of non infectious progeny virions
[119]. C-terminal to the gp41 fusion peptide are two amphipatic helical domains which play a
central role in membrane fusion. Mutations in the N-terminal helix, which contains a Leu
zipper-like heptad repeat motif, impair infectivity and membrane fusion activity [120]. The
structure of the ectodomain of HIV-1 and SIV gp41, the two helical motifs in particular, has
been the focus of structural analyses in recent years by means of x-ray crystallography or
NMR spectroscopy. These studies obtained similar trimeric structures, in which the two
helical domains pack in an antiparallel fashion to generate a six-helix bundle, as shown in

figure 18.
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Figure 18. The formation process of gp41 six-helix bundle mediated by receptor/coreceptor conformational
changes [121].
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The N-helices form a coiled-coil in the center of the bundle, with the C-helices packing into
hydrophobic grooves on the outside. Peptides corresponding to the helical domains
presumably inhibit fusion by interacting with their complementary binding partner on gp41

and preventing gp41 itself from adopting the six-helix bundle structure (figure 19).

C
Merged viral and
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Figure 19. The fusion process of gp41 glycoprotein. (a) After gp41 conformational changes, (b) N-helices form
a coiled-coil in the center of the bundle, with the C-helices packing into hydrophobic grooves, where T-20 can
interact with and (c¢) the consequent formation of the six-helix bundle leads to the fusion reaction [122].

Binding studies using native HIV-1 Env indicated that gp41 could interact with C-helix-
derived peptide only after CD4 binding [123]. These results suggest that the N- and C- helices
undergo conformational changes (exposure) following CD4 binding, and that these
rearrangements are required for membrane fusion.

Whereas gp41 appears to directly interact with the lipid bilayer to catalyze the membrane
fusion reaction, a variety of domains within gpl120 are involved in activating Env
fusogenicity. The V3 loop of gp120, which elicits isolate-specific neutralizing antibodies, is
an essential player in the membrane fusion reaction (figure 20). Mutations throughout the V;
loop of HIV-1 block syncytium formation and virus infectivity without perturbing the
processing, transport and CD4 binding properties of gp120 [124]. The importance of V3 in
membrane fusion appears to be a consequence of its role in gp120-coreceptor interactions. In

addition to Vs, the V,/V, region participates in some manner in the fusion reaction, as
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confirmed by the observations that mutations in these variable loops impair fusion and

antibodies that bind this region can neutralize virus infectivity [125].

CAAE-CA30 (TS |

(C:2; B3 i) (C1)

C213-C0247 CATE-CA45

(C2; P (3) (C3.Ca: Ble- F22)

C119-C0205 CI0R.0331

(V1A atem) (V3 B12-F15

C126-C196 C3E5-C4E

(W1IV2 sterad (V4 p17-BLYY
1312157 CA98-Cald
WV igpdl ectodorain)

Figure 20. HIV-1 gp120 structural domains and loops [126].

The high affinity CD4 binding site for gp120 has been localized to a small segment of the N-
terminal extracellular domain. The cytoplasmic domain of CD4 is not required for its viral
receptor function, and mutations that disrupt CD4 internalization do not block HIV entry
[127]. CD4 binding determinants in Env map to the C; and C4; domains of gp120; CD4
binding serves not only to promote virion attachment to the target cell, but also to induce
conformational changes in gp120 and gp41 required to activate Env fusogenicity. The recent
crystallization of a gp120 “core” domain (an unglycosylated gp120 derivative lacking the
V1/V, and V3 loops and the N- and C- termini) complexed with fragments of Cd4 and a
neutralizing antibody has further refined the understanding of the gp120-CD4 interaction
[128]. The core structure reveals two major domains connected by a so-called bridging sheet.
The latter is composed of a four-stranded, antiparallel B-sheet derived from sequences in the
V/V, stem and portions of C4. A CD4 residue (Phe43), shown to be critical for gp120
binding, occupies the opening of the CD4-binding cavity, while many of the gp120 amino
acids crucial for CD4 binding line the opening of the cavity [128]. The HIV-1 Env
glycoprotein binds CD4 not only during the early phase of infection, but also during the

transport of gp160 to the cell surface [129]. As a consequence of this intracellular association,
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CD4 is down-modulated from the cell surface, and Env-expressing cells are partially resistant
to further infection (“superinfection interference”) [130]. Moreover the HIV-1 accessory
protein Vpu degrades the CD4 component of gpl60-CD4 complexes in the ER, thereby
releasing Env for transport to the cell surface.

In concert with CD4, secondary receptors or coreceptors expressed on human cells were
found to function in the membrane fusion process. Several studies demonstrated that members
of the G protein-coupled receptor superfamily of seven-transmembrane domain proteins
provided the long-sought coreceptor function. So the a-chemokine receptors CXCR4 and
CCRS5 were identified as the primary coreceptors respectively for TCL-tropic and M-tropic
isolates of HIV-1 [131]. Several domains within gp120 directly or indirectly function in Env-
coreceptors interactions. Consistent with its influence on HIV-1 tropism, the V3 loop plays a
major role: single amino acid changes or deletions in V3 shift or impair coreceptor usage, V3
peptides interact with CXCR4 and antibodies to V3 block gp120-CCRS binding. The V1/V2
region also helps determine coreceptor usage. In addition to the involvement of variable
regions in coreceptor interaction, highly conserved portions of gpl120 exposed upon CD4
binding appear to interact with the coreceptors. The observation that CD4 induces
conformational changes in gpl120 that enhance interaction with coreceptors suggests that
events leading up to membrane fusion occur sequentially. First gpl120 interacts with CD4,
then a ternary complex forms between coreceptor, CD4 and gpl20, and finally

conformational changes take place in gp41 that trigger membrane fusion (figure 21) [128].
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Figure 21. Sequential steps leading up to membrane fusion reaction [132].
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1.5. Antiretroviral drugs
The development of new antiretroviral drugs is a dynamic process that is continuously

focused, at the basic level, to the identification of new molecular targets for chemotherapeutic
intervention and at the clinical level to bypass the problems (i.e., adherence, tolerability,
toxicity, virus-drug resistance) related to existing drugs [133]. The most recent approaches
toward antiretroviral drugs include the following classes:
< cellular CD4 receptor down-modulators;
<+ virus attachment inhibitors;
% CXCR4 and CCRS5 antagonists;
¢ virus-cell fusion inhibitors;
¢ reverse transcriptase inhibitors:
» Nucleoside Reverse Transcriptase Inhibitors (NRTIs);
» Nucleotide Reverse Transcriptase Inhibitors (NtRTIs);
» Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs);
¢ HIV integrase inhibitors;
«» transcription (transactivation) inhibitors;
« HIV protease inhibitors;

++ HIV Ribonuclease H inhibitors.

The inhibition of the viral entry into the cells may be considered an attractive approach
toward prevention of HIV infection. Cyclotriazadisulfonamide (CADA) was recently shown

to inhibit HIV infection by down-modulation of the cellular CD4 receptor (figure 22) [134].
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Figure 22. Chemical structure of cyclotriazadisulfonamide (CADA) [134].



CADA is specific for the CD4 receptor and is assumed to down-regulate CD4 expression at
the post-translational level.

The plant lectins derived from GNA (Snowdrop) and HHA (Amaryllis) were shown to
interrupt the viral entry process by interfering with the viral envelope glycoprotein gp120.
These plants represent a unique class of anti-HIV agents with an entirely novel HIV drug
resistance profile; they are endowed with a number of interesting properties (i.e., availability,
formulation, stability, efficacy, safety) that make them primary candidate drugs to be
considered for potential topical use as microbicides for the prevention of the sexual
transmission of HIV infection [135].

Also cyanovirin-N, a 11 kDa protein originally isolated from the cyanobacterium Nostoc
ellipsosporum, is a potential microbicide to prevent AIDS transmission (figure 23). It has a
high affinity for gp120 and is able to impair both CD4-dependent and -independent binding of
gpl20 to the target cells, to block CD4-induced binding of gp120 with CXCR4, and to
dissociate bound gp120 from target cells [136].
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Figure 23. Chemical structure of cyanovirin-N [136].

Recently, a new class of HIV-1 attachment inhibitors [prototype: 4-benzoyl-1-[4-methoxy-
1H-pyrrolo[2,3-b]-pyridin-3-yl)oxoacetyl]-2-(R)-methylpiperazine (BMS-378806)] has been
identified that interferes with CD4-gp120 interactions (figure 24). Such a compound binds
directly to gp120 at a stechiometry of approximately 1:1, with a binding affinity similar to
that of soluble CD4 [137].
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Figure 24. Chemical structure of BMS-378806 [137].

Various low-molecular-weight CXCR4 and CCRS antagonists have been identified, the
prototype of the CXCR4 antagonists being the bicyclam AMD3100 (figure 25). This
compound is truly specific for CXCR4; it does not interact with any other CXCR or CCR
receptor and blocks TCL-strains HIV-1 replication through CXCR4 antagonization. SAR
studies with bicyclam analogues have revealed that the bis-macrocyclic structure is not
essential for anti-HIV activity; i.e., AMD3465, an AMD3100 derivative in which one of the
cyclam rings is replaced by a pyridinylmethylene amine moiety, proved to be more potent of

AMD3100 (figure 25) [138].
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Figure 25. Chemical structures of AMD3100 (left) and AMD3465 (right) [138].

Of the CCRS antagonists, the quaternary ammonium derivative TAK-779 was the first non-
peptidic molecule shown to block the replication of the M-tropic HIV-1 strains by interaction
with CCRS (figure 26). The binding site for this derivative has been identified within specific
transmembrane (TM) helices of CCRS5 [139].
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Figure 26. Chemical structure of TAK-779 [ 139]
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SCH 351125 (SCH-C) (figure 27) was the first CCRS antagonist to be advanced to clinical
studies. Such a compound has potent activity in vitro against primary HIV-1 isolates using
CCRS5 as their cell entry coreceptor. It has been proposed that the binding of this molecule to
the TM domain of CCRS5 may disrupt the conformation of its extracellular domain,

specifically the second extracellular loop, so that it can no longer interact with the crown of

the V3 loop of gp120 [140].

w

0. N
Q/LQ-
Br

Figure 27. Chemical structure of SCH 351125 (SCH-C) [140].

UK-427857 (figure 28), another CCRS5 antagonist, has recently been selected as a clinical
development candidate drug for the treatment of HIV infection. It was found to exhibit an
excellent potency against CCRS isolates, while being inactive against CXCR4-tropic viral

isolates [141].
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Figure 28. Chemical structure of UK-427857 [141].
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The interaction of HIV-1 envelope gpl20 glycoprotein with the coreceptors CXCR4 or
CCRS, respectively, is followed by a spring-loaded action of gp41 that then anchors through
its amino terminus into the target cell membrane and, in doing so, initiates the fusion of the
viral envelope with the cellular plasma membrane. At the onset of the fusion process,
hydrophobic grooves on the surface of the coiled coil gp41 ectodomain become available for
binding with extraneous inhibitors, such as enfuvirtide (T-20, DP-178, pentafuside, Fuzeon), a
synthetic, 36-amino-acid peptide corresponding to residues 127-162 of gp41 or residues 643-
678 of the gp160 precursor (figure 29) [142].
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Figure 29. Chemical structure of T-20 (enfuvirtide) [142].

In HIV-infected adults, at the highest dose (100 mg, twice daily) enfuvirtide achieved a 1.5-
to 2.0-fold reduction in plasma HIV RNA by the 15th day, thus providing proof of concept
that HIV fusion inhibitors are able to reduce virus replication in vivo.

Recently, a new strategy targeted at gp41 and aimed at inhibiting virus-cell fusion has been
described. This strategy is based on o-helix mimicry. Tris-functionalized 3,2’,2"-terphenyl
derivatives (figure 30) could serve as effective mimics of the exposed N-helical regions of the
transient gp41 intermediate and thus potentially trap this structure prior to the six-helix bundle

formation, which is required for virus-cell fusion [143].
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Figure 30. Chemical structure of the terphenyl derivative [143].

The nucleoside reverse transcriptase inhibitors (NRTIs) are analogs of the natural substrate
(dNTP) and, by a competitive mechanism with its binding site (dTTP), they behave as chain

terminators.

To enact such a mechanism, these inhibitors must necessarily have a free OH group in 3’

position (figure 31) [144].
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Figure 31. Chemical structures of several NRTIs. These molecules can be classified as analogs of thymidine,
deoxycytidine and deoxyguanosine [144].

Subsequently they are converted in triphosphate derivatives by a cellular thymidine kinase,
which activates them to block the natural dNTPs binding to DNA. In figure 32 is reported as
example of activation the AZT tri-phosphorilation process [145].
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Figure 32. AZT tri-phosphorilation activation process mediated by cellular kinases [145].
Emtricitabine (2',3'-dideoxy-3'-thia-5-fluorocytidine, (-)-FTC, previously referred to as

Coviracil and now marketed as Emtriva) (figure 33) is the seventh 2',3'- dideoxynucleoside

analogue that has been officially approved for the treatment of HIV infections [146].
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Figure 33. Chemical structure of emtricitabine [146].
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Emtricitabine has been considered an “ideal drug candidate” because it shows synergism with
other antiretrovirals, excellent tolerability, a long intracellular half-life, and, in comparison
with lamivudine, 4- to 10-fold higher in vitro potency against HIV.

In contrast to the nucleoside reverse transcriptase inhibitors (NRTIs), the nucleotide reverse
transcriptase inhibitors (NtRTIs) such as adefovir [9-(2-phosphonylmethoxyethyl) adenine
(PMEA)] and tenofovir [(R)-9-(2- phosphonylmethoxypropyl)adenine (PMPA)] (figure 34)
are already equipped with a phosphonate group and, therefore, only need two phosphorylation
steps to be converted to the active metabolites (PMEApp and PMPApp, respectively). The
metabolites then serve as alternative substrates (with respect to the natural substrate dATP) in
the RT reaction, where upon their incorporation they act obligatorily as chain terminators

[147].
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Figure 34. Chemical structures of (A) adefovir and (B) tenofovir [147].

More than 30 structurally different classes of compounds have been identified as NNRTIs,
namely, compounds that are specifically inhibitory to the replication of HIV-1 and that are
targeted at a specific, allosteric (i.e., non-substrate binding) site of the reverse transcriptase.

Three NNRTIs [i.e., nevirapine (Viramune), delavirdine (Rescriptor), and efavirenz (Sustiva,
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Stocrin] have so far been formally licensed for clinical use in the treatment of HIV-1

infections (figure 35) [148].
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Figure 35. Chemical structures of the three approved NNRTIs (A) nevirapine, (B) delavirdine and (C) efavirenz
[148].

Another NNRTI, the thiocarboxanilide UC-781 (figure 36), has been recognized as a

retrovirucidal agent capable of reducing the infectivity of HIV-1 virions and therefore seems

to be an ideal candidate microbicide [149].
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Figure 36. Chemical structure of the thiocarboxanilide UC-781 [149].

The “first-generation” NNRTIs are notorious for rapidly eliciting virus drug resistance,
especially when used as monotherapy. The most common mutations occurring in the clinical
setting following the use of NNRTIs are K103N and Y181C. Therefore, attempts have been

made to develop “second-generation” NNRTIs that are resilient to such drug resistance
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mutations. These attempts have led to the identification of a number of compounds that are
indeed resilient to the K103N and/or Y181C mutations. Capravirine (figure 37) is such a
compound that retained activity against HIV-1 strains carrying the K103N mutation in their

RT; it has proceeded to phase II/ III clinical trials [150].
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Figure 37. Chemical structure of capravirine [150].
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Integration of the proviral DNA into host cell chromosomal DNA is an essential step in the
viral replication cycle. This process is mediated by the viral integrase, and because there is no
cellular homologue for this enzyme, it has been considered an attractive target for HIV
therapeutics.

S-1360 (figure 38) actually represents the first integrase inhibitor to reach clinical studies. Its
mechanism of action is based on an interaction between the carboxylate group of the diketo
acids or the isosteric heterocycle in the two other compounds and metal ion(s) in the active
site of the integrase, resulting in a functional sequestration of these critical metal cofactors

[151].

Figure 38. Chemical structure of S-1360 [151].

Recently, an entirely new class of HIV integrase inhibitors was identified, namely, that of the

SH-pyrano-[2,3-d:-6,5-d"] dipyrimidines (PDPs). The most potent congener of this series is
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the 5-(4-nitrophenyl)-2,8-dithiol-4,6-dihydroxy-5H-pyrano[2,3-d:-6,5-d"] dipyrimidine (V-
165), reported in figure 39 [152].

N(,y

A

Figure 39. Chemical structure of the dipyrimidine V-165 [152].

SH

At the transcriptional level, HIV gene expression may be inhibited by compounds that interact
with cellular factors (such as NF-kB) that bind to the LTR promoter and that are needed for
basal-level transcription. A number of compounds have been reported to inhibit HIV-1
replication in both acutely and chronically infected cells, through interference with the
transcription process that could partially be attributed to inhibition of Tat or other
transactivators. A 6-aminoquinolone, WMS5 (figure 40), was recently shown to inhibit HIV-1
replication in acutely infected as well as chronically infected cells. This aminoquinoline was
found to efficiently bind to TAR RNA and to inhibit Tat-mediated LTR-driven transcription
[153].

OH

£
H—2

Figure 40. Chemical structure of the 6-aminoquinolone WMS5 [153].

Following transcription of the unspliced (or partially spliced) HIV mRNA, this mRNA has to
be transported from the nucleus into the cytoplasm in order to be translated to viral proteins.

This export is promoted by the HIV-1 Rev (regulator of expression of viral proteins). Nuclear
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export of Rev is mediated by its leucine-rich nuclear export signal (NES). NES uses the
export factor CRM1 to export viral mRNA from the nucleus to the cytoplasm. This process
can be blocked by a small molecular-weight molecule, PKF 050-638 (figure 41), that
specifically inhibits CRM1-NES complex formation and, hence, Rev-mediated nuclear export

[154].

Cl

NH;

CH;

Figure 41. Chemical structure of PKF 050-638 [154].

The HIV protease is responsible for the cleavage of the Gag and Gag-Pol precursor
polyproteins to the structural proteins (pl7, p24, p7, p6, p2, pl) and the viral functional
enzymes. All PR inhibitors (PIs) that have been licensed for the treatment of HIV infections,
namely, saquinavir (Fortovase, Invirase), ritonavir (Norvir), indinavir (Crixivan), nelfinavir
(Viracept), amprenavir (Agenerase) (and its phosphate derivative, Lexiva), lopinavir (Kaletra,
lopinavir with ritonavir at a 4:1 ratio), and atazanavir (Reyataz), share the same structural
determinant or scaffold, i.e., a hydroxyethylene (instead of the normal peptidic) bond, which
makes these compounds peptidomimetic but non-scissile substrate analogues for the HIV PR

(figure 42) [155].
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Figure 42. Chemical structures of the PR inhibitors licensed for the treatment of HIV-1 infections [156].
The aza-dipeptide analogue atazanavir, the latest and seventh PI to be approved for clinical
use, combines a favorable resistance profile distinct from that of the other Pls, with a

favorable pharmacokinetic profile allowing once-daily dosing [157].
Under clinical development is TMC 114, a structural analogue of TMC 126 (UIC-94003)
(figure 43). Such a compound is a peptidomimetic PI containing a bis-tetrahydrofuranyl

urethane and 4-methoxybenzenesulfonamide (and thus structurally related to amprenavir). It

was reported to be extremely potent against a wide spectrum of HIV-1 strains [158].
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Figure 43. Chemical structure of TMC 114 [158].
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Tipranavir (PNU-140690) (figure 44) is a non-peptidomimetic inhibitor of the HIV PR which,
as could be expected, shows little cross-resistance to the peptidomimetic Pls. it might be
useful in drug combination regimens with other antiretroviral agents for patients who already

failed on other PI-containing drug regimens [159].

Figure 44. Chemical structure of the non-peptidomimetic PR inhibitor tipranavir [159].

During the reverse transcription process, that converts the single-stranded viral RNA into
double-stranded (pro)viral DNA, a RNA*DNA heteroduplex (hybrid) is formed. The RNA
strand of this heteroduplex must be cleaved by the RNase H domain before the remaining (-)-
DNA strand can be duplicated to give the double-stranded (pro)viral DNA that is then
integrated into the host cell genome. Several recent reviews have addressed the possibility of
inhibiting RNAse H activity by small-molecule inhibitors. It appears feasible to specifically
inhibit HIV-1 RNase H by, for example, novel diketo acids, such as 4-[5-
(benzoylamino)thien-2-yl]-2,4-dioxobutanoic acid, and N-hydroxyimides, such as 2-hydroxy-
4H-isoquinolone- 1,3-dione (figure 45) [160].

OH “~OH

Figure 45. Chemical structures of (A) the 4-[5-(benzoylamino)thien-2-yl]-2,4-dioxobutanoic acid and (B) the -
hydroxy-4H-isoquinolone- 1,3-dione [160].

Whether both compounds are able to inhibit HIV replication in cells remains to be

established.
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1.6. The development of mutations associated to resistance
The use of combinations of antiretroviral drugs has proven remarkably effective in controlling

the progression of HIV disease and prolonging survival, but these benefits can be
compromised by the development of drug resistance. Resistance is the consequence of
mutations that emerge in the viral proteins targeted by antiretroviral agents and the
transmission of drug-resistant strains complicates further efforts to control viral replication
[101]. The combination of antiretroviral drugs used for the treatment of HIV infection is
called highly active antiretroviral therapy (HAART) and its regimens generally comprise
three antiretroviral drugs, usually two NRTIs and either PR inhibitors or a NNRTI drug.

To fully understand the development of HIV drug resistance, two concepts have to be
considered. First, HIV infection is characterized by high levels of virus production and
turnover. Because the half-life of the infected cells is remarkably short (one to two days), the
maintenance of this steady-state requires that HIV infect new target cells at a very high rate
[161; 162].

Second, the viral population in an infected person is highly heterogeneous. In addition, the
reverse transcription of viral RNA into DNA is prone to error, introducing on average one
mutation for each viral genome transcribed. Thus, the high rate of HIV infection, combined
with the high mutation rate that occurs during each cycle of infection, causes that patients
have a complex and diverse mixture of viral quasi-species. These mutations can confer
different advantages to the virus, such as a decrease of its susceptibility to an antiviral agent

and the selection of the corresponding quasi-species (figure 46) [163].
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Figure 46. Mechanism of growth and predominance of resistant variants after pharmacological pressure [163].
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In some cases the substitution of single amino acids is sufficient to produce high levels of
resistance, but in other cases the gradual accumulation of additional mutations is required
[164]. In context of the HAART therapy, resistance is most often the consequence, not the
cause, of initial treatment failure, and a variety of mechanisms have been identified for the
different classes of drugs. Resistance to nucleoside and nucleotide analogs is based on two
distinct mechanisms:

1. the impairment of the incorporation of the analogue into DNA;

2. the removal of the analogue from the prematurely terminated DNA chain.
The incorporation of a nucleoside analogue into drug-sensitive viruses results in the
termination of the viral DNA chain. Mutations in drug-resistant viruses, such as K65R,
QI51M, M184V prevent the incorporation of the nucleoside analogue into the growing viral
DNA chain, as shown in figure 47.

Reverse

transcriptase

Viral DNA chain
terminated - ~—

MNucleoside

Drug-sensitive virus
: analogue

Viral DNA chain
not terminated - .

Drug-resistanlvirus \ v i ’

Figure 47. Mechanism of resistance by interference with the incorporation of a nucleoside analogue [101].

Removal of the nucleoside analogue from the terminated DNA chain is associated with a
group of mutations commonly defined “thymidine analogue mutations”. These mutations are
most frequently selected after the failure of drug combinations including thymidine
analogues, such as zidovudine and stavudine, but they can promote resistance to almost all
nucleoside analogues. These substitutions, such as Y115F, M184V, L210W, promote

resistance by fostering ATP- or pyrophosphate-mediated removal of nucleoside analogues
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from the 3" end of the terminated strand. ATP or pyrophosphate do not participate in the
DNA-polymerization process, but, in presence of the thymidine analogue mutations, it can
attack the phosphodiester bond that links the analogue to DNA, resulting in removal of the

analogue (figure 48) [101].
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transcriplase

Drug-sensitive virus

RMNA
Drug-resistant virus = 1/

Thymidine analogue
mutations allow ATP
to bind to reverse

transcrptase

analogue from viral

DNA by ATP

Excision of nucleoside g\‘

Figure 48. Mechanism of resistance by ATP-mediated excision of the nucleoside analogue [101].

Resistance associated to the failure of treatment with non-nucleoside RT inhibitors is caused
by several mutations located in the hydrophobic pocket (NNRTI-BP) targeted by these
compounds. These mutations, such as K103N, V106A, Y181C, Y188C are drug-dependent
and reduce the affinity of the drug, allowing DNA polymerization to proceed normally (figure
49) [165].
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Figure 49. Mechanism of resistance of HIV to NNRTIs [101].

Protease inhibitors have a chemical structure that mimics that of the normal peptides that are
normally recognized and cleaved by the PR. These compounds show a strong affinity for the
active site of the HIV PR and inhibit the catalytic activity of the enzyme in a highly selective
mode. Resistance to Pls is the consequence of amino acid substitutions occurring either inside
the substrate-binding domain or at distant sites [166]. These mutations, such as G48V, 150V,
V82A, 184V, directly or indirectly, can modify the number and the nature of the points of
contact between the inhibitors and the PR, thus reducing their affinity for the enzyme.
Resistance mutations in the PR result in a final enlargement of the catalytic site, as shown in

figure 50.
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Dirug-sensitive protease

Drug-resistant protease

Figure 50. HIV-1 PR dimer binding with ritonavir showing the sites of residues mostly involved in resistance to
PIs (A). The PR cavity with lopinavir in the context of either the sensitive PR (green) or the resistant PR (red)
(B) [101].

HIV-1 enters target cells through a complex sequence of interactions between the HIV
envelope glycoproteins (gp120 and gp41) and specific cell-surface receptors. Enfuvirtide, a
36-amino acid peptide derived from HR2, destabilizes this process by binding to HR1 and
blocks the infectivity of HIV-1. Viral resistance to enfuvirtide usually depends on mutations
placed in a stretch of 10 amino acids within HR1. Interestingly, substitutions in residues in
gp41 outside HR1, and even changes in gpl120, appear to be associated with significant

differences in the susceptibility of the virus to enfuvirtide [167].
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2. Goals of the work

The combined use of different antiretroviral drugs has substantially improved the clinical
management of HIV-1 infection in terms of delaying disease progression, prolonging
survival, and improving quality of life. Nevertheless, when antiretroviral therapy fails to be
fully suppressive, new viral variants emerge, thus allowing HIV-1 to become resistant to
one or more drugs by accumulating mutations, either alone or in multiple and complex
patterns. For such a reason, understanding the genetic basis of resistance and cross-
resistance is essential for optimizing the use of existing drugs and for designing new
antiviral agents.

The research activities during my PhD course have been focused on three different areas
related to HIV-1 therapy.

A new RT inhibitor pharmacophore model, useful for further drug design studies, has been
defined applying the innovative GBPM computational method to 96 crystallographic
models of HIV-1 reverse transcriptase.

With the purpose to elucidate the role of the novel reverse transcriptase mutation [135T in
presence of the more common KI103N, associated to NNRTIs resistance, molecular
dynamics simulations were performed in order to evaluate the final effect onto the
stabilization of the closed NNRTI-BP conformation.

The influence of two drug resistance-associated mutations, L33F and L76V, of HIV-1
protease has been evaluated with respect to lopinavir and atazanavir molecular recognition.
With the aim to estimate the stability of its 6-helix bundle, the fusion glycoprotein gp41
conformational properties have been investigated in presence of V38A and N140I, known

enfuvirtide resistance-associated mutations.
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3. GBPM analysis

Drug resistance to RT approved inhibitors is a major problem affecting their clinical
efficacy and is associated to different pathways of mutations. However, some residues
were found to be highly conserved because of their essential role in heterodimer
stabilization and in catalytic activity. Moreover the RT has been recently crystallized un
presence of several antiretroviral drugs. A number of HIV-1 RT models are deposited into
the Protein Data Bank (PDB) [168].

Recently a new computational method for creating pharmacophore models starting from
detailed macromolecular structures was carried out, such as those obtained by
crystallographic measurements. The method called GBPM (GRID based pharmacophore
model) is based on the well established computational approach invented by Prof. Sir
Peter Goodford and implemented in the GRID software [169]. The GBPM method has
been successfully developed and applied for studying complexes of difference chemical
nature [170].

In this section a study combining structural analysis of HIV-1 RT crystallographic models,
clinical data about RT conserved residues and the computational method based on GRID
maps is reported. Such analysis allowed to validate clinical results and to design by this
computational approach new pharmacophoric models helpful in the drug discovery of

more effective anti-RT inhibitors.

3.1. Materials and methods
The GRID-based pharmacophore model is created in a 6-step procedure, as shown in figure

51 [170]. The first one has the aim to carry out the PDB file pre-treatment and to obtain three
different structures.

The second step performs the GRID calculation [169] with a certain probe onto the three
subunit models.

In the third step the GRAB utility [169] is used to energetically compare two generic maps,
keeping the same matrix dimensions, and to generate a resulting map that gives information
about interaction areas. The fourth step is dedicated to the identification of most relevant
interaction points of the obtained map using the MINIM utility [169]. With the aim to obtain a
suitable model, these operations should be repeated using at least three different probes: the
hydrophobic probe (DRY), an hydrogen bond acceptor (O) and an hydrogen bond donor (N1).
In the fifth step the information obtained from the different probe experiments are simply

merged into a preliminary pharmacophore model.
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Figure 51. Graphical flow chart of the GBPM starting from a PDB complex. The bottom figure represents a
generic feature-based pharmacophore model [170].

In this analysis GBPM analysis was carried out just up to the fifth step of the procedure, in
order to validate clinical data, highlighting the most involved residues in the recognition
areas.

To evaluate the most important interactions at reverse transcriptase drug sites, the program

LigPlot [171] was used to select the most involved RT residues.
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3.2. Results and discussion

3.2.1. Analysis of RT crystallographic models

The selection and the classification of the crystallographic models for the computational
study was performed taking into account two different aspects.

The first one was related to the completeness of the available crystallographic model, i.e.
number of mutations and deletions with respect to the wild type (WT) sequence.

The second aspect considered was the conformational effect onto the RT. The enzyme is
conformationally very sensitive to the presence of nucleic acids and ligands, i.e. inhibitors.
So we decided to divide our training set in three sections: a) the unbound enzyme models;
b) RT structures with nucleic acid templates; ¢) co-crystals of RT and antiretroviral agents
(NNRTTI).

In this study we applied GBPM method [170] to the three identified groups of HIV-1
reverse transcriptase models. Since both subunits of the enzyme are proteins, in the first
application we have performed the GBPM analysis considering p66 as receptor and p51 as

ligand and viceversa (figure 52).

Figure 52. Representation of GBPM method applied to RT dimerization interface area. The subunit
p66 is shown in blue cartoon and the subunit p51 is reported as green cartoon. In yellow are displayed
the GRID maps obtained using the DRY probe (PDB model 2iaj) [Artese at al., unpublished data].
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In the second case, in order to find out RT residues mainly involved in interactions with
the nucleic acid, RT-template complex was used as a3 complex, the unliganded enzyme

was identified as receptor and the nucleic acid was used as ligand (figure 53).

Figure 53. Representation of GBPM method applied to RT-nucleic acid complex. The enzyme is
displayed as cyan cartoon, while the nucleic acid is showed in red ribbon. In yellow are displayed the
GRID maps obtained using the DRY probe (PDB model 2hmi) [Artese at al., unpublished data].

In the third analysis we applied GBPM procedure to RT PDB models where the enzyme
was complexed to different NNRTIs. In this study we identified the RT residues of the
NNRTI-BP able to well recognize the inhibitor (figure 54).
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Figure 54. Representation of GBPM method applied to an RT-NNRTI complexed model. In yellow
are displayed the GRID maps obtained using the DRY probe (PDB model 1s9¢). (A) RT complexed
to the drug displaying all the enzyme; (B) The NNRTI binding pocket with the drug and the DRY
maps around the aromatic portions [Artese at al., unpublished data].

These different crystallographic structures showed three dissimilar conformations, because
of the presence of template or ligand.

All RT crystallographic models were downloaded from Protein Data Bank internet site
[168]. In order to carry out superimposition of different PDB models, we used the Maestro
program and we calculated the root mean square deviations (RMSD) using both the
backbone and the a-carbon atoms. The -crystallographic structures were selected
considering the resolution of the models and classified on the basis of nucleic acid
presence. We chose all PDB models with a maximum resolution value of 3.0 A and we
excluded those crystals that, compared with RT wild type, showed a large number of
deletions and mutations.

The structural analysis was carried out using 96 HIV-1 RT crystallographic models, as

reported in Table 2.
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PDB Res Del Mut PDB Res Del Mut PDB Res Del Mut
1thz 2.81 43 11 1rt2 2.55 18 11 Iclc 2.50 24 11
1113 2.80 43 11 1klm 2.65 23 11 In6q 3.00 2 15
1tht 2.60 44 11 3hvt 2.90 5 13 Ifko 2.90 18 12
111 2.90 43 11 1bgm 3.10 4 12 1cOt 2.70 70 11
1thx 2.85 25 11 1bgn 3.30 2 14 1cOu 2.52 22 11
Islt 2.40 26 12 Itvr 3.00 2 15 1hni 2.80 2 14
Islu 3.00 35 12 luwb 3.20 2 14 1dtg 2.80 36 11
Islv 2.60 26 13 lgel 2.85 4 15 1dtt 3.00 20 11
Isiw 2.70 35 11 Irev 2.60 36 11 1hnv 3.00 2 14
Islx 2.80 14 11 2i5j 3.15 8 14 1rt3 3.00 39 11
1jlq 3.00 27 11 Irtj 2.35 17 11 1Irt4 2.90 24 11
ljla 2.50 13 11 2b5j 2.90 8 14 1Irt6 2.80 22 11
1jlb 3.00 10 11 2ban 2.95 8 14 Irt7 3.00 25 11
Ijlc 3.00 25 12 Irth 2.20 17 11 Irt5 2.90 24 11
Ijle 2.80 34 11 Irti 3.00 17 11 2be2 243 8 14
Llf 2.60 22 11 lvrt 2.20 35 11 2iaj 2.50 9 15
1jlg 2.60 29 12 Ivru 2.40 34 11 Irt] 2.55 22 11
1lwe 2.81 17 11 2ic3 3.00 2 14 1103 3.10 2 15
1lwce 2.62 53 11 Isv5 2.90 8 15 InSy 3.10 2 15
1lw2 3.00 41 12 1tv6 2.80 22 14 leet 2.73 18 14
1wf 2.80 17 11 2b6a 2.65 2 14 Irtd 3.20 6 15
1jkh 2.50 9 11 1dlo 2.70 4 14 2opp 2.55 41 11
1Iw0 2.80 47 11 1105 3.00 6 15 2opr 2.90 21 11
1s6p 2.90 8 14 1r0a 2.80 2 15 20ps 2.30 24 11
1s6q 3.00 8 14 2hmi 2.80 2 14 lhge 2.70 6 15
1s9g 2.80 18 14 2hnd 2.50 37 11 2opq 2.80 44 11
Lsuq 3.00 8 14 2hny 2.50 37 11 1hvu 4.75 6 14
lep4 2.50 38 11 2hnz 3.00 43 11 1hmv 3.20 24 11
Ifkp 2.90 19 12 1hpz 3.00 4 14 likv 3.00 4 14
1s9e 2.60 8 14 1hqu 2.70 4 15 Likw 3.00 3 14
1fk9 2.50 41 11 1hys 3.00 7 14 likx 2.80 3 14
Iclb 2.50 24 11 1j50 3.50 2 15 liky 3.00 3 15

Table 2. Summary of the HIV-1 RT PDB models. PDB is the Protein Data Bank code, Res is the

resolution in

, Del and Mut are respectively the number of deletions and mutations in the p66
subunit with respect to the wild-type sequence [Artese at al., unpublished data].

The PDB models with the codes 1bqm, 1bqn, 1j50, luwb, 2i5y, 1t03, 1nSy, 1rtd, 1hvu and

1hmv were excluded due to their bad resolution.

Among all available models, we selected 31 PDB with a number of deletions lower than 15

on the p66 subunit and some of them were co-crystallized with different ligands (Table 3).
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Table 3. Chemical structures of ligands of the co-crystallized HIV-1 RT complexes used for the
GBPM analysis [Artese at al., unpublished data].

The crystals 1hnv and 1tvr were complexed to the same inhibitor (TIBO) and presented the
same resolution and number of deletions, so we chose the model with the lowest number of
mutations (1hnv). As concerns the PDB models co-crystallized with the nevirapine, the
choice of 1s1x was justified by the better resolution with respect to 1jlb.

Similarly we have proceeded for the models with the HBY inhibitor, selecting the best in
resolution, i.e. Thqu and discarding the 2ic3.

Among the identified models, some PDB were complexed to a class of NNRTIs with the
same structural scaffold JANSSEN-R but different moieties, so we considered the three
models (2b5j, 1sv5 and 1s9e) with the best resolution as examples of this class of drugs.
For the unbound enzyme we included in our study the models with the codes 1dlo, 1hqe
and 1gel for a better resolution respect to the model 1hpz.

After the PDB selection step driven by the resolution, the number of deletions and
mutations, we have divided our models into three groups characterized by similar RT

folding properties. They are respectively related to unbound enzyme models (first group),
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RT complexes with nucleic acid template (second group) and with NNRTI drugs (third
group).

Since the emergence of resistance to HIV antiviral therapy represents the major limitation
of a successful pharmacological approach [172], it is necessary to develop novel selective
resistance-evading drugs, which bind to specific RT conserved sites inhibiting the enzyme
in its main functions.

The list of the PDB models used for the analysis of the first group are reported in Table 4.
In order to find out the most significant interactions at the p66-p51 subunits interface, only

the protein residues were considered in this analysis.

PDB | Res | Ligand | PDB | Res Ligand
lhnv | 3.00 8 lhge | 2.70 -
Thni | 2.80 1 Ljkh | 2.50 4
Ljla | 2.50 11 Isv5 | 2.90 7
2hmi | 2.80 - Isuq | 3.00 9
In6q | 3.00 3 IsIx | 2.80 10
Thys | 3.00 - Idlo | 2.70 -
Ir0a | 2.80 - lgel | 2.80 -
1105 | 3.00 13 2iaj | 2.50 2
1s9e | 2.60 6 lhqu | 2.70 5
2be2 | 2.43 12 2b6a | 2.65 14

Table 4. Crystallographic models used for RT-interface area structural analysis. PDB is the Protein
Data Bank code, Res is the resolution in A, Ligand is the drug co-crystallized with the enzyme [Artese
at al., unpublished data].

With the aim to observe RT conformational changes as a result of the ligand binding, the
RMSD analysis was performed with all PDB superimposed models. The maximum value
was equal to 2.03 A computed on RT a-carbons, 2.01 A on the backbone and 2.03 A on a-
carbons in RT - DNA bound models, as reported in figure 55.

70



o
(]

[
—

1hys
1r0a
1t05

Figure 55. RMSD analysis of complexed RT-DNA models. On the x and z axis are reported the PDB
codes of the analyzed models, while on the y axis is shown the value of the calculated RMSD
expressed in A [Artese at al., unpublished data].

The superimposition of the 5 PDB DNA-complexes highlighted few differences in the
folding properties of the enzyme models.
For the second group (Table 5) we applied GBPM method to RT-template complexes to

analyze HIV-1 RT conserved areas mainly involved in interactions with the nucleic acid.

PDB | Res | Ligand | Template
2hmi | 2.80 - DNA
In6gq | 3.00 3 DNA
lhys | 3.00 - DNA/RNA
1r0a | 2.80 - DNA
1105 | 3.00 13 DNA

Table 5. Crystallographic models used for RT-template structural analysis. PDB is the Protein Data
Bank code, Res is the resolution in A, Ligand is the drug co-crystallized with the enzyme, Template is
the nucleic acid present in the model [Artese at al., unpublished data].

In order to analyze the residues of the NNRTI binding pocket (NNRTI-BP) responsible of
the interactions with the drug, the method was applied onto 13 crystallographic models

where RT was complexed to different inhibitors (Table 6).
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PDB | Res Ligand
Ihnv | 3.00 8
Lsuq | 3.00 9
Ljla | 2.50 11
2b5j | 2.90 15
IThni | 2.80 1
Isv5 | 2.90 7
Likw | 3.00 4
IsIx | 2.80 10
likx | 2.80 16
1s9e | 2.60 6
Thqu | 2.70 5
2be2 | 2.43 12
2b6a | 2.65 14

Table 6. Crystallographic models used for RT NNRTI binding pocket structural analysis. PDB is the Protein
Data Bank code, Res is the resolution in A, Ligand is the drug co-crystallized with the enzyme [Artese at al.,
unpublished data].

With the aim to select the most involved residues in the recognition step, we applied a
geometric criterion using a maximum distance equal to 8 A from the three analyzed targets
and we finally compared them with respect to the identified conserved amino acids to carry

out a statistical quantitative analysis.

3.2.2. Heterodimer interface area analysis

GBPM method was applied onto 20 HIV-1 RT unbounded crystallographic models with no
inhibitors (Table 4) with the aim to identify residues mainly involved in heterodimer
stabilization. In this analysis we adopted the DRY, N1 and O probes mimicking the
hydrophobic, the hydrogen bond donor and the hydrogen bond acceptor, respectively
(figure 56).
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Figure 56. Statistical diagram deriving from analysis of unbounded PDB models after GBPM
application. On the x axis are reported the most frequent and well mapped residues, on the y axis PDB
models frequency [Artese at al., unpublished data].
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A particular observation of the DRY experiments is for the aromatic residue Trp88, located
onto the B5a strand [173]. It was found to be crucial for hydrophobic contacts at the
interface area, emphasizing its important role in primer/template binding. Trp88 was able
to establish interactions with Argl43 of p51, that was well mapped with O probe when p51

subunit was considered as receptor and resulted pivotal for whole protein stability (figure

57).

Figure 57. Interaction areas of p66 Trp88 mapped with DRY probe (yellow area) using PDB model
1hnv [Artese at al., unpublished data].

The LigPlot diagram reported in figure 58 clearly emphasizes the interaction of this residue

in p66 and Argl43 in p51.
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Figure 58. LigPlot schematic diagram relative to Trp88 of p66 using 1t05 PDB model. The green
dashed line shows a hydrogen bond between Trp88 of p66 and Pro52 of p51, while hydrophobic
contacts are showed with a red labelled arc [Artese at al., unpublished data].

Located in the fingers subdomain of p66 subunit, the high conserved Ile94 was well
recognized with all the used probes, highlighting its importance in establishing contacts
with the 2’-OH of RNA strand [174]. Analyzing maps obtained with O probe, two residues
of p66, Pro95 and His96, resulted mainly involved in interactions with B7-f8 loop
(Pro133-Pro140), that is crucial to stabilize RT heterodimeric form; this finding can be
explained with the ability of these residues to make hydrogen bonds (p66 His96/p51
Asnl36) [84].

Among all conserved residues identified by the DRY probe, GIn182 and Tyr183 were
highlighted, confirming their essential role in RT polymerase activity [78]. Tyr183, that is
part of YMDD motif (Y183-D186), was found to be really pivotal in the catalytic process,
because of its hydrophobic interactions with the primer strand and its hydrogen bond with
the cytosine O2 atom of nucleic acid. The mutation of Tyr183, well mapped with DRY
probe, with non aromatic residues causes a remarkable decrease of the polymerase activity,
confirming its importance in hydrophobic interactions [78].

The formation of the heterodimer is a two-step process. The first one involves a
concentration-dependent association of the two subunits, followed by a slow
isomerization/maturation step that involves interactions of the fingers and thumb of p51

with the palm and RNase H of p66, respectively. Specifically, residues 52—55 and 135-140
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of the p51 fingers appear to interact with residues 85-96 of the p66 palm, while residues
280-295 of the p51 thumb subdomain appear to contact residues 536-545 of RNase H. In
the first step of RT dimerization interactions between hydrophobic residues in the
connection subdomains of p51 and p66 have been found to be crucial. This motif, that is
well conserved, is believed to include residues W401-W410 of p66 and residues P392-
W401 of p51. The connection subdomain is distinctive in having six tryptophan residues
and a tyrosine between amino acid residues 398-414 [81].

The conserved residues 52-55 of p51 subunit resulted well mapped using all the probes,
confirming their pivotal role in interactions with the p66 thumb subdomain. In fact the high
conserved residues 85-93, located in the template grip of the pa/m subdomain, were well
recognized with all the used probes, validating their essential role in interactions with the
DNA sugar-phosphate backbone of the template strand [172] and in contacts with the p51
fingers [81].

Due to its ability to give and to accept hydrogen bonds, B7-B8 loop of p51 was well
mapped using N1 and DRY probes, with a good recognition of residues Asnl136, Asn137,
Glul38, Thr139 and Pro140 (figure 59).

———

ASN#A36

Figure 59. Interaction areas of p51 B7-B8 loop well mapped with N1 probe (blue areas), using PDB
model 1hnv [Artese at al., unpublished data].
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The residues of p51 found to make contacts with p66 resulted Asnl136, Asn137, Glul38
and Prol40. This observation was confirmed by site-directed mutagenesis studies
demonstrating the crucial role of Asn137 and Prol40 in order to maintain RT catalytic
activity [84].

Asn136 of p51 was able to establish hydrogen bonds with His96 and Pro95 of p66 and this
interaction was validated by the opposite probe properties when each subunit was
considered as receptor. As shown in figure 60, Asn136 was well recognized with N1 probe
when p51 was used as receptor and was placed in front of His96 of p66, well mapped with

O probe when p66 was considered as receptor (hydrogen bond donor/acceptor interaction).
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Figure 60. Interaction areas of pS1 B7-B8 loop mapped with N1 probe (blue areas) in presence of p66
subunit using PDB model 1hnv [Artese at al., unpublished data].
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The B7-B8 loop of p51 was found to interact with other residues of p66, as Tyr181, GIn182
and Tyr183, essential for RT polymerase activity and for NNRTI binding pocket formation
[175]. GBPM assumed hydrogen bonds between Asnl136 of p51 and His96 of p66 were
also validated using LigPlot program [171], as reported in figure 61.
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Figure 61. LigPlot schematic diagram relative to Asn136 of p51 using 1hnv PDB model. The green
dashed lines show the hydrogen bonds between Asn136 of p51 and His96, Tyr181 and Val381 of p66,
while hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

Located on the thumb subdomain of p51, residues Cys280, Gly285, Lys287, Leu289 and
Thr290 resulted well recognized in all the obtained maps, confirming their ability to
establish favourable interactions with residues 536, 537, 539 and 541-545 of RNase H
region [80], found to be crucial using p51 as receptor.

In perfect agreement with the literature [81], GBPM method allowed to identify the
“tryptophan rich motif” at RT interface area using DRY probe (figure 62).
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Figure 62. Interaction areas of p66 “tryptophan rich motif” well mapped with DRY probe (yellow
areas) using PDB model 1hnv [Artese at al., unpublished data].

Such a result was confirmed by mutagenesis studies showing that, after mutations of
Trp401 and Trp414 of p66 subunit, RT loses its activity [81].

Part of this same region, also GIn407 was found highly conserved and well mapped with
N1 and O probes. This amino acid, together with tryptophan rich motif, is directly involved
in the association between p66 and p51 subunits [176].

GBPM identification of highly conserved tryptophan rich motif in both subunits was well
recognized with DRY probe. Using p51 subunit as receptor, Trp401, that is part of
“tryptophan rich motif”, was found to make hydrophobic contacts with p66 tryptophan

residues already identified when p66 was considered as receptor (figure 63).
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Figure 63. Interaction areas of p51 Trp401 mapped with DRY probe (yellow areas) in presence of
p66 subunit using PDB model 1hnv [Artese at al., unpublished data].

A second region involved in heterodimer formation, crucial in protein-protein interactions,
was represented by a repeat motif of 8 leucine residues (Leu282-Leu310).

After GBPM application, Leu289 of p51 resulted well recognized with DRY probe through
a hydrophobic interaction with Phe61 of p66 and was found to be essential for the stability
of the single subunits [177].

Located on the RNase H domain of the enzyme, the two conserved glutamic residues in
position 432 and 438 were identified analyzing all the maps. Mutation of these amino acids
impaired the in vivo p66 processing, confirming the critical role, especially for Glu438, in
proper heterodimerization and function of virion-associated RT [178]. Always placed in
this subdomain, residues Asp443 and Asn494, whose crucial role in the in vivo processing
of a Pol precursor molecule to the p66/p51 heterodimer form was validated by mutagenesis
experiments, resulted well recognized with all the used probes [179].

Two proline residues, Pro25 and Pro52, were well mapped by the hydrophobic probe,
confirming their pivotal role in polymerase and RNase H activities [72; 76].

Part of the thumb subdomain of p51 subunit, the aH (Val254 to Ser268) is in contact with
the RNaseH domain of p66, suggesting a substantial contribution of this region to dimer
stabilization [172]. The analysis of GBPM obtained maps confirmed the important role of
the conserved residues Asn255, GIn258, Lys259, Val261, Gly262 and Asn265, well

recognized with all the probes.
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In particular the maps obtained with O probe put in evidence the highly conserved residue
Asn255, validating its importance in both enzyme dimerization and primer/template
binding [75]. As reported in figure 64, Asn255 of p5S1 mapped with carbonylic oxygen was
placed in front of Glu432 of p66, well recognized with N1, confirming maps

complementarity.

Az
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Figure 64. Interaction areas of pS1 Asn255 mapped with O probe (red areas) in presence of p66
subunit using PDB model 1hnv [Artese at al., unpublished data].

Analyzing maps obtained using N1 and O probes, a statistically significant residue resulted
Lys331. This amino acid is able to stabilize RT heterodimer through hydrogen bonds with
the backbone of residues Trp402, Tyr405 and GIn407 of p66, confirming that mutations
placed at this codon can negatively influence the dimerization step [180].

Part of the connection subdomain, another recognized residue was Gly333 of p51 subunit,
well mapped with all the used probes. The variable Gly333 is located far from the
polymerase active site, but between the palm region and the RT carboxy terminus. This
residue is also positioned close to the base of the thumb region, which is involved in
template-primer interactions. Thus, it is possible that changes at this codon alter the
positioning of the thumb region and subsequently reposition the template-primer in the
active site of the polymerase domain. In fact mutagenesis studies revealed that in patients
taking AZT and 3TC polymorphism at codon 333 was responsible for facilitating dual

resistance [181].
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Two highly conserved residues of p51 subunit, His361 and Thr362, are known to contact
the phosphate backbone of the DNA primer strand near to RNase H cleavage site.
Mutagenesis analysis demonstrated that most of the mutations in the connection domain
have relatively small effects on the virus titer; however the substitutions His361Ala and
Thr362Ala decreased the virus titer respect to that of the WT virus. Moreover the mutation
His361Ala also had a significant effect on RNase H cleavage, since His361 contacts the
nucleic acid through the p66 subunit [79].

As validation of these data, both the analyzed residues were found well recognized with
N1 probe, confirming their capability to establish hydrogen bonds with the template (figure
65).

Figure 65. Interaction areas of p51 His361 and Thr362 well mapped with N1 (blue areas), using PDB
model 1jkh [Artese at al., unpublished data].

Also the slightly variable Lys395 and Glu396, present in connection subdomain, were
found to be pivotal for primer-template binding by hydrogen bonding interactions. Both
residues are referred to as the RNase H primer grip and lie either in the p51 or p66 subunit
of RT. In vivo and in vitro studies of the RNase H primer grip indicate that these amino
acid residues are important for the proper binding and positioning of the nucleic acid to

RT. Lys 395, well recognized with N1 probe, resulted crucial to form hydrogen bonds and
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other interactions with the primer strand; in fact its substitutions decreased the viral
replicative capacity less than two to three times compared to that of the WT.

Glu396 was well mapped with N1 and O probes, validating mutagenesis analysis in
agreement with the observation that the single mutation Glu396Ala causes the loss of HIV-
1 polymerase function due to the inefficiency of RNase H to recognize primer strand [181].
Mutational analysis of HIV-1 reverse transcriptase revealed that two adjacent residues of
p51 subunit located at position 419 and 420 resulted crucial in forming properly folded
and, hence, enzymatically active RT. It was observed that the double mutant 419/420 was
associated to the loss of RNase H activity because these mutations are positioned close to
the critical “hinge” region that connects the putative DNA polymerase and RNase H
domains [182]. As validation of these experimental data, the two highly conserved residues
resulted well mapped with the used probes, confirming their pivotal role in the interactions
with the tryptophan rich motif of p66 subunit and with the hydrophobic amino acids
Leu503 and Trp535 placed at dimer interface.

Other highly conserved residues part of the RNase H subdomain were GIn500 and His539
of p66 subunit, both well recognized with DRY probe. GIn500 and His539 are involved
respectively in ribose and phosphate contacts to the RNA primer [183].

It was demonstrated that mutation His539Asn is responsible of a reduced RNase H activity
and an increased AZT resistance respect to wild-type due to a reduction of RNA
degradation, with a consequent increase of the time for AZT-MP to be excised from the

terminated primer and for polymerization to resume on an intact template [184].

3.2.3. Analysis of RT-DNA complexes

In order to evaluate the most involved interaction areas between RT and nucleic acid
templates, the GBPM method was applied for the 5 RT-template complexed PDB models
using the same probes of the first analysis and taking into account the hydrophilic nature of
nucleic acid.

In this analysis the GBPM maps were able to identify those residues mostly involved in

interactions with the nucleic acid (figure 66).
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Figure 66. Statistical diagram deriving from analysis of 5 RT-template complexed PDB models after
GBPM application. On the x axis are reported the most frequent and well mapped residues, on the y
axis PDB models frequency [Artese at al., unpublished data].
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The most important conserved residues in DNA recognition resulted: Trp24, Pro25, Phe61,
Ile63, Asp76, Arg78, GIn91-11e94, Aspl10, Glyl152-Glyl155, Prol57, Tyr183, Aspl85,
Aspl186, Trp229-Tyr232, GIn242, Asn255, GIn258-Lys263, Asn265, Trp266, Cys280,
Gly285, Leu289, His361, Argd48, Thr473-Lys476, Asp498, GIn500, Tyr501, 11e505 and
His539.

Some of these amino acids are well recognized within the minor groove of DNA, as

reported in figure 67.

L 65-ASN-A

SR T Y

Figure 67. Minor groove DNA recognition with some highly conserved residues mapped with three
different probes. In yellow are reported DRY maps, in blue N1 maps and in red O maps and the most
important residues are showed in politubes [Artese at al., unpublished datal].

Located on the fingers subdomain of p51, the aromatic amino acids Trp24 and Phe 61,
involved in stabilization of reverse transcriptase, were well mapped with DRY probe,
putting in evidence their role in hydrophobic interactions; in fact selective mutation of
these residues on p51 to a glycine dramatically alters the stability of the RT-heterodimer
[185]. Part of the same area, Pro25 was found in all DNA-RT models using DRY probe,

confirming its importance in polymerase and RNase H activities [72].
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Placed on the fingers subdomain of p66, amino acids Asp76 and Arg78 were well
recognized using DRY and N1 probes, validating their important role in polymerase
activity [172].

DRY maps highlighted also the conserved Trp229, that is part both of NNRTI binding
pocket and of primer grip region. Mutagenesis studies confirmed the crucial role of Trp229
aromatic ring for RT activity, correct folding of the protein and NNRTI-BP formation
[186].

The same probe was useful to recognize a strategical residue, Ile63, whose mutation is
responsible to partially restore the DNA polymerase activity of a Trp229Tyr mutant RT
[187]. Such a data puts in evidence that designing a drug able to interact with Ile63 a
possible escape mechanism of HIV is not allowed.

Well mapped with the donor hydrogen bonds probe, residues GIn91-Gly93 were
recognized within the template grip region, confirming their importance in positioning the
template strand near the polymerase active site [188]. Also Ile94, already recognized at
interface recognition area, resulted well mapped with all the used probes, highlighting its
importance in establishing contacts with the 2'-OH of RNA strand [173]. In this region
were also identified conserved residues Gly152-Gly155, well recognized with N1 probe,
and Pro157, well mapped with all the used probes. Amino acids Gly152-Gly155 have an
essential role in DNA interactions and RNA hydrogen bonding network [174]. Trp153 is
located next to the conserved LPQG motif, at the juncture of the palm and fingers
subdomains. Ala substitutions at this codon substantially hindered the polymerase function
of the enzyme, impacting the geometry of the ANTP binding pocket [189].

Pro157, that constitutes the N-terminus of the oE of the palm subdomain, was found to be
pivotal in maintaining the structural integrity of B8-aE connecting loop and the appropriate
conformation of the template grip [190].

Using the hydrogen bonds donor N1 probe, residues Asp110, Tyr183, Asp185 and Asp186
were put in evidence in obtained maps, confirming the crucial interactions of these amino
acids with DNA phosphates and nucleotide bases. In fact the side chains of aspartic
residues establish hydrogen bonds with 3’ primer hydroxyl group, facilitating the
nucleophilic attack during polymerization step, while Tyr183 was found to be pivotal in
the catalytic process due to its ability to establish hydrophobic interactions with the primer
strand [191].

YMDD motif conformation is highly influenced by the structure of primer grip region,

formed by B12-B13 sheets in the p66 palm subdomain, in close proximity to nucleotides at
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the 3’ primer terminus. This structural element is involved in template translocation.
Mutagenesis experiments demonstrated that substitution of alanine residues in the 12-$13
hairpin (Trp229, Met230, Gly231 and Tyr232) in p66 alters both DNA polymerase and
RNase H activities [78]. Such a result was confirmed by maps analysis, where the
importance of the interactions between Met230 and Gly231, well recognized with all the
used probes, and nucleic acid was highlighted. Other studies validated that mutations of
Tyr232, well mapped with N1 probe, cause an incorrect RNase H cleavage due to the
crucial role of this aromatic amino acid in ©-m interactions with the template primer and in
DNA-dependent DNA polymerase function [192].

Due to its ability to establish hydrogen bonds, the conserved GIn242 resulted well mapped
with N1 and O probes, highlighting its essential role for RT structure and function [172].
Located on the polymerase domain of the thumb subdomain, residues GIn258, Lys259,
Gly262 and Lys263 were well recognized in all obtained maps. It has been shown by
alanine-scanning mutagenesis that these amino acids, that are part of the helix clamp,
resulted critical for template-primer affinity [193]. In fact cross-linking of DNA to an RT
with the Q258C mutation in both subunits decreased the stability of the complex and
caused the dissociation of the p5S1 subunit from the cross-linked p66-DNA complex; this
event is due to the disruption of the interactions between GIn258 side chain on the p51
subunit (thumb subdomain) and the RNase H subdomain of p66 [194].

Further site-directed mutagenesis studies demonstrated that some residues of the region
defined by Trp251-Tyr271, highly conserved in treated patients [172], resulted essential
for enzyme stability and catalytic activity, like Trp266, Asn255 and the aspartic residues of
the active site [195].

These amino acids, especially located in p66 conserved regions, were found to interact,
through Trp266, with DNA terminal sequence in the minor groove with hydrophobic
contacts. This finding is in perfect agreement with structural data, thus validating GBPM
method reliability and underlining Trp266 importance in interaction with the primer-
template. This residue is part of the MGBT (Minor Groove Binding Track) region crucial
to establish contacts with the DNA in the minor groove. The loss of these interactions is
associated with a remarkable decreasing in DNA binding affinity and in frame shift
process [195]. Mutagenesis analysis confirmed Trp266 pivotal role due to hydrophobic
contacts with the nucleic acid, as found with GBPM method with the DRY probe (figure
68).
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Figure 68. Interaction areas of p66 Trp266 well mapped with DRY probe (yellow area), using PDB
model 2hmi [Artese at al., unpublished data].

Also residues Asn255 and Asn265, placed close to MGBT region, resulted well recognized
with N1 probe, emphasizing their importance in interactions with the sugar of nucleic acid

during translocation step [196] (figure 69).
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Figure 69. Interaction areas of p66 Asn255 and Asn265 well mapped with N1 probe (blue area),
using PDB model 2hmi [Artese at al., unpublished datal].

Located in the a helix I of the thumb subdomain of the polymerase domain, Cys280 is a
highly conserved residue and resulted well mapped with N1 and O probes. This amino acid
is involved both in DNA polymerase and RNase H activities; strand transfer assays and
RNase H analysis showed that viruses with mutated Cys280 residue present biological
disadvantages [197].

Placed in the leucine hepta-repeat motif (L282-L310), conserved residues Gly285 and
Leu289 were recognized using N1 and DRY probes, respectively. Mutagenesis analysis
validated the important role of Leu289 of p51 because, through a hydrophobic interaction
with Phe61 of p66, resulted essential for the stability of the single subunits [177].

Located on the connection subdomain of p66 subunit, residue His361, that contacts the
phosphate backbone of the DNA primer strand, was well mapped with all the used probes.
It was recently observed that the mutation His361Ala decreased the virus titer to about
25% of that of the WT virus, suggesting that its interactions are crucial for RNase H
cleavage and for virus infectivity [181].

In the RNase H subdomain are located Arg448 and GIn500, well recognized in all obtained
maps. Both residues are responsible to establish crucial contacts with base, sugar and

phosphates of RNA primer [182].

&9



After GBPM application, RNase H primer grip residues Thr473-Lys 476, Tyr501 and
[1e505 were identified with all the used probes, confirming some mutagenesis data
showing their essential role in polymerization-independent RNase H activity, dimerization
and DNA strand transfer [198].

The RNase H domain is folded into a 5-stranded mixed B-sheet flanked by 4 asymmetric o-
helices; the strong conservation of structure suggests that this region is very stable. In the
active site is located the well recognized Asp498, a crucial residue implicated in catalysis,
whose replacement generates an unstable enzyme (figure 70) [190]. In addition His539,
which is found in a six-residue loop connecting B5 and oE, also constitutes part of the
active site; this residue resulted well recognized with N1 and DRY probes, confirming its

important role in interactions with the phosphates of the RNA primer [199].

8] OH

Figure 70. Proposed catalytic mechanism for HIV-1 RNase H based on studies of Haruki with E.
Coli [190].

3.2.4. Analysis of RT-NNRTI binding pocket

After GBPM application, the obtained results were defined into a statistical study, as
reported in figure 71.
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Figure 71. Statistical diagram deriving from analysis of NNRTI-RT complexed PDB models after

GBPM application. On the x axis are reported the most frequent and well mapped residues, on the y
axis PDB models frequency [Artese at al., unpublished data].



In all analyzed models, the most involved residues in NNRTI-BP recognition resulted
Pro95, Pro97, Gly99, Leul00, Lys101, Lys102, Lys103, Ser105, Val106, Vall79, Ile180,
Tyr181, Tyrl83, Tyrl88, Vall89, Glyl90, Serl191, Pro225, Phe227, Trp229, Leu234,
His235, Pro236, Asp237, Tyr318 of p66 subunit and Glul38 of p5S1 subunit. Most of these
amino acids are reported in figure 72, that shows the binding pocket for a new NNRTI and

the RT residues mainly involved in drug stabilization.

Figure 72. The binding pocket for a non-nucleoside inhibitor of second generation. Residues shown
(stick representation) are those with atoms within 4.5 A of the drug (space-filling representation). In
red are residues that when mutated give high-level resistance to nevirapine, efavirenz, and/or
delavirdine (Tyr-181, Tyr-188, and/or Lys-103) [200].

Previous conservation studies highlighted the crucial role of residues Pro95, Tyrl81,
Phe227, Trp229, Leu234 (figure 73) and Tyr318 in catalytic activity after pharmacological
treatment with NNRTIs [172].
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Figure 73. Interaction areas of Pro95, Tyr181, Trp229 and Leu234 of p66 well mapped with DRY
probe (yellow areas) using PDB model 1s9¢ [Artese at al., unpublished data].

Site-directed mutagenesis analysis showed that the substitution Pro95Ala involves a drastic
decreasing of RT RNA-dependent DNA polymerase function due to the lack of hydrogen
bond between Pro95 of p66 and Asnl37 of p51, with a consequent destabilizing dimer
effect [84].

The obtained data were validated by GBPM maps using DRY probe, with a good
recognition of the heterocyclic ring of Pro95 and of the aromatic moieties of the variable
Tyr181 and more conserved Tyr188 [172].

In fact non-nucleoside drugs, in spite of their structural diversities, have in common a
remarkable lipophilic nature and interact with RT through hydrophobic contacts with
residues Tyrl181, Tyrl88, Pro225, Phe227, Trp229 and Pro236. NNRTI binding to RT
causes the side chains of both Tyr181 and Tyr188 to rotate away from their positions by
twisting about 30° in the hydrophobic core, thereby creating a space to accommodate the
ligand [86]. The hydrophobic interactions that stabilize the enzyme-inhibitor complex take
place among the aromatic side chain residues of Tyr181 and Tyr188 and m-electron donor
groups of the NNRTIs.

As reported in literature, the single mutations Tyr181Cys and Tyr188Cys were found to be
associated to resistance to NNRTIs of first generation and to nevirapine and efavirenz,

respectively, due to the loss of the aromatic ring [201].
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Part of the YMDD motif, the high conserved Tyr183 was well mapped using DRY probe,
confirming its crucial role in the interactions with the drugs. In fact some mutagenesis
studies showed that a Y183S mutation resulted in a 99% reduction in polymerase activity,
and a subsequent analysis demonstrated that this same mutation caused a 77-fold decrease
in the affinity for ANTP substrates [202].

More recent data have shown that Y183F mutation increases the fidelity of HIV-1 RT
[203], and that the Y183 A mutant is active on DNA templates but not on RNA templates
[204].

Located in the B5b-B6 loop of the palm subdomain, the conserved residues Pro97, Gly99
and Serl105 resulted well mapped with DRY, N1 and O, and N1 probes, respectively,
confirming their essential role in polymerase activity and in hydrophobic contacts with
NNRTIs [205].

As reported in literature [86], mutations Leul00Ile and Vall06Ala determine a decreasing
of side-chains length and a distortion of binding pocket region with a complete loss of
protein-drug contacts. As validation of these data, the high conserved Leul00 and the
slightly variable Vall06 were well recognized with all used probes, highlighting their
crucial role in hydrogen bonding and hydrophobic interactions with NNRTIs.

Also the conserved Lys101 and the high conserved Lys102 are involved in direct and
indirect contacts with non nucleoside drugs. In fact these inhibitors, through water
molecules, are able to establish hydrogen bonds with carbonylic group of Lys101 [206],
well mapped with N1 and O probes (figure 24), and with carbonylic and amide groups of
Lys102 [207], well recognized with N1 probe.

In an external region of NNRTI-BP is located the high variable Lys103, that is responsible
to stabilize NNRTI into the pocket through a hydrogen bond. N1 and O maps validated this
data (figure 74), even in presence of mutation Lys103Asn, that causes the formation of a
good hydrogen bond between the phenol oxygen of Tyrl88 and the side-chain
carboxamide of Asn103, consequently hampering the reorientation of Tyr181 and Tyr188

toward the polymerase active site [86].
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Figure 74. Interaction areas of Lys101 and Lys103 of p66 well mapped with N1 probe (blue area) and
O probe (red area) using PDB model 1hnv [Artese at al., unpublished data].

Also Vall79 is part of NNRTI-BP and is placed at dimerization interface. This residue is
involved in a hydrogen bond with Lys103 and facilitates NNRTI incoming into the
hydrophobic pocket [208]. Analyzing maps obtained using N1 and O probes, Vall79 and
Gly190, that is located in binding pocket B-sheet [209], resulted well recognized,
validating the importance of these residues for interactions with the drugs. Amino acid
substitutions at codon 190 of HIV-1 RT are frequently selected during HAART regimens
and mutagenesis data confirmed that high-level resistance to nevirapine and moderate
resistance to both stavudine and zidovudine were associated with G190S/A/E mutations
[210].

Since the NNRTI-binding pocket of HIV-1 RT includes amino acids 100-110, 180-190 and
220-240, mutations in these RT regions can substantially decrease susceptibility to all
NNRTIs [211]. Analyzing N1 and DRY maps, the high conserved and hydrophobic
residues Ile180 and Vall89 were identified, highlighting their importance in favourable
contacts within the NNRTI binding pocket [205; 172].

Pro225 is one of the amino acids forming the mouth of the hydrophobic NNRTI-specific
binding pocket of HIV-1 RT, and is highly conserved in the RTs of HIV-1, HIV-2 and

simian immunodeficiency virus (SIV) [212]. This amino acid was well recognized using
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DRY probe and such a data validates its essential role in lipophilic interactions with the
drugs, as much as the P225H mutation in the recombinant HIV-1 resulted in a 2+6-fold
decreases of sensitivity to all NNRTIs tested, except for BHAP U-90152, where there was
a 2+5-fold increase in sensitivity [211].

Reverse transcriptase residues from 224 to 235 are known to be involved in positioning the
primer terminus (“primer grip”’) [213]. The aromatic and conserved amino acids Phe227
and Trp229, well mapped with DRY probe, are pivotal in NNRTI-BP for their ability to
establish m-stacking interactions with the drugs [200]. Mutagenesis studies confirmed the
crucial role of Trp229 aromatic ring for RT activity, correct folding of the protein and
NNRTI-BP formation [185].

Located in the primer grip area, Leu234 resulted well mapped using DRY probe. This
residue is known to be essential in RT dimerization step as much as the substitution
Leu234Ala inhibits p66/p51 association, causing long range conformational changes and
consequently altering NNRTI-BP structure [80].

Several studies showed that His235 and Pro236, through its indolic ring, result crucial for
establishing, respectively, hydrophobic interactions and hydrogen bonds with NNRTIs and
for stabilizing the open conformation of binding pocket, in order to better accommodate
the drug [200]. These data are in agreement with GBPM analysis, since His235 and Pro236
were found to be well mapped with all the used probes (figure 75).
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Figure 75. Interaction areas of p66 Pro236 and Tyr318 well mapped with N1 probe (blue area) using
PDB model 1hnv [Artese at al., unpublished data].

N1 maps led us to identify another residue of the palm subdomain of p66, Asp237, whose
role in drug resistance and/or viral fitness is currently unclear [214].

As shown in figure 75, the obtained map using the hydrogen bond donor probe highlighted
also the slightly conserved residue Tyr318, known to interact with NNRTI-BP through its
phenolic hydroxyl group of the side-chain. In fact recent mutagenesis studies confirmed
the pivotal role of this amino acid, that, if mutated with a non-aromatic residue, involves
the lack of RT activity and the development of NNRTI associated resistance [215].

The p51 subunit of RT is known to be involved in stabilization of the heterodimer and in
the formation of the hydrophobic pocket at which the NNRTIs are targeted. The glutamic
acid residue at position 138 of the p51 determines the sensitivity and resistance of the
enzyme to the inhibitory effect of the TSAO derivatives due to its capability to establish
hydrogen bonds with the drug [216]. These data were validated analyzing GBPM maps
with O probe, that confirm the interactions of the poorly variable Glul38 and its
functional and structural roles in NNRTI-BP.
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3.2.5. Pharmacophore model and drug design

With the aim to obtain a pharmacophore model by the GBPM approach on the three crucial
RT drugs sites, the Minim utility [169] was used and the points with minimum energetic
values for all the adopted probes were identified. Subsequently, the obtained maps points
were imported into Catalyst program, obtaining the starting features for the generation of
pharmacophoric models. Each feature has a relative weight in function of single point energy.
Thus, for all the analyzed PDB complexes, the hypothesis features number calculation was
carried out and the model with the lowest value was selected. As a result, the RT
crystallographic model complexed with tenofovir (TDF) (PDB code 1T05) was chosen and a
first pharmacophore hypothesis was generated.

RT interface GBPM application led to the identification of a large mapping area of the $7-$8
loop of p51 subunit, known to interact with heterodimer stability interfering TSAO
compounds (figure 76) [217].

Figure 76. Interaction area of TSAO at RT dimer interface [217].

Due to the emergence of HIV resistant strains in presence of the single mutation E138K, an
alternative approach can be represented by molecular hybridization therapy, based on the

combination of a nucleoside analogue with a non-nucleoside inhibitor by a chemical spacer.
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Some examples of molecular hybridization, shown in figure 77, are: TSAO-T-(CH,);-AZT,
TSAO-T-(CH,);-d4T [218] and TSAO-T-(CH,)3-PFA [219].
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Figure 77. Examples of molecular hybridization approach therapy [218].

Since the crucial residues in TSAO-RT interactions, such as Ile31, Lys32, Val35, Lysl01,
Lys103, Ser134-Pro140, Ile142, Thr165, Argl72, Prol176, Vall79 and Tyr181 [217] resulted
well recognized with GBPM analysis, the pharmacophore model, screening a large interface

region and the TDF binding site (figure 78), could lead to design a molecular hybrid linked

with a spacer.
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Figure 78. The RT GBPM pharmacophore model obtained using the PDB model 1T0S. The p66 and p51
subunits are shown in cartoon and coloured in blue and red, respectively. The crucial residues in TSAO-RT
interactions are represented in yellow sticks; the features of the pharmacophore model are displayed as green
spheres [Artese at al., unpublished data].

Thus tenofovir association with dimerization synthetic inhibitors (TSAO, BBNH), or with
peptidic inhibitors, could be considered an interesting starting point in order to obtain new
antiretroviral drugs. The identification of new hypothesis in agreement to structural and
clinical data, mediated by the reduction of features number in all RT models according to
energetic criteria, is in progress. Moreover the virtual screening of compounds able to fit

with the pharmacophoric hypothesis generated from PDB model 1t05 is still running.
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4. Molecular dynamics simulations

4.1. RT simulations
The development of NNRTIs resistance is related to several mutations and is associated to

NNRTI therapy failure. These mutations affect NNRTI binding directly by altering the size,
shape, and polarity of different parts of the NNRTI-BP or indirectly by affecting the access of
NNRTIs to the pocket itself [220].

In order to analyze the effects of Lys103Asn, a well known mutation occurring onto the p66
subunit of HIV-1 RT, and Ile135Thr, a novel substitution present on the p51 subunit,

molecular dynamics simulations (MDS) were performed.

4.1.1. Materials and methods

The computational work started with the analysis of the available crystallographic unbound
models of RT. The IDLO PDB model was judged as the most complete (971 residues,
resolution = 2.70 A) and selected for creating the starting geometries of the MDS, adding on
each subunit missing amino acids. MDSs were carried out by using the GROMACS software
[221]. The wild-type RT model and the two RT mutants with mutations K103N and
KI103N I135T were analyzed, submitting to MDS the starting geometries obtained in the
previous step by single-residue substitution. For each structure, the GROMOS96 53a6 force
field with the explicit water implementation and an octahedral box were used, setting the box
edge at a distance of 3.0 nm from the target. All studied mutants were energy minimized for
50.000 steps. The Linear Constraints Solver algorithm was adopted for all atoms to prevent
bond distortions as suggested for time steps larger than 1 fs. After energy minimization, we
performed three MDSs by using Berendsen’s temperature and pressure coupling methods and
particle mesh Ewald electrostatic treatment under coulomb-type [221]. In the first simulation,
for 100 ps, RT was kept frozen and only water molecules were free to move; in the second
one, water molecules and added residues were allowed to move for 500 ps, while the entire
enzyme was still fixed; and in the last one, the whole enzyme was free to move for 1 ns.
Several geometrical parameters were analyzed by adopting different GROMACS utilities, like
g hbonds, which computes and analyzes hydrogen bonds during the whole simulation. The

default distance cutoff of 2.5 A and the default angle cutoff of 60 degrees were used.
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4.1.2. Results and discussion

Since RT NNRTI-BP is not a cavity, but a hydrophobic region situated in RT thumb
subdomain, NNRTI-BP residues have to arrange in order to accommodate the drug. The key
event in this process is represented by primer grip 312-14 sheets rotation, that causes Trp229
shift from binding pocket and Tyr181-Tyr188 “flipping” toward polymerase active site. These
structural changes make consequently catalytic aspartates to assume an improper geometry
with the final inhibition of enzyme polymerase action [78]. The tridimensional localization of

such groups of residues is shown in figure 79.

Figure 79. Tridimensional localization of primer grip residues (residues 226-235), reported as magenta polytube,
and of p66 NNRTI-BP interface residues, represented with yellow polytube rendering [Artese at al., unpublished
data].

With the aim to evaluate 312-14 sheets rotation for all mutants, the distance between primer
grip residues and p66 NNRTI-BP interface amino acids (Pro95, Leul00, Lys101, Lys103,
Vall79, Tyrl81, Tyr188), was monitored, as reported in figure 79. A decreasing of the
average distance for the RT double mutant K103N _I135T with respect to wild-type model
(table 7, figure 79) was noticed.

102



Model A.verage
distance
WT 1.19
K103N 1.16
1135T 1.17
KI103N I135T 1.10

Table 7. Average distance analysis between primer grip residues and p66 NNRTI-BP interface amino acids
calculated for WT and the studied RT mutants [Artese at al., unpublished data].
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Figure 80. Distance analysis between primer grip residues and p66 NNRTI-BP interface amino acids for WT
and RT mutants. On the x axis is reported simulation time measured in ps, on the y axis the distance expressed in
nm [Artese at al., unpublished data].

As reported in figure 80, in initial MD steps such a distance was found very similar for all
analyzed mutants, while in final steps a reduction for the double K103N I135T with respect
to WT was observed.

Subsequently a distance calculation analysis between Tyr188 and the catalytic aspartates was
carried out in order to evaluate the accessibility of a generic NNRTI inhibitor to the binding

pocket (table 8).
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In NNRTI-BP formation, Tyr181 and Tyr188 have to flip toward catalytic aspartates, but in
presence of K103N mutation is observed a high energetic barrier for creation of this pocket,

with a RT closed conformation stabilization [88].

Model A'v erage
distance
WT 1.03
K103N 1.06
1135T 1.06
K103N _I135T 1.09

Table 8. Average distance analysis between Tyr188 and catalytic aspartates calculated for WT and all RT
mutants [Artese at al., unpublished data].
As shown in figure 81, in final steps of MD simulation the distance between Tyr188 and
active polymerase site resulted greater for the double K103N I135T with respect to WT, thus
validating the higher drug accessibility to accommodate into binding pocket without mutation

on residue 103.
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Figure 81. Distance analysis between Tyr188 and the catalytic aspartates for WT and RT mutants. On the x axis
is reported simulation time measured in ps, on the y axis the distance expressed in nm [Artese at al., unpublished
data].

The substitution of Lys to Asn at position 103 seemed to induce significant differences in
NNRTI binding pocket structure with respect to WT. In K103N mutant RT long positively
charged side chain of Lys103 is replaced by the smaller and uncharged side chain of Asn,
with perturbation effects in total enzyme electrostatic charge. In K103N mutant the empty
space derived from the Lys to Asn substitution was occupied by one water molecule, as

reported in figure 82.
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Figure 82. Hydrogen bond between Asn103 carbonylic group and a water molecule placed into NNRTI binding
pocket. RT backbone is represented with cartoon rendering, while the side chains are displayed in wireframe
[Artese at al., unpublished data].

A key hydrogen bond is established between the nitrogen atom of Asn103 side chain and the
hydroxylic group of Tyr188 in the unbounded mutant K103N, as reported in figure 83.

Val 106

) 3‘1( =
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Figure 83. LigPlot schematic diagram relative to Asn103. The hydrogen bond between the nitrogen atom of
Asnl03 side chain and the hydroxyl group of Tyr188 in the unbounded mutant Lys103 Asn is indicated with a
green dashed line, while hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished
data].
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Another pivotal hydrogen bond is observed between the nitrogen atom of Asn 103 side chain
and the carbonylic oxygen of Lys101. Such a hydrogen bonding network probably causes the
stabilization of NNRTI-BP closed conformation in the mutant K103N [78].

As reported in literature [90], NNRTI-BP formation is hampered by Asnl103-Tyr188
hydrogen bond and this interaction is absent in WT. With the aim to verify its presence, this
hydrogen-bond for the trajectories of the studied mutants was monitored and it resulted
formed only in presence of the K103N mutation, single or associated, while for WT no

hydrogen-bonds were observed during the entire MD simulations (figure 84).

—a— WT K103N —e— |135T —+— K103N_I135T |

1,20

Ity
1By

el

1,00

oo T A A my'ﬂ Tk ‘”M '

0,60

- | LAJ\’\W\A/\«/"V\AW M./v\j\ww
0,20
0,00 -

0 100 200 300 400 500 600 700 800 900 1000

Figure 84. Distance analysis between the nitrogen atom of Asn103 side chain and the hydroxyl group of Tyr188
calculated for WT and RT mutants. On the x axis is reported simulation time measured in ps, on the y axis the
distance expressed in nm [Artese at al., unpublished data].

Therefore the performed MDS showed that the phenol oxygen of Tyr188 and the side chain
carboxamide of Asnl103 are closer in the presence of Thr135 than they are in the presence of

the WT Ile residue at position 135 (distance of 1.94 A versus 2.90 A) (figure 85) [222].
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Figure 85. Insight into the NNRTI-BP showing the distance in angstroms (d) between NH, of Asn103 and the
OH of Tyr188 in the presence of Ile135 (A) or Thr135 (B). Side chains of residues Asn103, Tyr188, and
Ile/Thr135 are highlighted in wireframe. The p66 and the p51 subunits are represented as cartoons and coloured
in yellow and magenta, respectively [222].

In addition, the number of occurrences of a hydrogen bond over 1 ns between Tyr188 and
Asnl03 in the presence of Thr135 was significantly higher than that in the presence of the
Ile135 wild type (152 occurrences versus 18 occurrences; P<0.001). This suggests that [135T
may favor the stabilization of the closed form of the NNRTI binding pocket induced by
KI103N.

Moreover, analyzing within the NNRTI binding pocket the energy related to the protein-
protein electrostatic interaction at the heterodimer p66-p51 interface, it was observed that the
mutation K103N itself determined a reduction of this energetic term with respect to the WT
sequence (average Coul-SR energy, -38.004,6 versus -37.457,6 kJ/mol) and this average
energy decreased much more with the presence of the double mutation 1135T K103N

(average Coul-SR energy, -38.679,1 kJ/mol) [222].
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4.2. PR simulations
Drug resistance is a major problem affecting the clinical efficacy of antiretroviral agents,

including protease inhibitors (PIs), in the treatment of infection with HIV-1/AIDS.

For its crucial role in the HIV-1 life cycle, PR represents an important target for the
antiretroviral therapy. To date seven PIs (indinavir, ritonavir, saquinavir, nelfinavir,
amprenavir, lopinavir, and atazanavir) have been approved by the Food and Drug
Administration (FDA) and are clinically available. Unfortunately, when antiretroviral therapy
fails to be fully suppressive, viral variants with reduced susceptibilities to PIs can emerge
[223]. Resistance to Pls is mediated by the appearance of PR amino acid substitutions (at
positions either in direct contact with the inhibitor or at distant sites) that reduce the binding
affinity between the inhibitor and the mutant PR enzyme. These amino acid substitutions,
defined in the literature as major mutations, may deeply impair the PR catalytic activity and,
consequently, the replication capacity of the virus. Restoration of the replication capacity is
due to the presence of mutations defined in the literature as compensatory mutations [223].
Several studies have contributed to our current knowledge of the drug-related variants of
HIV-1 PR. To date, mutations at 50 of 99 residues of PR have been related to one or more
experimentally tested Pls, thus attesting to the high degree of flexibility of the PR enzyme; 22
of these residues are involved in resistance to the PIs used in clinical practice [223].
Consequently, the elucidation of the molecular recognition of the currently approved Pls in
presence of known mutations responsible to confer resistance is critical to the development of

superior inhibitors.

4.2.1. Materials and methods

For both PR inhibitors the two analyzed mutants were built, starting from crystallographic
models, by residues replacing. Theoretical structures were energy minimized using the
AMBER* force field [224] and the GB/SA water implicit solvation model [225]. Using the
same force fields and environment, the optimized structures were submitted to 1 ns of
Molecular Dynamics Simulation (MDS) at 300K, sampling 200 structures. These calculations
were performed with the molecular modeling software MacroModel ver.7.2 [226]. According
to Moline method [227], the interaction energies of all PR complexes were evaluated,
identifying the most populated configuration. The contacts of the most probable

configurations were analyzed using LigPlot program [171].
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4.2.2. Results and discussion

In this analysis the influence of two drug resistance-associated mutations, L33F and L76V, of
HIV-1 PR has been evaluated with respect to lopinavir and atazanavir molecular recognition.
Lopinavir (LPV) is a PI developed from ritonavir (figure 86). Co administration with low-
dose of ritonavir significantly improves the pharmacokinetic properties and hence the activity
of LPV against HIV-1 PR. Some mutations have been shown to be associated with LPV
treatment (E34Q, K43T, and K55R) and correlated with mutations associated with LPV
resistance (E34Q with either L33F or F53L, or K43T with 154A) or clustered with multi-PI
resistance mutations (K43T with V82A and 154V or V82A, V321, and 147V, or K55R with
V82A, 154V, and M461) [223].

Figure 86. Tridimensional structure of lopinavir [Artese at al., unpublished data].

Atazanavir (ATV) is a second generation PI reporting for the first time an azapeptide structure
(figure 87). The in vitro drug susceptibilities evaluation, carried out onto a large panel of
ATV-naive HIV clinical virus isolates, revealed a distinct resistance profile with respect to
other PIs. Viruses isolates characterization from Pl-naive patients failing ATV therapy,

highlighted a single ISOL mutation of the protease in 100% of ATV resistant isolates [228].
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Figure 87. Tridimensional structure of atazanavir [Artese at al., unpublished data].

In order to analyze LPV-PR complex, due to the absence of mutations and to its low
resolution (2.80 A), the crystallographic PDB structure with the code 1MUI [229] was
selected. Residues Leu33 and Leu76 are close with each other in the HIV PR, as shown in

figure 88.

Figure 88. A ribbon model of HIV-1 PR with bound LPV showing the localization of residues 33 and 76 [Artese
at al., unpublished data].

These amino acids directly interact by an hydrogen bond in both PR monomers, as reported in

figure 89.
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Figure 89. LigPlot schematic diagram showing residues Thr31, Leu33, Val75, Leu76 and Val77 in HIV-1 PR.
Leu33 directly interacts with Leu76 through an hydrogen bond (dotted green line). The distance (A) between
atoms involved in hydrogen bonds is reported [Artese at al., unpublished data].

Using the program LigPlot [171] onto the crystallographic structure, LPV was found to
establish 3 hydrogen bonds to the catalytic Gly27 and Asp29. The peptidic inhibitor revealed
different non-bonded contacts with other PR residues, because of its hydrophobic nature

(figure 90).
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Figure 90. LigPlot schematic diagram showing LPV interactions in the crystallographic PR complex. The
hydrogen bonds established by the PI are represented with green dashed lines, while hydrophobic contacts are
showed with a red labelled arc [Artese at al., unpublished data].

In order to analyze ATV-PR complex, the crystallographic PDB model with the code 204K
(1.60 A) [230] was used, localizing the studied substitutions with respect to the azapeptide PI,

as shown in figure 91.
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Figure 91. A ribbon model of HIV-1 PR with bound ATV showing the localization of residues 33 and 76
[Artese at al., unpublished data].

Also in ATV-PR complex, these amino acids directly interact by an hydrogen bond in both

PR monomers, as reported in figure 92.
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Figure 92. LigPlot schematic diagram showing residues Asp30, Thr31, Leu33, Ile47, Val56, GIn58, Val75,
Leu76 and Val77 in HIV-1 PR. Leu33 directly interacts with Leu76 through an hydrogen bond (dotted green
line). The distance (A) between atoms involved in hydrogen bonds is reported [Artese at al., unpublished data].

Using LigPlot [171] onto the selected crystallographic structure, ATV revealed 6 hydrogen

bonds to the catalytic Gly27 and Asp29 and to Gly48 in both chains. The azapeptide inhibitor
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showed several productive non-bonded interactions due to the presence of its three aromatic

rings, as reported in figure 93.
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Figure 93. LigPlot schematic diagram showing ATV interactions in the crystallographic PR complex. The
hydrogen bonds established by the azapeptide PI are represented with green dashed lines, while hydrophobic
contacts are showed with a red labelled arc [Artese at al., unpublished data].
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With the purpose to analyze the obtained theoretical complexes for both PR inhibitors, the
interactions established between the studied PI within the enzyme active site were evaluated
for WT and in presence of the two mutations.

Analyzing the most populated WT configuration of LPV-PR complex, 32 non-bonded
contacts and 6 hydrogen bonds were observed, as shown in figure 94. The accommodation of
LPV was well stabilized through a crucial hydrogen-bond with Arg8, found to be essential in
PR catalytic site [231].
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Figure 94. LigPlot schematic diagram showing LPV interactions in the obtained most populated WT-PR
configuration. The hydrogen bonds established by LPV are represented with green dashed lines, while
hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

In LPV most populated configuration with the L33F mutation, 40 non-bonded contacts and 5
hydrogen bonds were identified. In this case LPV, with respect to WT, lost two hydrogen-
bond with Gly27 present in the active site, and Arg8, with a resultant decreasing of its binding

affinity (figure 95).
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Figure 95. LigPlot schematic diagram showing LPV interactions in the obtained most populated L33F-PR
configuration. The hydrogen bonds established by LPV are represented with green dashed lines, while
hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

Analyzing LPV most probable configuration in presence of the L76V mutation, although,
with respect to WT, a higher number of non-bonded contacts was observed (55), such a
mutation caused a reduction of hydrogen bond network (3) and destabilized the drug PR

complex (figure 96).
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Figure 96. LigPlot schematic diagram showing LPV interactions in the obtained most populated L76V-PR
configuration. The hydrogen bonds established by LPV are represented with green dashed lines, while
hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

In ATV-WT most populated configuration, the analysis of the interactions established by the
azapeptide inhibitor showed 30 non-bonded contacts and 5 hydrogen bonds, as reported in
figure 97.

A good stabilization of ATV through its hydrogen bonds with the catalytic residues and with

Gly48, located in the crucial flap region, was noticed.
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Figure 97. LigPlot schematic diagram showing ATV interactions in the obtained most populated WT-PR
configuration. The hydrogen bonds established by ATV are represented with green dashed lines, while
hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

Analyzing ATV most probable configuration in presence of the L33F mutation, 27 non-
bonded contacts and 8 hydrogen bonds were identified, with an increasing hydrogen bond
network with respect to WT complex. Nonetheless, the L33F mutation caused a less
productive binding energy due to the loss of ATV interactions with the catalytic aspartates

(figure 98).
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Figure 98. LigPlot schematic diagram showing ATV interactions in the obtained most populated L33F-PR
configuration. The hydrogen bonds established by ATV are represented with green dashed lines, while
hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

Finally, analyzing ATV most populated configuration in presence of the L76V mutation, 28
non-bonded contacts and 6 hydrogen bonds were detected (figure 99). In this mutant, ATV
showed hydrogen bonds with catalytic residues, but it resulted more stabilized through
hydrogen bond with Gly48 and Ile50, residues placed in the flap region found to be crucial in
substrate binding [105]. Such a profile is related to an increased drug affinity.
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Figure 99. LigPlot schematic diagram showing ATV interactions in the obtained most populated L76V-PR
configuration. The hydrogen bonds established by ATV are represented with green dashed lines, while
hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

As reported in literature, the dimer of PR is maintained by interactions between the two
subunits, including the terminal residues (1-4 and 96-99), the tips of the flaps (50, 51), Asp29,
Arg87 and Arg8' and residues in and surrounding the active site (residues 24-27) [105]. Thus,
in addition to the evaluation of the energetic and molecular recognition terms, the effects of
the analyzed mutations were investigated onto the dimerization interface.

In LPV complexes, in presence of L33F mutation, a lower number of good contacts at PR

dimer interface was found, as reported in table 9.
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WT L33F L76V

RES
HB | vdW | HB | vdW | HB | vdW

1A 1 1 1 1 1 4
1B 1 1 0 2 2 0
2A 2 1 1 2 1 8
2B 1 5 0 1 1 1
3A 2 2 2 2 2 3
3B 2 3 2 3 2 2
4A 0 3 0 2 0 1
4B 0 1 0 1 0 2

96 A 2 6 3 3 4 5

96 B 4 5 4 7 3 4

97 A 2 5 2 4 2 5

97B 2 4 2 7 2 2

98 A 3 6 3 1 4 1

98 B 2 1 3 1 4 3

99 A 3 15 0 7 1 2

99 B 1 7 1 7 1 18

# contacts 94 75 91

Table 9. LPV number of interactions, including van der Waals contacts and hydrogen bonds, at the PR
dimerization interface [Artese at al., unpublished data].

In ATV complexes, in presence of L33F mutation, a lower number of good contacts at PR
dimer interface was found, while L76V mutant shows a profile quite similar to WT, with

more productive interactions (table 10).
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WT L33F L76V

RES
HB | vdW | HB | vdW | HB | vdW

1A 1 1 1 0 1 0
1B 1 4 1 0 1 1
2A 0 3 0 4 2 3
2B 1 8 0 3 2 2
3A 2 2 2 2 2 9
3B 2 10 2 6 2 2
4 A 0 3 0 1 0 3
4B 0 0 0 1 0 1

96 A 2 5 3 6 3 3

96 B 3 4 2 8 5 10

97 A 3 14 2 6 2 4

97 B 2 5 2 1 2 3

98 A 2 8 2 4 4 1

98 B 2 4 3 3 3 1

99 A 1 10 1 8 2 7

99 B 1 9 1 4 1 12

# contacts 113 79 94

Table 10. ATV number of interactions, including van der Waals contacts and hydrogen bonds, at the PR
dimerization interface [ Artese at al., unpublished data].

Resistance data in presence of the analyzed mutations and expressed as Z-scores index [232]
clearly indicated that the substitution L33F is related to a more negative profile for both PR
inhibitors in term of binding affinity with respect to WT (table 11).
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*
Z-score AGhpind

PI

WT | L33F | L76V | WT L33F | L76V

LPV | 0.00 | 802 [ 4.00 [ -29.05 | -12.84 | -14.15

ATV | 0.00 | 7.25 | -0.30 | -16.16 | -10.81 | -23.97

Table 11. Correlation analysis between the Z-score index and the AGy,;,q (* values computed by MM-GBSA
approach [233] calculated for the three PR studied complexes (WT, L33F and L76V) in presence of the two PR
inhibitors (LPV and ATV) [Artese at al., unpublished data].

Such a result was further confirmed by the evaluation of interaction energy expressed as
AGying. In fact this analysis revealed that the L33F mutation is associated to higher energetic
values for both PR-LPV and PR-ATV complexes with respect to WT, indicating their
decreased stability.

Moreover in LPV complexes, L33F substitution is related to reduced host/guest interactions
and to a dimer destabilizing effect. In presence of L76V mutation, LPV showed a decreased
binding affinity and a reduced hydrogen bonding network.

In ATV complexes, L33F mutation was related to an impaired dimer interface stabilization, to
the loss of pivotal contacts in the active site and to a reduced binding affinity.

Interestingly in presence of L76V substitution, ATV revealed a more productive binding
affinity, increased host/guest interactions and dimer stabilizing effects, in agreement with

hyper susceptibility data, indicated by the negative Z-score value (-0.30).
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4.3. gp41 simulations

The fusion glycoprotein gp41 consists of several domains, including an N-terminal fusion
peptide, N- and C-terminal heptad repeat regions defined as HR1 and HR2, a transmembrane
domain and a cytoplasmic tail. Enfuvirtide (T-20, Fuzeon) is the first fusion inhibitor (FI)
approved for clinical practice. It interacts with HR1, preventing the formation of the six-helix
bundle, and consequently the fusion process. To date, 18 mutations at 8 positions within the
“ENF-target region” encompassing the amino acids 36-45 of HR1 have been associated with
ENF-resistance [234]. Additional mutations outside the ENF-target region are also involved

in ENF-resistance, and therefore leading to ENF virological failure.

4.3.1. Materials and methods

The X-ray crystallographic coordinates of HIV-1 gp41 deposited in the Protein Data Bank
[168] with code 1IF3 were used for the structural analysis (figure 100). Starting from this
model the mutants were generated by single residue replacement in all chains. Energy
minimized starting structures were submitted to 1 ns of Molecular Dynamic Simulations
(MDS) at 300K, storing 200 conformations and using AMBER* force field [224] and GB/SA
water implicit model [225]. All simulations were performed by MacroModel ver. 7.2 [226].
To evaluate the most important interactions at interface of HR1 and HR2 subdomains, the
programs LigPlot and DimPlot [171] were used to select the most involved gp41 residues. All
molecular dynamics conformations were analyzed adopting a distance based descriptor
computing the Boltzmann probability at 300K. Six dummy atoms averaging all the atoms of
the residues 38 and 140 for each chain were generated and their distances with respect to

residue Asnl45 were measured.

4.3.2. Results and discussion

With the aim to estimate the stability of its 6-helix bundle, the gp41 conformational properties
have been investigated in presence of V38A and N140I, known enfuvirtide resistance-

associated mutations.
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Figure 100. HIV-1 gp41 crystallographic model 1if3 shown as blue cartoon. The two crucial regions HR1 and
HR2 are represented in yellow and green, respectively [Artese at al., unpublished data].

The stability of the six-helix bundle requires, in each hairpin, hydrophobic interactions
between specific HR1 and HR2 residues [235]. One of them is just residue 38 that establishes

van der Waals interaction with residue 145 (figure 101).

38
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145 140

Figure 101. Primary amino acidic sequence of HR1 and HR2 residues of gp41 glycoprotein showing the crucial
interactions between specific HR1 and HR2 residues [236].
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By performing MDS, the impact of mutations at position 38 and 140 on the formation of this
important interaction was investigated, by monitoring over 1 ns, every 5 ps (for 201 total
observations), the distance and the frequency of occurrence of the van der Waals interaction
between residues 38 and 145.

As reported in figure 102, in WT analyzed gp41 model, for the three glycoproteic hairpins,
the interatomic distance between residues 38 and 145 showed values about equal to 5.85 A,

with a final stabilizing effect on the bundle.

Figure 102. Insight into the six-helix bundle in WT gp41 model. The glycoprotein is shown as cartoon and the
three chains A, B and C are colored in yellow, light green and dark green, respectively. The gp41 residues
involved in crucial interactions are represented in sticks and their interatomic distance, expressed in A, is

indicated with a cyan dashed line [236].

Such a data was confirmed evaluating the interactions of the WT most probable configuration

obtained according to Moline method [227] and reported in figure 103.
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Figure 103. LigPlot schematic diagram showing Asn145 interactions in the obtained most populated WT-gp41
configuration. The hydrogen bonds established by the residue are represented with green dashed lines, while
hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

5lnl4l

In WT gp41 model, residue Asn145 was found to establish two pivotal non-bonded contacts
with Val38, improving the package of the six-helix bundle.

By contrast, in presence of the mutation V38A, a significant increasing of the evaluated
distance was noticed for gp4l hairpin A (figure 104), explaining the absence of the
hydrophobic contacts between residues 38 and 145 (figure 105). In fact, although in V38A
mutant Asnl45 showed four hydrogen bonds with residues Leu33, Glul41l, Glul48 and
Leul49, the lack of the crucial non-bonded contact with Val38 determined an impairment of

the six-helix bundle stabilization.
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Figure 104. Insight into the six-helix bundle in V38A gp41 mutant. The glycoprotein is shown as cartoon and
the three chains A, B and C are colored in yellow, light green and dark green, respectively. The gp41 residues
involved in crucial interactions are represented in sticks and their interatomic distance, expressed in A, is
indicated with a cyan dashed line [236].
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Figure 105. LigPlot schematic diagram showing Asnl145 interactions in the obtained most populated V38A-
gp41 configuration. The hydrogen bonds established by the residue are represented with green dashed lines,
while hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

Interestingly, the substitution N140I caused an important reduction of the studied distance for

two gp41 hairpins, with a more remarkable separation of Val38 from Asnl145 (figure 106).

129



Figure 106. Insight into the six-helix bundle in N140I gp41 mutant. The glycoprotein is shown as cartoon and
the three chains A, B and C are colored in yellow, light green and dark green, respectively. The gp41 residues
involved in crucial interactions are represented in sticks and their interatomic distance, expressed in A, is
indicated with a cyan dashed line [236].

As reported in figure 107, analyzing the interactions of the most populated N1401
configuration, Asnl145 was found to form three hydrogen bonds with gp41 residues Glnl41,
Glul48 and leul49, but, in presence of this mutation, it lost one hydrophobic contact with

Val38 with respect to WT.
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Figure 107. LigPlot schematic diagram showing Asn145 interactions in the obtained most populated N140I-
gp41 configuration. The hydrogen bonds established by the residue are represented with green dashed lines,
while hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].

Finally the MDS showed that in presence of the double mutation V38A N140I, the distance
between the residues Ala38 and Asnl45 was increased in all three hairpins, as indicated in

table 12 and in figure 108.

V38wt V38A N1401I V38A+1401
A B C A B C A B C A B C
98.0 853 100 0.5 945 62 97.5 1.0 2.5 0 14 4

Table 12. The frequency of occurrence of Van der Waals interactions between residues 38 and 145 monitored
in each hairpin, over 1 ns, every 5 ps, for 201 total observations. A, B, C indicate the three hairpins in the six-
helix bundle [236].
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Figure 108. Insight into the six-helix bundle in gp41double mutant V38 A N140I. The glycoprotein is shown as
cartoon and the three chains A, B and C are colored in yellow, light green and dark green, respectively. The gp41
residues involved in crucial interactions are represented in sticks and their interatomic distance, expressed in A,
is indicated with a cyan dashed line [236].

Such a result was further validated by the interactions analysis of the most probable
V38A N140I configuration, showing the lock of the non-bonded contacts between residues
38 and 145 (figure 109).

The decreasing of the analyzed distance significantly reduced the frequency of occurrence of
the van der Waals interaction in all the three hairpins. Thus, in presence of V38A N140I, the
interaction between residues 38 and 145, important for the formation of the six- helix bundle,

is drastically impaired.
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Figure 109. LigPlot schematic diagram showing Asn145 interactions in the obtained most populated
V38A N140I-gp41 configuration. The hydrogen bonds established by the residue are represented with green
dashed lines, while hydrophobic contacts are showed with a red labelled arc [Artese at al., unpublished data].
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5. Conclusions and further development
During my PhD course different computational studies of mutations associated to resistance

in HIV-1 macromolecular targets have been performed with the aim to rationalize the design
of novel antiviral agents.

In particular the role of the novel reverse transcriptase mutation I135T in presence of the more
common K103N, associated to NNRTIs resistance, was elucidated by means of molecular
dynamics simulations (MDS). The performed calculations showed that the phenol oxygen of
Tyr188 and the side chain carboxamide of Asn103 resulted closer in the presence of Thrl135
than they are in the presence of the WT Ile residue at position 135. In addition, the number of
occurrences of a hydrogen bond over 1 ns between Tyr188 and Asnl03 in the presence of
Thr135 was significantly higher than that in the presence of the Ile135 wild type. This
suggests that [135T may favor the stabilization of the closed form of the NNRTI binding
pocket induced by K103N. Moreover, analyzing within the NNRTI binding pocket the energy
related to the protein-protein electrostatic interaction at the heterodimer p66-p51 interface, it
was observed that the mutation K103N itself determined a reduction of this energetic term
with respect to the WT sequence and this average energy decreased much more with the
presence of the double mutation [135T K103N.

In the second MDS analysis, the influence of two drug resistance-associated mutations, L33F
and L76V, of HIV-1 protease has been evaluated with respect to lopinavir and atazanavir
molecular recognition. Resistance data in presence of the analyzed mutations and expressed as
Z-scores index clearly indicated that the substitution L33F is related to a more negative
profile for both PR inhibitors in term of binding affinity with respect to WT. Such a result was
further confirmed by the evaluation of interaction energy expressed as AGping. Thus in LPV
complexes, L33F substitution was related to reduced host/guest interactions and to a dimer
destabilizing effect. In presence of L76V mutation, LPV showed a decreased binding affinity
and a reduced hydrogen bonding network. In ATV complexes, L33F mutation was related to
an impaired dimer interface stabilization, to the loss of pivotal contacts in the active site and
to a reduced binding affinity.

Interestingly in presence of L76V substitution, ATV revealed a more productive binding
affinity, increased host/guest interactions and dimer stabilizing effects, in agreement with
hyper susceptibility data.

With the aim to estimate the stability of its 6-helix bundle, the fusion glycoprotein gp41

conformational properties have been investigated in presence of V38A and N140I, known
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enfuvirtide resistance-associated mutations. The performed MDS showed that in presence of
the double mutation V38A N1401, the distance between the residues Ala38 and Asnl145 was
increased in all three hairpins. Such a result was further validated by the interactions analysis
of the most probable V38A N140I configuration. The decreasing of the analyzed distance
significantly reduced the frequency of occurrence of the van der Waals interaction in all the
three hairpins. Thus, in presence of V38A N140I, the interaction between residues 38 and
145, important for the formation of the six- helix bundle, is drastically impaired.

Finally a new RT pharmacophore model, useful for further drug design studies, has been
defined applying the innovative GBPM computational method to 96 crystallographic models
of HIV-1 reverse transcriptase. The maps analyses confirmed the importance of the most
involved RT residues in productive interactions at the three crucial drugs sites (dimer
interface, polymerase binding site and NNRTI binding pocket). RT interface GBPM
application led to the identification of a large mapping area of the $7-B8 loop of p51 subunit,
known to interact with heterodimer stability interfering TSAO compounds. Since the crucial
residues in TSAO-RT interactions resulted well recognized with GBPM analysis, the
pharmacophore model, screening a large interface region and the tenofovir binding site, could
lead to design a molecular hybrid linked with a spacer. Thus tenofovir association with
dimerization synthetic inhibitors (TSAO, BBNH), or with peptidic inhibitors, could be
considered an interesting starting point in order to obtain new antiretroviral drugs. The
identification of new hypothesis in agreement to structural and clinical data, mediated by the
reduction of features number in all RT models according to energetic criteria, is in progress.
Moreover the virtual screening of compounds able to fit with the pharmacophoric hypothesis

generated from PDB model 1t05 is still running.
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