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SUMMARY 

 
 

Non-nucleoside reverse transcriptase inhibitors (NNRTIs) specifically interact with the 

reverse transcriptase (RT) of human immunodeficiency virus type 1 (HIV-1). NNRTIs are 

highly active inhibitors of HIV-1 with a generally low toxicity, which are as a rule completely 

inactive against other lentiviruses. NNRTIs bind to a specific site of the RT that is close to, 

but distinct from the polymerase active site. Widespread use of NNRTIs in anti-HIV 

chemotherapy has been hampered by the rapid emergence of NNRTI-resistant virus strains. In 

this study we focused on the NNRTI-interaction with the lentiviral RTs, encoded by HIV-1, 

HIV-2 and feline immunodeficiency virus (FIV). Our first goal was to investigate whether an 

FIV RT could be constructed that is susceptible to NNRTIs and that could therefore be 

ultimately used as a model for evaluation of new NNRTIs in the in vivo background of a 

relevant cat model. Second, we studied the molecular interactions and resistance pattern of 

MSK-076, a member of the PETT NNRTI series that is, besides targeting HIV-1, 

exceptionally also active against HIV-2 RT. These studies may have important implications 

for the development of novel NNRTIs with activity against a wider range of lentiviruses, 

including HIV-2. Third, we wanted to identify new interaction points in the NNRTI-specific 

binding pocket that can be reached by NNRTIs and may improve the binding and resilience of 
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NNRTIs to resistance development by HIV-1. The interaction points that we focused on are 

located at the bottom of the HIV-1 NNRTI-pocket and are also part of the p66/p51 

heterodimer interface. In this way, we wanted to contribute to a better understanding of the 

NNRTI-binding pocket and interface interactions. These insights may lead to a more rational 

design of novel NNRTIs and/or a new type of RT dimerisation inhibitors that can lead to a 

better suppression of NNRTI resistance development of HIV-1. 

We first investigated the molecular determinants that are responsible for the intrinsic 

resistance of FIV RT towards NNRTIs (Chapter 3). In parallel, an attempt was made to 

sensitize FIV RT to NNRTIs by construction of eight different HIV-1/FIV RT chimeras. 

Modified FIV RTs with high sensitivity towards NNRTIs could eventually be used in a 

recombinant virus model and later in animal model studies where cats are infected with a 

molecular FIV clone containing this NNRTI-sensitive RT. However, all constructed HIV-

1/FIV chimeric RTs in the FIV RT background retained resistance towards NNRTIs, whereas 

chimeric HIV-1/FIV RTs in the HIV-1 background could be made entirely insensitive to 

NNRTIs. In addition, we found that the majority of the chimeric FIV/HIV-1 RTs had a 

markedly decreased catalytic efficacy while their affinity for the natural substrates was 

comparable with that of the wild-type HIV-1 and FIV RTs. Since the corresponding amino 

acids of the putative NNRTI-specific pocket in FIV RT only differ in a few amino acids, we 

introduced the mutations Q101K, D179V and Y227F in FIV RT. Surprisingly no 

susceptibility towards NNRTIs was noticed. Thus, exchanging amino acid segments or 

substituting relevant amino acids in FIV RT by their HIV-1 RT counterparts did not suffice to 

make FIV RT sensitive towards NNRTIs. Moreover, such exchanges were often accompanied 

by a decrease or even total loss of DNA polymerase activity. In addition we studied the 

influence of the p51 subunit of FIV RT on the sensitivity of HIV-1 RT towards NNRTIs 

(Chapter 2). Construction of enzymatic hybrids with exchanged subunits between HIV-1 and 

FIV RT revealed that replacing the p51 subunit of HIV-1 RT by that of FIV RT has no 

influence on the sensitivity of the hybrid HIV-1 RT to any of the analyzed NNRTIs. Vice 

versa, replacing the p51 subunit in FIV RT by the p51 subunit of HIV-1 RT did not alter the 

FIV RT resistance to NNRTIs. As a rule, the constructed hybrid RTs had a poor catalytic 

efficacy that may suggestive for a sub optimal interaction between the subunits of the different 

RTs. 

Some derivatives of the NNRTI class of phenylethylthiazolylthiourea (PETT) 

compounds (i.e. MSK-076 and PETT-2) possess the unusual property to inhibit HIV-2 RT. In 

order to understand the mechanism of inhibition and the target of anti-HIV-2 RT action we 
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selected resistant virus strains under drug (MSK-076) pressure and we performed mechanistic 

studies to unravel the molecular interaction of the compound with RT (Chapter 4). We 

detected a mode/site of action in HIV-2 RT that was similar to the NNRTI interaction in HIV-

1 RT. Resistance mutations in the equivalent presumable NNRTI-binding region of HIV-2 RT 

(i.e. A101P) but also distal to the NNRTI-pocket and in close proximity of the active site of 

HIV-2 RT (i.e. G112E) were found. Our studies revealed that, although HIV-2 RT is, as a 

rule, insensitive to NNRTIs, some compounds still could interact with HIV-2 RT and inhibit 

the catalytic activity and virus replication at a site in HIV-2 RT that is distinct from, but 

closely related to the NNRTI-pocket. 

To contribute to the rational design of improved NNRTIs that can cope with, or 

circumvent the problem of, resistance development, we searched for ‘unmutatable’ amino 

acids in the NNRTI binding pocket (Chapter 5). In particular, we searched for interaction sites 

located in the β7-β8 loop of the p51 subunit of HIV-1 RT, which forms the bottom of the 

NNRTI binding pocket and is crucial for dimerisation interactions between p66 and p51. This 

approach makes it possible to develop novel classes of NNRTIs that can also interfere with the 

interface of the RT heterodimer, which might become a new target for anti-HIV therapy. We 

focused on two amino acids, N136 and N137, which are (i) part of the interface, (ii) at the 

bottom of the NNRTI binding pocket, (iii) highly conserved among lentiviruses and (iv) as yet 

unidentified as sites for resistance mutations. Using site-directed mutagenesis, eight N136 (i.e. 

A, Q, Y, K, T, S, L and D) and nine N137 (i.e. A, Q, Y, K, T, E, D, H and S) mutant RTs were 

constructed. Kinetic analysis of the catalytic activities of these mutant RTs revealed severely 

impaired RNA- and DNA-polymerase activities for all N136 and N137 mutant RTs with the 

exception of N137H and N137S (both are found in patients) and N137A and N137Q. We 

provided evidence that the severely compromised polymerase activities of most of the N136 

and N137 mutant RTs suggest an important functional or structural role of these amino acids 

in maintaining the heterodimeric form of the RT. The disturbance of the interface by mutating 

these amino acids was confirmed by denaturation analysis by urea and/or acetonitrile of 

several mutant N136 and N137 RTs, size exclusion chromatography and circular dichroism 

spectra. When the mutant RTs were evaluated for their sensitivity/resistance towards NNRTIs, 

they retained in general a marked sensitivity to the NNRTIs. Only when NRTIs were 

evaluated, a marked resistance was observed that correlated well with the level of decreased 

catalytic activity. Our data identified both N136 and N137 in the HIV-1 RT as amino acids 

with a crucial functional role in maintaining the heterodimeric form of RT and a structural 

function in the formation of the bottom of the NNRTI-binding pocket. These amino acids 
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should be optimally targeted by novel or optimized NNRTIs. By achieving this goal, the 

affinity of the NNRTIs to HIV-1 RT would be strengthened and it would be expected that 

drug resistance development could be delayed due to the inability of these amino acids to 

mutate without seriously compromising the catalytic activity of HIV-1 RT. More importantly, 

such NNRTI derivatives may interact with a new potential target (i.e. dimerisation) on the RT, 

resulting in a different resistance and cross-sensitivity profile. 

An existing drug that may potentially interact with the interface of the HIV-1 p66/p51 

heterodimer is (+)-calanolide A, the most active and most studied compound among the anti-

HIV-1 coumarines. The compound selects for a T139I mutation located in the p51 subunit at 

the interface of the p66/p51 heterodimer and has an unclear mode of action that includes at 

least the pyrophosphate binding site. Because of the unique character of (+)-calanolide A, we 

choose to investigate this peculiar resistance phenomenon and tried to resolve why a T139I 

mutation is consistently selected under (+)-calanolide A drug pressure (Chapter 6). We 

therefore constructed seven RTs mutated at amino acid position 139 (i.e. A, K, Y, D, I, S and 

Q). We evaluated the mutant T139 RTs for their DNA polymerase activities and determined 

their resistance profile against (+)-calanolide A and several other NNRTIs. Since mutant 

T139I RT was amongst the RTs that retained most of their catalytic activity and (+)-calanolide 

A lost part of its activity against mutant T139I RT and against a few other mutant T139 RTs, 

we could explain why the T139I RT mutation is the most likely mutation to emerge under (+)-

calanolide A drug pressure. This mutation in HIV-1 RT is at the interface of p66 and p51, but 

we found that it is probably not a good target for the design of optimised NNRTIs.  
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SAMENVATTING 

 
 
 Niet-nucleoside reverse transcriptase inhibitoren (NNRTIs) interageren specifiek met 

het reverse transcriptase (RT) van het humaan immunodeficiëntie virus type 1 (HIV-1). 

NNRTIs zijn erg actieve inhibitoren van HIV-1 met in het algemeen een lage toxiciteit en ze 

vertonen geen activiteit tegen andere lentivirussen. NNRTIs binden aan een specifieke plaats 

in het RT die dicht bij de actieve substraat DNA polymerase site ligt. Uitgebreid gebruik van 

NNRTIs in anti-HIV chemotherapie veroorzaakt een snelle opkomst van NNRTI-resistente 

virusstammen. In deze studie concentreerden we ons op de NNRTI-interactie met lentivirale 

RTs die gecodeerd worden door HIV-1, HIV-2 en het katten (feline) immunodeficiëntie virus 

(FIV). 

 Onze eerste doelstelling was de constructie van een FIV RT met hoge gevoeligheid 

voor NNRTIs. Zulk RT kan later gebruikt worden voor de constructie van hybride RT-FHIVs 

ter evaluatie van nieuwe NNRTIs in katten. Vervolgens  bestudeerden we de moleculaire 

interacties en resistentiepatronen van MSK-076, een fenylethylthiazolylthiourea (PETT) 

NNRTI derivaat welk, naast anti-HIV-1 activiteit, ook een uitzonderlijke activiteit tegenover 

HIV-2 vertoont. Deze studies hebben mogelijk belangrijke gevolgen voor de ontwikkeling van 

nieuwe NNRTIs met activiteit tegen een ruimere verscheidenheid aan lentivirussen, inclusief 



SAMENVATTING   

 6

HIV-2. Ten derde trachtten we aminozuren in de NNRTI-specifieke bindingsplaats op te 

sporen die kunnen interageren met NNRTIs en welke de binding van NNRTIs aan het RT en 

het profiel van NNRTIs ten opzichte van resistentie kunnen verbeteren. De interactiepunten 

waarop we ons toespitsten zijn gelegen aan de basis van de HIV-1 NNRTI-bindingsplaats en 

maken ook deel uit van de interfase van het p66/p51 heterodimeer. Op deze manier pogen we 

bij te dragen tot een beter begrip van de rol en de interacties van welbepaalde aminozuren in 

de NNRTI-bindingsplaats. Deze inzichten kunnen leiden tot een rationeler design van nieuwe 

NNRTIs en/of de ontwikkeling van nieuwe types van RT dimerisatie-inhibitoren die een 

betere remming van resistentie-ontwikkeling tegenover NNRTIs tot gevolg hebben.  

 Als eerste onderzochten we de moleculaire factoren die verantwoordelijk zijn voor de 

natuurlijke resistentie van FIV RT tegenover NNRTIs (Hoofdstuk 3). In parallel werd een 

poging ondernomen om FIV RT gevoelig te maken aan NNRTIs via de rationele constructie 

van acht verschillende chimere HIV-1/FIV RTs. Gemodificeerde FIV RTs met hoge 

gevoeligheid aan NNRTIs kunnen bovendien gebruikt worden in een recombinant virus en 

later in een diermodel waarbij katten geïnfecteerd worden met een moleculaire FIV kloon die 

een NNRTI-gevoelig RT bevat. Uit onze resultaten bleek echter dat alle geconstrueerde 

chimere FIV/HIV-1 RTs in de FIV RT genetische achtergrond hun natuurlijke resistentie 

tegen NNRTIs behielden, terwijl chimere HIV-1/FIV RTs in een HIV-1 genetische 

achtergrond volledig ongevoelig gemaakt konden worden voor NNRTIs. Bijkomend vonden 

we dat de meeste van de chimere FIV/HIV-1 RTs een sterk verlaagde katalytische efficiëntie 

vertoonden terwijl hun affiniteit voor het natuurlijk substraat vergelijkbaar was met dat van 

wildtype HIV-1 en FIV RTs.  

Vermits de overeenkomstige aminozuren van de analoge ‘NNRTI-specifieke 

bindingsplaats’ in FIV RT slechts in enkele residuen verschillen, werden de mutaties Q101K, 

D179V en Y227F in de FIV RT genetische achtergrond geïntroduceerd. Er werd bij deze 

mutante RTs echter geen stijgende gevoeligheid tegenover NNRTIs waargenomen. We 

kunnen dus stellen dat uitwisseling van aminozuursegmenten of het vervangen van relevante 

aminozuren in FIV RT door hun HIV-1 RT equivalenten in FIV RT onvoldoende is om FIV 

RT gevoelig te maken voor NNRTIs. Zulke uitwisselingen bleken zelfs vaak samen te gaan 

met een daling of zelfs het totale verlies van DNA polymerase activiteit. Hierbij aansluitend 

hebben we ook onderzocht wat de invloed van de p51 subeenheid van FIV RT was op 

NNRTI-gevoeligheid van HIV-1 RT (Hoofdstuk 2). De constructie van enzymatische 

hybriden met uitgewisselde subeenheden tussen HIV-1 en FIV RT onthulden dat het 

vervangen van de p51 subeenheid van HIV-1 RT door de p51 subeenheid van FIV RT geen 
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enkele invloed had op de gevoeligheid van zulk hybride HIV-1/FIV RT voor de geanalyseerde 

NNRTIs. Vice versa, wanneer de p51 subeenheid in FIV RT vervangen werd door de p51 

subeenheid van HIV-1 RT werd er geen verandering in het resistentieprofiel van FIV RT voor 

NNRTIs waargenomen. De geconstrueerde hybride RTs hadden een opmerkelijk lagere 

katalytische activiteit welke suggereert dat er in de hybride RTs suboptimale interacties 

plaatsvinden tussen de subeenheden van de verschillende RTs. 

 Sommige derivaten van de NNRTI klasse van de PETT analogen (nl. MSK-076 en 

PETT-2) bezitten de ongewone eigenschap om HIV-2 te inhiberen in celcultuur. Om het 

mechanisme te begrijpen dat hierachter schuil gaat en het doelwit van deze anti-HIV-2 

activiteit te bepalen, selecteerden we resistente virusstammen onder druk van MSK-076 en 

voerden we studies uit om de moleculaire interacties van deze verbinding met HIV RT te 

onthullen (Hoofdstuk 4). Er werden resistentiemutaties gevonden in de overeenkomstige 

NNRTI bindingsplaats van HIV-2 RT (nl. A101P), maar ook verwijderd van deze 

bindingsplaats en in nabijheid van de actieve substraatsbindingsplaats (nl. G112E). Onze 

studies toonden aan dat sommige verbindingen met een NNRTI-structuur, ondanks de 

intrinsieke ongevoeligheid van HIV-2 voor NNRTIs, kunnen interageren met HIV-2 RT via 

een bindingsplaats die verschillend is van (maar erg gelijkend op) deze in HIV-1 RT waardoor 

de virus replicatie en de katalytische RT activiteit onderdrukt wordt. 

 Om bij te dragen tot de rationele ontwikkeling van nieuwe of gewijzigde NNRTIs met 

een beter resistentieprofiel zochten we naar aminozuren in de NNRTI bindingsplaats die na 

mutatie de katalytische activiteit van HIV-1 RT gevoelig verlagen of zelfs vernietigen 

(Hoofdstuk 5). Meer bepaald zochten we naar interactiepunten binnen RT die zich bevinden in 

de β7-β8 lus van de p51 subeenheid van HIV-1 RT welke de basis van de NNRTI-

bindingsplaats vormt en cruciaal is voor dimerisatie-interacties tussen de p66 en p51 

subeenheid. Deze benadering maakt het mogelijk om een nieuwe klasse NNRTIs te 

ontwikkelen die eveneens kan interageren met de interfase van het heterodimeer RT, wat een 

nieuw doelwit kan worden voor anti-HIV therapie. We concentreerden ons voornamelijk op 

twee aminozuren, N136 en N137, die (i) deel van de interfase uitmaken tussen p66 en p51, (ii) 

zich bevinden aan de basis van de NNRTI-bindingsplaats, (iii) sterk geconserveerd zijn in 

lentivirale RTs en (iv) nog niet beschreven zijn als resistentie-geassocieerde aminozuren in 

celcultuur of in behandelde patiënten. Met behulp van plaatsgerichte mutagenese werden acht 

mutante N136 (nl. A, Q, Y, K, T, S, L en D) en negen mutante N137 (nl. A, Q, Y, K, T, E, D, 

H en S) RTs geconstrueerd. Analyse van de katalytische activiteiten van deze mutante RTs 

onthulde sterk gereduceerde DNA polymerase (RT) activiteit voor alle N136 en N137 mutante 
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RTs behalve voor N137H en N137S (welke beiden gevonden worden in behandelde 

patiënten), en N137A en N137Q. We toonden aan dat de sterk gereduceerde DNA polymerase 

activiteit van de meeste N136 en N137 mutante RTs wijst op een belangrijke functionele of 

structurele rol van deze aminozuren in het behoud van de heterodimere vorm van het RT. De 

verstoring van de interfase door mutaties ter hoogte van deze aminozuren werd bevestigd door 

denaturatie studies van verschillende N136 en N137 mutante RTs met behulp van urea of 

acetonitrile, gelchromatografie en circulair dichroïsme spectra. Wanneer echter de mutante 

RTs geëvalueerd werden voor hun gevoeligheid/resistentie tegenover NNRTIs behielden ze 

over het algemeen een sterke gevoeligheid voor deze producten. Enkel wanneer NRTIs 

bestudeerd werden, werd een resistentiepatroon waargenomen dat sterk correleerde met het 

gereduceerde niveau van katalytische RT activiteit. Onze resultaten identificeerden zowel 

N136 als N137 in HIV-1 RT als aminozuren met een cruciale functionele rol in het behouden 

van de heterodimere vorm van het RT en met een structurele rol in de vorming van de basis 

van de NNRTI-bindingsplaats. Wanneer deze aminozuren dan als doelwit gebruikt worden 

door nieuwe of geoptimaliseerde NNRTIs wordt verwacht dat de affiniteit van de NNRTIs 

voor het RT zal vergroten en/of de drugresistentie ontwikkeling zal worden uitgesteld door het 

onvermogen van deze aminozuren om te muteren zonder een serieuze daling van de 

katalytische activiteit van HIV-1 RT te veroorzaken. Belangrijk is ook het feit dat zulke 

NNRTI derivaten kunnen interageren met een nieuw potentieel doelwit (nl. dimerisatie) van 

het RT dat mogelijk resulteert in een ander resistentie- en kruisgevoeligheidsprofiel dan de 

‘klassieke’ NNRTIs. 

 Een gekende NNRTI die mogelijk interacties maakt met de interfase van het HIV-1 

heterodimeer is (+)-calanolide A, de meest actieve en bestudeerde verbinding onder de anti-

HIV coumarines. Dit product selecteert voor de T139I mutatie die zich bevindt in de p51 

subeenheid van RT, meer bepaald aan de interfase van de p66/p51 heterodimeer. (+)-

Calanolide A heeft een nog onduidelijk werkingsmechanisme en maakt waarschijnlijk gebruik 

van de pyrofosfaat-bindingsplaats. Door het unieke karakter van (+)-calanolide A en het feit 

dat dit product selecteert voor mutaties van een aminozuur dat in de p66/p51 interfase 

gelokaliseerd is, besloten we dit ongewoon resistentie fenomeen te onderzoeken en trachtten 

we te verklaren waarom de T139I mutatie geselecteerd wordt onder (+)-calanolide A druk 

(Hoofdstuk 6). Hiervoor construeerden we zeven HIV-1 RTs gemuteerd op aminozuurpositie 

139 (i.e. A, K, Y, D, I, S en Q). We evalueerden de T139 mutante RTs voor hun DNA 

polymerase activiteit en onderzochten hun resistentieprofiel tegenover (+)-calanolide A en 

andere NNRTIs. Het mutante T139I RT bewaarde zijn katalytische activiteit goed en 
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vertoonde daarbij ook een uitgesproken resistentie voor (+)-calanolide A. Bovendien is er 

maar één puntmutatie nodig om T te muteren tot I, terwijl er minimum twee puntmutaties 

nodig zijn om T te muteren naar Q, S of A. Laatst genoemde aminozuren vertonen eveneens 

een goede katalytische activiteit. Onze resultaten verklaren dus waarom T139I de meest 

waarschijnlijke mutatie is die verschijnt onder (+)-calanolide A druk. Deze mutatie ligt op de 

interfase van de p66 en p51 subeenheden maar we vonden echter dat dit aminozuur 

waarschijnlijk geen geschikt doelwit is voor optimalisatie van NNRTIs. 
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1.1. HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 
 

1.1.1. Discovery of HIV-1 as the causative agent of AIDS 

 

The human immunodeficiency virus type 1 (HIV-1) was discovered in 1983 as the 

primary causative agent of the acquired immunodeficiency syndrome (AIDS). Three groups 

independently isolated this retrovirus from lymphoid tissue of a patient with AIDS. It was first 

called lymphadenopathy-associated virus (LAV) (Barré-Sinoussi et al., 1983), later human T 

cell lymphotropic virus type III (HTLV-III) (Gallo et al., 1983; Popovic et al., 1984), and 

AIDS related virus (ARV) (Levy et al., 1984). Although there was a rather high diversity in 

the envelope-coding gene (Starcich et al., 1986), electron microscopy and comparison of the 

genome sequences of the three isolates showed very high homology and relationship with 

lentiviruses, genus of the retroviridae (Ratner et al., 1985a). In 1986 they were all given the 

name HIV-1. In 1985, a second antigenic variant, designated HIV-2, was isolated from an 

AIDS patient in West Africa (Barin et al., 1985; Clavel et al., 1986). Both HIV-1 and HIV-2 

are the result of an interspecies transmission of simian immunodeficiency virus (SIV) from 

chimpanzees (Gao et al., 1999) and sooty mangabeys (Hirsch et al., 1989) to humans, 

respectively. HIV-2 shares approximately 60% nucleotide sequence similarity with HIV-1 and 

is primarily found in West Africa, while HIV-1 has spread globally. Direct human contact 

with SIV-infected blood resulted probably in the zoonotic transmission of SIV to humans and 

its appearance as an epidemic at the end of the past century and the beginning of the present 

century is a result from socio-behavioural changes related to our time (Gao et al., 1999; Hahn 

et al., 2000; Korber et al., 2000; Salemi et al., 2001).   

Another lentivirus that causes an immunodeficiency syndrome in cats that has a similar 

pathogenesis as AIDS was reported in 1987 (Pedersen et al., 1987). This virus shares many 

physical and biochemical properties with HIV-1 and HIV-2 and is designated feline 

immunodeficiency virus (FIV). 

 

1.1.2. The AIDS epidemic 

 

The spread of AIDS has been dramatic since the early 1980s. At present, an estimated 

40 million adults and children are infected with HIV and/or living with AIDS. During 2003, 5 

million people became infected with HIV and 3 million people died from the consequences of 

the immune deficiency caused by HIV/AIDS. Half of the people infected with HIV, acquire 
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the disease before the age of 25 and die before they are 35. This has resulted in more than 11 

million AIDS orphans. The majority of HIV-infected people (95%) live in the developing 

world, where the infection rates continue to increase due to socio-cultural factors and limited 

resources for prevention and health care. The impact of the infection in the developing 

countries is dramatic because it disrupts the complete social structure by affecting a large part 

of the working population and because it leaves behind a large number of orphans. It is clear 

that the epidemic in the developing world is more problematic than in the western world, 

where the disease is better controlled due to availability of antiretroviral chemotherapy and 

numerous prevention campaigns. Unfortunately, due to the overall access to different antiviral 

drugs in the western world, there is complacency about the risks of HIV and safe sex 

behaviour is being eroded.  

Overall, early diagnosis and prevention should remain of highest priority to overcome 

new infections and development of new antiviral drugs and effective HIV vaccines are 

important to stop the expansion of the epidemic (UNAIDS, 2003). 

 

 
 

Figure 1.1 Organisation of the HIV-1 genome and virion (adapted from Frankel en Young 

(1998)) 

 

1.1.3. Molecular biology of HIV-1 

 

1.1.3.1. Virion structure and genomic organisation 

The HIV virions have a spherical shape of about 110 nm diameter and the conical 

capsid is enveloped by a lipid bilayer that is derived from the membrane of the host cell. The 

envelope contains exposed surface glycoproteins (i.e. gp120) that are anchored to the virus via 
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non-covalent interactions with the transmembrane protein gp41. A shell of matrix protein 

(MA, p17) lines the inner surface of the envelope membrane and surrounds the capsid (CA, 

p24). The capsid contains two identical copies of unspliced (+)-single stranded viral RNA 

genome of about 9.2 kb long, which is stabilized as a ribonucleoprotein complex with the 

nucleocapsid protein p7 (NC) and associated with two copies of reverse transcriptase (RT). It 

also contains the viral enzymes protease (PR) and integrase (IN), as well as the accessory 

proteins Vif, Vpr and Nef. Three additional proteins that are functional in the host cell, Tat, 

Rev and Vpu, do not appear to be packaged in the viral particle (Fig 1.1). 

The HIV-1 genome is flanked by two long terminal repeats (LTRs) and contains nine 

open reading frames. Three of them encode for the Gag, Pol and Env polyproteins which are 

specific for retroviruses and are proteolyzed to yield the Gag structural proteins MA (matrix), 

CA (capsid), NC (nucleocapsid) and p6, the Env structural proteins SU (surface or gp120) and 

TM (transmembrane or gp41) as well as the Pol enzymes PR, RT and IN. The six additional 

open reading frames that flank the env gene encode for the regulatory proteins Tat and Rev 

and the accessory proteins Nef, Vif, Vpr and Vpu. The 5’ LTR contains the promoter 

sequence that controls viral expression, while the 3’ LTR is involved in polyadenylation.  

 

1.1.3.2. Replication cycle  

The CD4+ T-lymphocytes, cells of the monocyte/macrophage lineage and dendritic 

cells are the target cells for HIV-1 infection because they express the human leukocyte antigen 

(HLA) class II receptor CD4 on their surface that is known as the primary target receptor of 

HIV (Dalgleish et al., 1984; Schubert and Strebel, 1994). Viral entry is initiated by the 

interaction of viral gp120 with the cellular CD4 receptor. This interaction induces a 

conformational change in the gp120 molecule that allows binding with chemokine co-

receptors. Depending on this co-receptor usage, HIV isolates can be divided into two major 

groups. T-cell- or T-tropic isolates that use the CXCR4 co-receptor were first identified and 

CXCR4 was earlier designated as fusin (Feng et al., 1996; Oberlin et al., 1996), whereas 

macrophage- or M-tropic isolates use the CCR5 co-receptor (Deng et al., 1996; Dragic et al., 

1996) (Fig 1.2).  

Membrane fusion of the viral envelope with the target cell is followed by a poorly 

understood uncoating event that results in the release of the viral nucleoprotein complex in the 

cytoplasm of the infected cell (Farnet and Haseltine, 1991). In this nucleoprotein complex - 

which contains parts of MA, IN, RT and Vpr - the single stranded RNA genome of HIV is 
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Figure 1.2 The HIV replication cycle (Taken from Perez et al., 2001) 

 

now reverse transcribed into a double stranded DNA molecule by a complex mechanism 

involving RNA- and DNA-templated polymerase and RNase H activities that are carried out 

by the reverse transcriptase (RT). The accessory protein Vpr appears to participate in the 

reverse transcription process by facilitating the initiation of reverse transcription by interacting 

with the lysine tRNA synthetase, since this interaction correlates with an inhibition of the 

aminoacylation of tRNAlys, the primer that is necessary for reverse transcription (Stark and 

Hay, 1998). Also, the NC enhances reverse transcription by promoting the annealing of the 

tRNAlys primer to the primer-binding site (PBS) (Huang et al., 1998b). The large 

nucleoprotein complex is now called the pre-integration complex (PIC) and transported to the 

nucleus (Miller et al., 1997). In contrast to other retroviruses that require cell division and 

concomitant breakdown of the nuclear membrane to gain access to the nuclear compartment, 

the PIC is actively transported into the nucleus, which is directed by nuclear localization 

sequences (NLS) on the MA protein and IN and by the accessory protein Vpr (Vodicka, 

2001). MA, an abundant PIC protein, was found to display nucleophilic properties and 

contains, besides an NLS, also a nuclear export signal (NES) that is necessary for packaging 

(Dupont et al., 1999). Vpr does not contain an NLS but appears to connect the PIC to the 
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nuclear import machinery (Popov et al., 1998a and 1998b). Nuclear localization is also 

dependent on the central DNA flap, a central, 99 nucleotides-long plus strand overlap in the 

linear DNA molecule (Zennou et al., 2000). As part of the PIC, IN recognizes attachment sites 

(att) in the long terminal repeats (LTR) at the 5’ and 3’ ends of the viral DNA and 

subsequently removes a dinucleotide, adjacent to a highly conserved CA dinucleotide, from 

the 3’ strand of the U3 and U5 viral LTR (3’-processing). After nuclear import, IN covalently 

joins the 3’ and 5’ ends of the cellular DNA of the host cell in the nucleus. The unpaired 

nucleotides at the viral 5’ ends are now removed and the ends are joined to the target site 3’ 

ends, generating an integrated provirus. Once integrated, the viral DNA remains permanently 

associated with the host cellular DNA as long as the lifetime of the cells.  

The provirus serves as the template for the synthesis of unspliced and spliced mRNAs 

transcripts, which are transported out of the nucleus for translation in the cytoplasm. Initially, 

only multiply-spliced mRNAs encoding Tat, Rev and Nef are synthesized and translated 

(early phase). Tat is an essential transcriptional activator that interacts with a cis-acting RNA 

hairpin sequence at the 5’ end of nascent RNA transcripts, the Tat responsive element (TAR). 

This Tat/TAR interaction results in assembling of transcriptional complexes with cellular 

proteins that stimulates transcriptional elongation by RNA polymerase II (Berkhout et al., 

1989) and increases initiation of the transcription. HIV produces only one primary transcript 

upon transcription from the integrated proviral DNA, which serves as template for the 

synthesis of all structural and regulatory proteins. Consequently, full length and singly-spliced 

viral mRNA transcripts are appearing in the cytoplasm. The nuclear export of the unspliced 

and singly-spliced mRNAs, needed for Gag, Pol and Env synthesis and packaging, is mediated 

through the chromosome region maintenance 1 (CRM1) export pathway and by the 

posttranscriptional transactivator Rev that contains an NLS (Pollard and Malim, 1998). Rev 

binds as an oligomer to a highly structured RNA located within the unspliced viral transcripts 

of the env gene, the Rev responsive element (RRE). As Rev accumulates in the nucleus, more 

unspliced and singly-spliced mRNAs associate with Rev and are shuttled out of the nucleus. 

In this manner, Rev functions as a switch between the early synthesis of multiply-spliced 

mRNAs (encoding Tat, Rev and Nef) and the later synthesis of unspliced (encoding the Gag 

and Gag-Pol proteins) and the singly-spliced (encoding Env, Vpu, Vif and Vpr) mRNAs.  

The Env precursor protein gp160 is synthesized by the endoplasmatic reticulum (ER)-

bound ribosomes and post-translationally modified and glycosylated in the ER and Golgi 

apparatus. The polyprotein is cleaved into gp120 and gp41 by cellular endoproteases while 

transported to the cell membrane. The accessory protein Vpu binds to the ER-synthesized 
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CD4 and promotes the degradation of CD4 by the ubiquitin-proteosome pathway (Bour et al., 

1995; Schubert et al., 1998; Schubert and Strebel, 1994). In this way, the premature binding of 

CD4 to gp160 in the ER can be prevented, resulting in efficient transport and processing of 

gp160 (Crise et al., 1990). Similarly, cell-surface major histocompatibility complex-I (MHC-

I) molecules are downregulated by endosomal degradation upon internalisation by the 

accessory protein Nef. While downregulation of CD4 may increase virion release from the cell 

surface and may increase higher infectious viruses, the MHC-I downregulation protects HIV-1 

infected cells from both cytotoxic T-lymphocytes and natural killer cells (Lama, 2003) and 

prevents reinfection by budding virions (Mangasarian and Trono, 1997). 

The Gag and Gag-Pol polyproteins are synthesized on free ribosomes. The N-

terminally myristoylated MA domain of the polyproteins directs binding to the cellular 

membrane (Bryant and Ratner, 1990). During or after transport to the cell membrane, the Gag 

precursor interacts with the Gag-Pol precursor and is responsible for the assembly of virion 

particles and the recruitment and encapsidation of two copies of unspliced viral RNA, the 

tRNAlys primer and Vpr into the budding virions. During or immediately after budding PR 

cleaves the Gag and Gag-Pol polyproteins to produce the viral enzymes and structural 

proteins. The structural proteins rearrange via a process called maturation to form an 

infectious virus particle. 

 

1.2. REVERSE TRANSCRIPTASE 
 

1.2.1. Biosynthesis of RT 

 

The reverse transcriptase is encoded by the pol gene that is translated as part of the 

Gag-Pol polyprotein precursor during the late stage of virus replication. The Gag-Pol is 

synthesized by a -1 ribosomal frameshift during the translation of the gag gene to the pol 

gene. This ribosomal frameshifting occurs by an estimated frequency of 5 to 10%, which 

results in a Gag to Gag-Pol proteins ratio of 9/1. The Gag-Pol precursor is packaged into the 

virus particle and further RT maturation is mediated by the viral protease, which is released by 

autocatalytic cleavage. This cleavage occurs between amino acids F440 and Y441 of the 66 

kDa subunit (denoted as p66) to yield the 51 kDa subunit (p51). Both subunits contain an 

identical amino-terminal sequence and form an asymmetric heterodimer. Interactions of the 

carboxyl group of E438 with neighbouring residues are critical to protect the F440-Y441 in 
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the p66 from cleavage and helps preventing eventual further processing of the heterodimer to 

a p51/p51 homodimer (Navarro et al., 2001) (Fig 1.3). 

Two models have been proposed for the generation of the mature p66/p51 heterodimer. 

In the first sequential model, initially a homodimer of two p66 subunits is formed in which 

one of the subunits resembles the tertiary structure of a p51 conformation. This forces the 

carboxyl terminus to partially unwind, becoming accessible for proteolytic cleavage by the 

protease (Davies et al., 1991; Hostomska et al., 1991). According to a second concerted 

model, the formation of the heterodimer occurs in a two-step dimerisation process, which 

involves the rapid binding of the p66 and p51 subunits into an inactive dimer (association 

phase), followed by slow conformational changes (activation phase), yielding an active 

heterodimeric enzyme (Divita et al., 1995). Recent data support the first sequential model 

since the dimerisation defective mutant L234A RT resulted in the formation of p66 only 

without any p51-processing (Sluis-Cremer et al., 2004). However, in vivo, a combination of 

both mechanisms might still occur (Morris et al., 1999b). 

 

1.2.2. Molecular structure of RT 

 

1.2.2.1. Crystal structures  

Elucidation of the molecular structure of HIV-1 RT by crystallographic studies gives 

opportunities to determine the structure-function relationship of the biochemical reactions 

catalyzed by HIV-1 RT, to evaluate structure-activity relationship (SAR) of existing drugs and 

to rationally design more specific and potent new drugs (Ren and Stammers, 2005). Today, 

several crystallographic HIV-1 RT structures are already available. The first reported RT 

structure was a complex of RT with the non-nucleoside inhibitor (NNRTI) nevirapine 

(Kohlstaedt et al., 1992). Since then several other structures were crystallized and determined 

including: the apo-form of the enzyme (Hsiou et al., 1996; Rodgers et al., 1995), HIV-1 RT 

bound to a 18/19-mer DNA oligonucleotide duplex and the Fab fragment of a monoclonal 

antibody (Arnold et al., 1992; Ding et al., 1998; Jacobo-Molina et al., 1993), HIV-1 RT 

complexed with a dideoxy-terminated DNA template/primer and dTTP (Huang et al., 1998a), 

RT bound to the polypurine tract (PPT) (Sarafianos et al., 2001), RT complexed with other 

inhibitors such as α-APA (loviride), TIBO, HEPT and thiocarboxanilide derivatives (Ding et 

al., 1995b; Hopkins et al., 1996; Ren et al., 1995a; Ren et al., 1995b; Ren et al., 1998) as well 

as crystal structures of mutant drug-resistant RTs (Chamberlain et al., 2002; Das et al., 1996; 

Hsiou et al., 1998).  
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Only recently the crystal structure of HIV-2 RT was elucidated. It has a similar overall 

fold to HIV-1 RT but has structural differences within the non-nucleoside RT inhibitor 

(NNRTI) pocket at both conserved and nonconserved residues (see below) (Bird et al., 2003; 

Ren et al., 2002).  

 
Figure 1.3 Three-dimensional structure of unliganded HIV-1 RT (by courtesy of Dr. R. 

Esnouf) 
Fingers subdomains are blue, palm subdomains are green, thumb subdomains are yellow and connection 
subdomains are red. The RNase H domain in p66 is purple. p51 does not contain β9, β10, β11 or RNase H 
domain. p66 does not contain α12. 
In literature two nomenclatures are used to describe the structural elements of HIV-1 RT. The HIV-1 structure 
and nomenclature in this figure is adapted from Ren et al., 1995a. In the text the nomenclature of Kohlsteadt et 
al. (1992) is used unless otherwise stated. To convert the nomenclature of Kohlsteadt et al. (1992) (on the left 
side of the arrow) to the nomenclature of Ren et al. (1995a) (on the right side of the arrow), following 
conversions have to be made: 
 
β3 → β2 β7 → β5 β12 → β9 αB → α2 
β4 → β3 β8 → β6 β13 → β10 αE → α5 
β5 → (1) β9 → β7 β14 → β11 αH → α7 
β6 → β4 β10 → β8 β15 → (2) αI → α8 
 
(1) In the structure of Ren et al. (1995a) an α2’ is observed instead of a β5 strand 
(2) In the structure of Ren et al. (1995a) there is no β strand at this position 



  GENERAL INTRODUCTION 

 21

1.2.2.2. Overall structure 

The polymerase domain of the p66 subunit of HIV-1 RT resembles anatomically a 

right hand and consists of four subdomains named fingers, palm and thumb. The fourth 

subdomain lies between the polymerase site and the RNase H subdomain and is therefore 

called connection. Unlike the p66, the p51 misses the 15 kDa RNase H domain (Kohlstaedt et 

al., 1992). The polymerase subdomains of the p66 subunit are folded into an open right-hand 

conformation, which creates a cleft between the thumb and fingers subdomain creating a 

binding-site for the template/primer duplex. The overall folding in the p51 subunit is similar to 

the folding in the p66 subunit but the spatial arrangement of subdomains is different and it 

lacks the RNase H subdomain. This results in an asymmetric heterodimer. Most notably, the 

connection domain of the p51 subunit is rotated to cover the palm, filling in the region that 

forms the nucleic acid binding cleft in p66 and displacing the thumb, which is now moved 

away from the palm and which makes contacts with the RNase H domain.   

HIV-1 RT is a flexible enzyme, especially the p66 subunit has the opportunity of large-

scale motions while the p51 subunit is essentially rigid. The global motion of the RT 

heterodimer is comprised of movements of the p66 fingers, accompanied by fluctuations of 

the RNase H domain and p51 thumb. The hinge-bending residues that control the highly 

concerted motion of the subdomains include the catalytic active site and the non-nucleoside 

inhibitor binding pocket of the p66 subunit (Bahar et al., 1999). Binding of RT to dsDNA 

increases the flexibility and the ability of the p66 fingers to close down after binding of a 

dNTP molecule (Madrid et al., 2001). 

 

1.2.2.3. The polymerase active site 

The catalytic site for polymerisation lies in the palm subdomain and three aspartic 

acids are identified to be essential for catalysis: D185 and D186 which are part of the highly 

conserved YMDD motif, and D110 (Larder et al., 1987). Subunit-specific mutagenesis of this 

catalytic triad demonstrated its importance in the p66 subunit, since selective mutation of 

these residues in p51 did not result in loss of catalytic activity (Le Grice et al., 1991). This 

was in agreement with the three-dimensional data, as discussed above, which showed that 

there is no nucleic acid binding cleft in the p51 and that the aspartic acid triad is buried 

(Kohlstaedt et al., 1992). For the binding of dNTP during polymerisation, a metal 

coordination function is required and mediated by these aspartic acids. The phosphodiester 

bond involves two Mg2+ ions (Kaushik et al., 1996; Pandey et al., 1996; Patel et al., 1995). A 

first mechanistic model proposed an initial binding of dNTP mediated via the coordination of 
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D186 and D110 with the β- and γ-phosphate of dNTP by the first Mg2+ ion, followed by an 

alignment of the 3’-OH of the primer terminus and the α-phosphate of dNTP by the second 

Mg2+ ion and the aspartic acid triad. The transition state of the reaction is then stabilised by 

D186 and D110. D186 is the residue that coordinates with the α-phosphate of dNTP and 

catalyses the phosphodiester bond formation with release of pyrophosphate (Kaushik et al., 

1996). A second model is based on the structure of HIV-1 RT complexes with template/primer 

and is similar to the first one, except that the second Mg2+ ion chelates only with D185 and the 

α-phosphate of dNTP to form an α-phosphate-Mg2+-D185 complex that facilitates the 

nucleophilic attack by the oxygen atom of the 3’-OH of the primer terminus through 

enhancing the electropositive character of the phosphorus atom (Patel et al., 1995). However, 

according to the crystal structure of RT complexed with a DNA template/primer and dTTP, 

the side chains from D110 and D185 and the phosphates of dTTP seem to be coordinated by 

the first Mg2+ ion (see Fig.1.4) (Huang et al., 1998a). Thus, the exact mechanism has not been 

entirely clear yet. 

 

 
 

Figure 1.4 The active site (adapted from Huang et al. (1998)).  

View into the dNTP pocket, formed by closure of the fingers domain (upper left, foreground) 

against the palm (center, background) and toward the thumb (lower right).  
Template and primer strands and dTTP are in stick representation; the protein is a surface rendering (red and blue 

indicate negative and positive electrostatic potential, respectively). Mg2+ ions are yellow spheres. 
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1.2.2.4. The dNTP binding site 

Prior to nucleotide incorporation, RT must select the appropriate dNTP. Besides the 

constraints imposed by Watson-Crick base pairing, also the structure of the polymerase active 

site is involved in the selection of the proper base. Besides the catalytic aspartic acid triad 

discussed above, modelling and mutational studies revealed that several other amino acids are 

in positions where they could affect the topology of the dNTP-binding site (Kaushik et al., 

1996 and 1997). Y183 and M184, two amino acids from the highly conserved YMDD are in 

close proximity to the 3’OH primer terminus and the bound dNTP, respectively and hence part 

of the dNTP-binding pocket (Ding et al., 1998; Harris et al., 1998a and 1998b; Wilson et al., 

1996). Other important amino acids lining the dNTP-pocket are K65, R72, D113, F116, F160 

and especially Y115 and Q151 (Harris et al., 1998a; Huang et al., 1998a; Patel et al., 1995; 

Tantillo et al., 1994).  

The V148 and Q151 residues differ from Y115 because their interaction with the 

substrate dNTP is important to provoke misincorporations rather than accurate DNA 

polymerisation. Mutations in residues 148 and 151 indeed affect the ability of the RT to 

complete mismatch extension. A decrease of this misinsertion fidelity influences overall viral 

mutagenesis (Weiss et al., 2000 and 2004).  

Overall, the dNTP pocket is formed by closure of the fingers domain against the palm 

and toward the thumb in a way that various residues in the fingers form part of the dNTP-

binding site (Huang et al., 1998a). The base of the dNTP is stacked on the terminus of the 

primer strand and the side chains of R72 and Q151 are packed against its outer surface. K65, 

R72, the main-chain-NH groups of D113 and A114, and two Mg2+ ions coordinate the 

triphosphate moiety. The 3’OH of the dNTP projects into a small pocket (3’ pocket) lined by 

the side chains of D113, Y115, F116, Q151 and the peptide backbone between residue 113 

and 115. The template nucleotide, which is paired with the incoming nucleotide, is blocked 

beneath the side chain of L74 and the backbone of G152 (Huang et al., 1998a).   

 

1.2.2.5. Template/primer binding site 

RT has a large surface of interaction with the nucleic acid compared to other DNA 

binding proteins. The majority of the RT-template/primer contacts involve the residues of the 

fingers, palm and thumb subdomains that form a hand shaped clamp, which mediate the 

positioning of the template/primer relative to the polymerase active site (Jacobo-Molina et al., 

1993). The numerous interactions between the template/primer and RT are van der Waals 

contacts and hydrogen bonds that are not sequence-dependent and primarily involve the sugar-



CHAPTER I   

 24

phosphate backbone of the nucleic acid and structural elements of the palm, thumb and RNase 

H of p66 (Ding et al., 1997). This is consistent with the fact that RT can copy a wide variety 

of different templates. In addition, hydrophobic interactions make a major contribution to the 

stability of the polymerase-DNA complex (Beard et al., 1998). 

In an RT/dsDNA complex, the bound DNA has a hybrid structure (Jacobo-Molina et 

al., 1993). Also, in the crystal structure of RT in complex with the PPT RNA:DNA this hybrid 

form is observed as an A-form near the polymerase active site and a B-form towards the 

RNase H active site. This minor groove width dimensions of the B-form determines the 

susceptibility to RNase H cleavage (Fedoroff et al., 1997; Han et al., 1997). At the junction of 

the A-form and B-form regions, the DNA hybrid shows a 40 to 45° bend that is 5-9 bp away 

from the polymerase active site. In total, the nucleic acid binding cleft is ~60 Å in length and 

the distance in nucleotides between the polymerase and RNase H catalytic sites is 18 bp. 

While the contacts between RT and the DNA primer strands are very similar in the RT 

complexes with RNA:RNA and DNA:DNA, the contacts with the RNA template are different 

from those with the DNA template (Sarafianos et al., 2001).  

RT has numerous interactions with 2’-OH groups of the RNA template that include 

residues 280 and 284 of the p66 thumb, residues of the template grip including 89 and 91 of 

the p66 palm and RNase H residues (Sarafianos et al., 2001). The β12-β13 hairpin, which 

includes residues 227 to 235 in the p66 palm subdomain, is located near the polymerase active 

site and nucleotides at the 3’-primer terminus (Fig 1.5). This element is the primer grip and is 

involved in positioning the 3’-OH end of the primer in the appropriate orientation for the 

nucleophilic attack on an incoming dNTP (Ghosh et al., 1996; Jacobo-Molina et al., 1993). 

Interactions of the primer grip with the 3’ terminus of the primer strand involve the peptide 

main-chain of M230 and G231 and the primer terminal phosphate (Ding et al., 1998). 

Alanine-scanning of the primer grip revealed that both DNA polymerase and RNase H 

activities are altered by substituting W229, M230, G231 and Y232 (Ghosh et al., 1996; Ghosh 

et al., 1997; Palaniappan et al., 1997). 

The helix clamp, which grasps the template/primer complex, consists of two anti-

parallel α-helices (αH and αI) in the thumb subdomain of p66. Helix αI is directly adjacent to 

the sugar-phosphate backbone of the template strand, whereas αH is partially embedded in the 

minor groove of the dsDNA and interacts primarily with the primer strand (Hermann and 

Heumann, 1996; Jacobo-Molina et al., 1993; Maier et al., 1999). These two helices are also of 

major importance for proper RNaseH functioning, as they are required for the removal of the 

polypurine tract (PPT) (Powell et al., 1999). 
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Figure 1.5 The primer grip (adapted from Ghosh et al. (1996)) 

Disposition of the side chains of F227-H235 within structural elements comprising the β12-

β13 hairpin, or primer grip, of p66. Additionally, secondary structural elements from the DNA 

polymerase active site and relevant side-chain atoms have been highlighted. 

 

1.2.2.5. RNase H 

The active site of the RNase H domain comprises four important residues that are 

required to interact with the divalent cations in the catalytic reaction: D443, E478, D498 and 

D549 (Davies et al., 1991; Mizrahi et al., 1990). Mutagenesis of D443 and E478 completely 

abolished the RNase H activity but did not affect wild-type polymerase activity, however, 

substitutions of D498 resulted in an unstable enzyme and has probably a function in the 

folding of the heterodimeric RT (Mizrahi et al., 1990 and 1994; Schatz et al., 1989). Davies et 

al. (1991) identified two metal binding sites in the crystal structure of RNase H in close 

proximity to the active site. However, Ren et al. (1995) observed only one metal binding site 

interacting with D443, D498 and D549. Rodgers et al. (1995) also observed one binding site 

located between D443, E478 and D498. In a crystal structure of RT complexed with DNA 

template/primer only one Mg2+ ion was complexed with D443, D549 and the template 

phosphate, which was located between E478 and H539 (Huang et al., 1998a). The conflicting 

observations from different RT structures probably reflect a flexibility of the RNase H active 

site to bind metal ions in a variety of ways. The functional role of such flexibility is still 

unclear. The RNase H active site is also capable of binding other bivalent cations than Mg2+, 
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like Mn2+ (Cirino et al., 1995) or Fe2+ (Gotte et al., 1998). The latter permits the enzyme even 

to cleave dsDNA by an oxidative mechanism instead of an enzymatic mechanism (Gotte et al., 

1998).  

The RNase H domain makes significant contact with the thumb domain of the p51 

subunit that affects the level of the RNase H activity of RT (Morris et al., 1999a). The 

importance of the p51 thumb in obtaining the optimal RNase H structure is clearly shown 

when replacement of the p54 thumb in HIV-2 RT - which exhibits a ten-fold lower RNase 

activity - by the p51 thumb domain of HIV-1 RT was found to restore the RNase H activity 

level as high as that of HIV-1 RT (Sevilya et al., 2001). A more detailed mutagenesis study 

revealed that the difference in RNase H activity between HIV-1 and HIV-2 RT is restricted to 

the Q294 residue in the p54 thumb of HIV-2 RT (Sevilya et al., 2003a). Other residues that 

affect the in vitro RNase H function are the highly conserved C280 (Sevilya et al., 2003b), 

W266 (Powell et al., 1999), Y501 (Arion et al., 2002), T473, E475 and K476, which make 

contact with the nascent DNA primer, and H539 and N474 that interact with the scissile 

phosphate of the RNA template (Arion et al., 2002; Rausch et al., 2002). 

 

1.2.2.6. The role of p51 in the heterodimer 

As stated above, RT is a heterodimer that consists of a p66 and p51 subunit with 

identical sequences but a different overall folding. In addition, the p51 lacks the p15 RNase H 

domain. Although p66/p66 and p51/p51 homodimers could possibly exist, the p66/p51 

heterodimer is the most stable form and the dimeric form is necessary for catalytic activity 

(Bathurst et al., 1990). Thus, the p51/p51 homodimer is catalytically inactive (Hizi et al., 

1988; Starnes et al., 1988). However, other groups observed certain degrees of activity for p51 

homodimers (Lori et al., 1988; Restle et al., 1990). Several studies have tried to elucidate the 

role of p51 in heterodimer RT. A chimeric HIV-1 RT containing the amino-terminal of HIV-1 

RT and the carboxyl-terminal domain of murine leukaemia virus (MuLV) RT, which exists as 

a monomer, resulted in a monomeric enzyme with intact polymerase and RNase H functions 

(Misra et al., 1998). This revealed that RT lacks two amino acid motifs located between the 

polymerase and the RNase H domain that are present in MuLV RT, which are responsible for 

the incompatibility of HIV-1 RT to be active as monomer. A later study demonstrated that the 

insertion of only a 26 amino acids-long peptide from MuLV RT into the connection domain of 

HIV-1 RT resulted already in a monomeric active HIV-1 RT (Pandey et al., 2001b). 

Study of dynamic characteristics of both subunits show that the p66 subunit is very 

flexible, while the p51 subunit is rigid, which implies a structure-supporting function of the 
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p51 subunit (Bahar et al., 1999). Besides retaining the structural form of the heterodimer 

(Amacker and Hubscher, 1998), the p51 may also be involved in loading of the p66 subunit 

onto the template/primer. This is proven by the fact that, once bound to the template/primer, 

the heterodimer remains catalytically active after dissociation of the p51 subunit (Harris et al., 

1998b). In addition, an important interaction between the p51 thumb domain and the RNase H 

domain exists that plays, besides the role in RNase H functioning that is described above, also 

a role in proper folding of the template/primer and the tRNA-binding site during maturation of 

heterodimeric RT (Morris et al., 1999a). Previous studies already suggested that p51 

contributes to the binding site for the tRNALys primer as well as the binding site for 

template/primer (Jacques et al., 1994; Zakharova et al., 1995). 

 

1.2.2.7. The p66/p51 interface  

There are three distinct contacts between p51 and p66, namely the connection domain, 

the tip of the finger subdomain of p51 and the extended thumb region that supports the RNase 

H region of p66 (Becerra et al., 1991). The connection subdomain, which lies between the 

polymerase and RNase H active sites in p66, plays a central role in the formation of the 

reverse transcriptase heterodimer. Extensive and very different intra- and intersubunit contacts 

are made by the connection subdomains of each of the subunits that constitute approximately 

one-third of the total contacts between subunits of the heterodimer. Conversion of an open p66 

polymerase domain structure to a closed p51-like structure results in a reduction in solvent-

accessible surface area and the burying of an extensive hydrophobic surface. Thus, the 

monomeric forms of both p66 and p51 are proposed to have the same closed structure as seen 

in the p51 subunit of the heterodimer. The free energy required to convert p66 from a closed 

p51-like structure to the observed open p66 polymerase domain structure is generated by the 

burying of a large, predominantly hydrophobic surface area upon formation of the 

heterodimer. It is likely that the only kind of dimer that can form is an asymmetric one like 

that seen in the heterodimer structure, since one dimer interaction surface exists only in p51 

and the other only in p66 (Wang et al., 1994).  

One of the most studied interface regions is the hydrophobic tryptophan-rich cluster in 

the connection domain that consists of six W residues at codons 398, 401, 402, 406, 410 and 

414. These amino acids are conserved among primate lentiviral RTs and mutagenesis studies 

revealed their importance in heterodimer formation (Tachedjian et al., 2003). The effect of 

these residues is mainly directed from the p66 subunit. A second stretch suggested to be 

involved in dimerisation contains a leucine hepta-repeat motif (L282-L310) (Baillon, 1991). 
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This region in p66 has shown to be instrumental in protein-protein interactions required for 

p66/p51 RT dimerisation. Goel et al. (1993) demonstrated that the mutant L289K p66 subunit 

was unable to dimerise with either the mutant L289K or the wild-type p51 subunit, but not 

vice versa (i.e. dimerisation of wild-type p66 with mutant p51), which suggests a critical role 

for the leucine repeat motif in p66 (but not in p51) in heterodimer formation. A third 

important interface region exists as a minor groove at the floor of the polymerase binding cleft 

of the p66 subunit. The β7-β8-loop of the p51 subunit, formed by 6 amino acids noted as 

SINNET between two prolines at positions 133 and 140, seems to fit in this groove-like 

structure and stabilizes the polymerase domain of the p66 subunit (Pandey et al., 2001 and 

2002).  

  

1.2.3. Enzymatic activities of RT 

 

HIV-1 RT exhibits two distinct enzymatic activities: a DNA polymerase that can use 

either DNA or RNA as a template and a nuclease, termed ribonuclease H (RNase H), which 

specifically degrades the RNA in RNA/DNA hybrids. The polymerase domain is associated 

with the amino terminus of both the RT subunits, while the RNase H activity is associated 

with the carboxyl-terminal domain of the p66 subunit (Hansen et al., 1987). However, the 

polymerase site is only active in the open RT conformation, which is present in the p66 

subunit alone (Kohlstaedt and Steitz, 1992). The native p66/p51 heterodimer is the most stable 

form and the dimeric form of the enzyme possesses significant RT activity (Restle et al., 

1990; Restle et al., 1992). 

 

1.2.3.1. DNA polymerase activity 

The initial step of DNA polymerisation by RT is template/primer binding. Moreover, 

the primer will bind first to the free enzyme followed by template binding to this complex 

(Majumdar et al., 1989). Subsequently, the matching dNTP binds to the RT-template/primer 

complex. Next, a nucleophilic attack on the 3’OH of the primer will occur in this ternary 

complex to yield the phosphodiester bond and release of pyrophosphate. Both template/primer 

and nucleotide binding are two-step processes (Divita et al., 1993; Hsieh et al., 1993; Kati et 

al., 1992): First, the complex undergoes a conformational change prior to the covalent linkage 

of the incoming nucleotide. Second, an isomerisation reaction takes place that results into a 

more tightly bound state. This reaction is rate limiting for nucleotide incorporation and also 

provides a second level of accuracy in nucleotide selection preceding phosphodiester bond 



  GENERAL INTRODUCTION 

 29

formation (Tong et al., 1997). The initial binding of the template/primer merely involves 

electrostatic interactions between the primer grip and the template, whereas the subsequent 

conversion to a tightly bound complex involves conformational changes of both enzyme and 

template, leading to proper positioning and alignment (Patel et al., 1995).  

The lack of an intrinsic 3’ to 5’ exonuclease activity is one of the most important 

features of HIV-1 RT in terms of development of resistance because it does not proof-read 

replication errors (Roberts et al., 1988). In addition, RT is able to efficiently extend 

mismatched primer termini (Perrino et al., 1989; Yu and Goodman, 1992). These features 

explain the unusual high error rate of HIV-1 RT compared with other DNA polymerases. The 

average error rate of RT was determined in vitro at 1.7 x 10-3 per nucleotide incorporated 

(Roberts et al., 1988). RT is unusually inaccurate for single base deletions, additions and 

substitutions in homopolymeric sequences (Bebenek et al., 1989 and 1993). These errors 

involve template/primer slippage rather than direct base miscoding. The fidelity of DNA 

synthesis is higher with RNA than with DNA templates (Boyer et al., 1992).  

An extensive G to A hypermutation is characteristic for HIV-1, primarily at GpA and 

GpG sites (Vartanian et al., 1991 and 1994). The transitions in GpG appear to be the 

consequence of base mispairing at the ends of runs of G residues, whereas G to A transitions 

within GpA may result from temporary dislocation of the primer and template strands by a 

single base (Vartanian et al., 1994). The G to A hypermutation is likely an example of an 

induced mutation whereby the viral reverse transcriptase is forced in making errors by 

imbalances in the intracellular dCTP pools.  

The in vitro processivity of HIV-1 RT is low (Abbotts et al., 1993; Klarmann et al., 

1993). Processivity is defined as the average number of nucleotides incorporated before RT 

and template dissociate. Natural RNA and DNA templates contain ‘pause sites’, sequences 

where the processivity of the RT is very low. Homopolymeric nucleotide runs and regions 

with secondary structures exhibit strong pauses in DNA synthesis (Abbotts et al., 1993; 

DeStefano et al., 1992a; Klarmann et al., 1993). 

 

1.2.3.2. Ribonuclease H activity  

The RNase H catalyzes the specific cleavage of the RNA moiety of an RNA/DNA 

hybrid. Degradation of the RNA in the nascent RNA/(-)DNA hybrid hereby enables the (+) 

strand DNA synthesis. Additionally, RNase H generates specific RNA primers for (+) strand 

initiation and also removes the RNA primers from the nascent (-) and (+) DNA strands to 

allow full length DNA synthesis. RNase H hydrolyzes, in contrast to other ribonucleases, 
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phosphodiester bonds to produce 3’-hydroxyls and 5’-phosphates to generate primers with a 

3’-OH.  

RNase H has a polymerase-dependent and a polymerase-independent mode of cleavage 

(Gopalakrishnan et al., 1992; Peliska and Benkovic, 1992). During (-) strand synthesis, RNase 

H will introduce cuts in the U5 region of the genomic RNA, while the polymerase site is still 

bound to the 3’ end of the growing DNA strand (i.e. the polymerase dependent activity). The 

polymerase-independent activity occurs after (-) strand synthesis when large uncleaved RNA 

fragments remain annealed to the newly synthesized (-) strand DNA. These fragments are 

removed by binding of the RNase active site to each fragment, which is then degraded without 

binding of the polymerase active site (DeStefano et al., 1994; Palaniappan et al., 1996). Both 

endo- and exonuclease activity have been reported for HIV-1 RNase H (Schatz et al., 1990). 

However, only a partially processive 3’ to 5’ endonuclease was observed that further degrades 

the RNA primer (DeStefano et al., 1991). 

 

1.3. REVERSE TRANSCRIPTION 
 

The reverse transcription of the viral ssRNA genome to a dsDNA provirus occurs 

mainly in the cytoplasm approximately 3 hours after viral entry, although there is evidence of 

limited reverse transcription in virions (Oude Essink et al., 1996; Trono, 1992). Reverse 

transcription is probably initiated at the time of virus assembly but pauses after the virions are 

released from the host cell because of low dNTP pools in the virus particle. A large 

nucleoprotein complex is formed after viral entry where the DNA synthesis takes place 

(Bowerman et al., 1989; Brown et al., 1987). During reverse transcription, the internal RNA 

sequences unique to the 3’- (U3) and 5’- (U5) ends of the viral RNA are duplicated, 

generating the long terminal repeats (LTRs) that are composed of U3-R-U5 components, 

which are characteristic for the viral genome. Two template switches are required to generate 

the LTRs, known as the strand-transfers.  

RT is capable of carrying out the total reverse transcription process by itself in vitro 

since it displays DNA polymerase activity on both RNA and DNA templates as well as RNase 

H activity. However, in vivo, it is stated that certain viral (NC, Tat, Vpr, Vif and Nef) and 

cellular proteins (such as topoisomerase I and cyclophilin A) increase the efficiency of reverse 

transcription. 
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1.3.1. Initiation of the reverse transcription 

 

Reverse transcription is initiated by the annealing of the 3’-terminal 18 nucleotides of 

the partially unwound cellular tRNALys with the primer binding site (PBS), located in the 5’ 

untranslated region of the genomic RNA (Ratner et al., 1985b). RT itself is unable to 

discriminate between its cognate tRNALys primer and other tRNA forms (Thrall et al., 1996), 

therefore the tRNALys primer is selectively incapsidated into the viral particles by specifically 

recruitment by the Gag-Pol precursor polyprotein (Mak et al., 1994). The unwinding of the 

tRNA cloverleaf and subsequent PBS annealing is mediated by the nucleocapsid protein and 

the RT itself (Barat et al., 1989 and 1993; Oude Essink et al., 1995). The viral RNA and the 

tRNALys primer form several interactions in addition to annealing that are crucial for the 

efficiency and the specificity of the initiation of reverse transcription (Arts et al., 1998; Isel et 

al., 1993 and 1995) and facilitate the subsequent transition to a less specific elongation phase 

(Isel et al., 1996 and 1998; Lanchy et al., 1996). Due to the possible interactions with the 

tertiary structure of the RNA/tRNALys initiation complex, RT is allowed to interact with the 

template strand up to 20 nucleotides upstream from the polymerase site (Lanchy et al., 2000). 

However, recent data suggested that the structural elements are already present in the viral 

RNA prior to tRNALys annealing, thus explaining that extensive interactions of RNA with the 

primer are not required to bind RT (Goldschmidt et al., 2004).  

 

1.3.2. Minus strand synthesis 

 

The synthesis of the (-) strand, initiated from the tRNALys primer annealed to the PBS, 

results in the formation of a short (-) strong-stop DNA fragment (sssDNA) that consists of the 

U5 and repeat (R) regions of the LTR (Fig. 1.6). The 5’ end of the genomic RNA is degraded 

by the RNase H and makes it possible for the sssDNA to hybridise with the complementary 

sequence in R at the 3’ end of the viral genome, a process that is known as the first strand-

transfer reaction. Efficient strand-transfer is dependent on the RNase H-mediated removal of 

the residual RNA (DeStefano et al., 1992b; Peliska and Benkovic, 1992). Also, strand-transfer 

is facilitated by structural features in the R region (Berkhout et al., 2001). However, transfer 

can be initiated at internal regions of the homologous R sequence without requiring total 

cleavage at the 5’-end. The sssDNA will invade at the gaps created by RNase H (Chen et al., 

2003). The positions that are more favourable for invasion are the so-called dimerisation 

initiation sequences (DIS) (Balakrishnan et al., 2003). Since virus particles contain two 
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identical genomic RNA molecules, this strand-transfer can occur in an intermolecular 

(between the two RNA templates) or an intramolecular (from the 5’ end to the 3’ end of the 

same template RNA molecule) manner (van Wamel and Berkhout, 1998). After the first 

strand-transfer, the synthesis of the (-) strand continues to the 5’ end of the template, which is 

now at the 5’ of the PBS, since R and U5 have been removed earlier by RNase H. 

Concomitant with the elongation of the (-) DNA strand, the viral RNA template is degraded 

by the RNase H. 

 
Figure 1.6 Mechanism of reverse transcription. 
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1.3.3. Plus strand synthesis 

 

For the synthesis of the second (+) DNA strand RT utilizes two primers: a polypurine 

track (PPT) at the border of the U3 domain of the 3’ LTR and a central PPT (cPPT) that is 

located in the center of the genome, at the end of the pol gene (Fig. 1.6) (Charneau et al., 

1994; Pullen and Champoux, 1990; Pullen et al., 1992). After (-) strand synthesis 

approximately 15% of the RNA template remains as oligomers annealed to the newly formed 

DNA, but only the PPTs are used as primer for (+) strand synthesis (Fuentes et al., 1995). 

Unlike other polymerases, RT can bind either to the 5’ end of a primer for degradation or to 

the 3’ end for synthesis. The competition between the two binding modes might determine 

whether a primer will be extended or degraded (Palaniappan et al., 1998). However, 

Sarafianos et al. (2001) suggested that the selection of these particular polypurine RNA 

sequences is due to the resistance of the PPTs to RNase H digestion. More specific, the PPTs 

contain rA-stretches that have an unusual narrow minor groove that might prevent the RNA 

template from reaching the catalytic residues of RNase H, which results in unproductive 

cleavage (Sarafianos et al., 2001). The rG stretch present in the PPT is also a critical 

requirement for primer function (Powell and Levin, 1996) and the bending at the rG:dC/rA:dT 

junction might be involved in proper binding of RT to the 3’ end of the PPT (Powell and 

Levin, 1996; Sarafianos et al., 2001 and 2003).  

The synthesis of the (+) strand is initiated at the 3’ PPT and generates the (+) strand 

strong-stop DNA ((+) sssDNA), which is terminated at the first methylated adenosine of the 

tRNALys primer that is still attached to the 5’ terminus of the (-) DNA strand. In this way, a 

DNA copy is created of the PBS at the (+) sssDNA terminus. The short RNA/DNA hybrid, 

which is formed when a part of the tRNALys primer is used as a template, permits the removal 

of the primer tRNA by RNase H. This enables the tRNALys PBS in the (+) strand to anneal 

with the PBS at the 3’ end of the (-) sssDNA. This event occurs only intramolecularly and is 

known as the second strand-transfer. After this second strand-transfer, the elongation of the 

(+) and (-) DNA strands continue. The (+) DNA strand is further elongated to the central 

termination sequence (CTS) located immediately at the 3’ end of the cPPT. Additionally, the 

(+) DNA strand initiated at the cPPT is elongated to the end of the (-) DNA strand template. 

About 99 nucleotides of (+) DNA strand between the cPPT and CTS are displaced, resulting 

in a defined and stable overlap (Charneau et al., 1994). This central DNA flap is necessary for 

nuclear import of the HIV-1 genome (Zennou et al., 2000). After nuclear import, the cellular 

enzymes are presumed to remove the displayed sequences and to seal the (+) strand to yield 
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double-stranded linear DNA, which has an LTR sequence at each end (Charneau and Clavel, 

1991).   

 

1.3.4. Accessory proteins 

   

1.3.4.1. Nucleocapsid protein 

The nucleocapsid protein (NC) of HIV-1 is generated from the Gag and Gag-Pol 

polyprotein precursor by proteolytic cleavage of the HIV-1 protease (Henderson et al., 1992). 

NC is a 55 amino acid long basic protein that is the major component of the virion 

nucleocapsid and essential for packaging the genomic RNA. NC molecules also have a high 

affinity for nucleic acids and coat the viral dimeric RNA at a ratio of one NC per every seven 

nucleotides depending on their secondary structure (Golinelli and Hughes, 2003), which offers 

an efficient protection against nucleases. Due to their close association with the viral genome, 

they play significant but also distinct roles in the reverse transcription process. NCs can 

promote (-) strand DNA synthesis by enhancing the annealing of the tRNALys primer to the 

PBS (Barat et al., 1989), most likely by unwinding the tRNA structure (Khan and Giedroc, 

1992). NC stimulates primer-specific proviral DNA synthesis while concurrently inhibiting 

non-specific reverse transcription of viral and cellular RNAs (Lapadat-Tapolsky et al., 1997; 

Li et al., 1996). During elongation of the viral DNA, NC increases the RT processivity by 

removing secondary RNA structures that obstruct RT progression (Ji et al., 1996; Rong et al., 

1998). Furthermore, NC facilitates the first strand-transfer by promoting the annealing of the 

R region of the (-) sssDNA with the complementary region of the 3’ end of the genomic RNA 

(Peliska et al., 1994; Rodriguez-Rodriguez et al., 1995). Finally, NC has been shown to 

enhance the incorporation of errors by the RT into the proviral DNA during (-) strand 

elongation by facilitating the annealing of mutated (-) cDNA during strand transfer (Lapadat-

Tapolsky et al., 1997). Since, besides the two strand transfers, also several additional strand 

transfers due to copy choice recombination occur during reverse transcription, NC could have 

a significant influence on the mutation rate of the viral genome. Overall, template switching of 

RT in reverse transcription occurs frequently and is facilitated by template proximity and the 

level of homology (Andersen et al., 2003). 

 

1.3.4.2. Vpr 

Viral protein R (Vpr) is known to be essential for productive infection of macrophages 

and monocytes. Vpr is involved in nuclear import of the PIC in non-dividing cells (Heinzinger 
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et al., 1994). Additionally, Vpr interacts with the cellular Lys-tRNA synthetase and inhibits its 

enzymatic activity, blocking the aminoacylation of tRNALys and probably resulting in 

targeting the tRNALys primer to the assembling virion (Stark and Hay, 1998). 

 

1.3.4.3. Vif 

The viral infectivity factor (Vif) is necessary for the production of infectious virions 

from some cell lines (von Schwedler et al., 1993). Viruses with a deletion in Vif were unable 

to complete the synthesis of proviral DNA, although they could enter the cell in a normal way 

(Camaur and Trono, 1996; Courcoul et al., 1995). Recently it was shown that Vif interacts 

with a member of the cellular cytidine deaminase enzyme family (APOBEC) (Stopak et al., 

2003). In virions with deletions in Vif, APOBEC3G will be encapsidated and will deaminate 

the (-) strand of newly synthesized transcripts when a new infection and uncoating process 

starts, resulting in linear double-stranded viral DNA that contains uracil on the (-) strand and 

G to A transitions on the (+) strand. Most of the uracil-containing DNA will be degraded by 

cellular DNA repair enzymes before integration (Navarro and Landau, 2004). In normal 

virions, APOBEC3G will be specifically targeted and degraded by Vif (Marin et al., 2003; 

Sheehy et al., 2003). 

 

1.3.4.4. Tat 

HIV-1 lacking the transcriptional activator (Tat) is virtually defective in initiating 

reverse transcription upon infection of peripheral blood mononuclear cells (Harrich et al., 

1996). The TAR stem-loop RNA, which is located in the 5’ LTR and serves as the binding site 

for Tat, is involved in the regulation of (-) sssDNA synthesis (Harrich et al., 1997). Tat may 

facilitate the interactions between TAR RNA and other RNA elements, including the tRNALys 

primer and U5 RNA by a mechanism that is different from the mechanism used by Tat to 

modulate gene expression, because domain specific mutations of Tat can highly influence 

gene expression but has no effects on reverse transcription (Ulich et al., 1999).  

 

1.3.4.5. Nef 

Nef also has been reported to influence efficient reverse transcription in infected cells 

(Schwartz et al., 1995), which could account for the enhanced infectivity of wild-type virus 

compared to nef mutant virus (Chowers et al., 1994). Nef-defective virions seem to be blocked 

at the stage of the HIV-1 life cycle between entry and reverse transcription, possibly virion 
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uncoating. A possible explanation is that Nef could enhance the affinity of RT for RNA in 

vitro (Fournier et al., 2002). 

 

1.4. INHIBITORS OF HIV RT 
 

Since reverse transcriptase is virus-specific and essential for virus replication, and 

exerts its function before the irreversible integration of the viral DNA into the host genome, it 

is an excellent target enzyme to inhibit retroviral replication in an HIV infected individual. 

Over the last 15 years a variety of compounds, identified to interact with the RT, can be 

divided into four distinct groups of RT inhibitors (De Clercq, 2000; De Clercq, 2004): (i) 

2’,3’-dideoxynucleoside analogues, designated nucleoside RT inhibitors or NRTIs, (ii) acyclic 

nucleoside phosphonate analogues (ANPs), designated as nucleotide RT inhibitors (NtRTIs), 

(iii) pyrophosphate analogues and (iv) non-nucleoside RT inhibitors (NNRTIs). 

 

1.4.1. NRTIs 

 

The NRTIs have a typical 2’,3’-dideoxynucleoside structure and principally act as 

competitive RT inhibitors with respect to the dNTP substrate after intracellular 

phosphorylation by cellular kinases (Fig. 1.7). More importantly, when NRTIs are 

incorporated in the growing template/primer they act as DNA chain terminators due to the 

lack of a 3’ OH in the sugar part that prevents a nucleophilic attack on the α-phosphate and 

further phosphodiester bonds with other dNTPs. Because RT does not exhibit a 3’-5’ 

exonuclease activity, the NRTIs once incorporated, prevent further viral DNA synthesis. The 

initial phosphorylation step of NRTIs to the 5’-monophosphate form is often the most crucial 

and rate-limiting step in the metabolic conversion of the NRTIs. Today, seven NRTIs are 

approved by the FDA: zidovudine (AZT), didanosine (ddI), zalcitabine (ddC), stavudine 

(d4T), lamivudine (3TC), abacavir (ABC) and emtricitabine ((-)FTC) (for an overview see 

Squires, 2001) 

 

1.4.2. NtRTIs 

 

The NtRTIs, such as adefovir (PMEA) and tenofovir ((R)-PMPA) can be considered as 

NRTIs that have an intact nucleobase part but an acyclic sugar (aliphatic) part equipped with a 

phosphonate (P-C) bond (Fig. 1.7). This circumvents the problem of the initial, limiting 
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phosphorylation step that NRTIs have to encounter. NtRTIs are also further phosphorylated by 

cellular kinases to the corresponding mono- and diphosphates and act, like NRTIs, as DNA 

chain terminators of nascent viral DNA synthesis.  

 

Figure 1.7 Structural formulae of NRTIs and the NtRTI tenofovir  

 

1.4.3. Pyrophosphate analogues 

 

Phosphonoformic acid (PFA) or foscarnet is a pyrophosphate analogue that inhibits 

reverse transcription by interacting with the pyrophosphate site close to the dNTP binding site 

of the RT enzyme (Fig. 1.8). PFA is a non-competitive inhibitor of RT with respect to the 

natural substrates and an uncompetitive inhibitor of RT against the template/primer. 
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Figure 1.8 Structural formula of the pyrophosphate analogue foscarnet 

 

 

O

N

HN

HO 

N3

O

O

 

 

N

NHN

N

O

O
HO 

 

O

N

N

HO 

NH2

O

 

O

N

HN

HO 

O

O

 

 

Zidovudine Didanosine Zalcitabine Stavudine  
   
 

S

O

HO

N

N

NH2

O

 

N

NN

N

NH

HO 

H2N

 

S

O

HO

N

N

NH2

O

F

 

N

NN

N

NH2

OP

CH3
OH

O

HO

 
 

Lamivudine Abacavir Emtricitabine Tenofovir 
 



CHAPTER I   

 38

1.4.4. NNRTIs 

 

A structurally diverse group of compounds, which comprises at least 50 distinct 

structural classes different from the nucleoside structure, are designated as non-nucleoside 

reverse transcriptase inhibitors (NNRTIs) (Fig. 1.9). All these NNRTIs bind to the NNRTI-

binding pocket: an allosteric hydrophobic site close to, but distinct from, the catalytic active 

site of the RT (Kohlstaedt et al., 1992). As they are inhibitory against RT as such, NNRTIs do 

not require intracellular metabolic activation. NNRTIs are non-competitive (or mixed-type) 

inhibitors with respect to the substrates and non-competitive or uncompetitive inhibitors with 

respect to the template/primer. Whereas NRTIs and NtRTIs do not markedly discriminate 

between RTs from different lentiviruses, the NNRTIs are highly specific for HIV-1 RT and do 

not recognize other lentiviral RTs or any other DNA or RNA polymerases from viral or 

cellular origin. This explains the highly selective anti-HIV-1 activity of the NNRTIs (for an 

overview, see Balzarini, 2004). NNRTIs that are approved for clinical use by the FDA are 

nevirapine, delavirdine and efavirenz, whereas etravirine, dapivirine and rilpivirine are 

currently subject of clinical phase I/II studies, either for potential microbicide use (dapivirine) 

or for systemic (oral) therapy of HIV-1.  

The general structure of an NNRTI resembles that of a butterfly (Ding et al., 1995a). 

One wing contains a substituted aromatic ring and can form a hydrogen bridge to the peptide 

main chain of K101. The other wing contains often a π-electron system that interacts with the 

aromatic residues of Y181, Y188 and W229. The body of the butterfly is polar and close to 

Y181 and results in a movement of the hydroxyphenyl group of this amino acid upon binding. 

Although most NNRTIs adapt such a shape, several NNRTIs do have impaired wings like 

delavirdine. Dapivirine, etravirine and rilpivirine are diarylpyrimidine (DAPY) derivatives 

and resemble a horseshoe rather than a butterfly shape. Structural and molecular modeling 

studies of these inhibitors with HIV-1 RT revealed a binding to RT in different conformations. 

The torsional flexibility of the inhibitors can generate numerous conformational variants and 

the compactness of the inhibitors permits significant repositioning and reorientation 

(translation and rotation) within the pocket. Such adaptations appear to be critical for the 

ability of the DAPY compounds to retain their potency against a wide range of drug-resistant 

HIV-1 RTs (Das et al., 2004 and 2005; Janssen et al., 2005) 

TSAO NNRTI molecules, which have a totally different structure comparing to other 

NNRTIs, seem to interact with a binding site on the interface between p66 and p51 of HIV-1 

RT, which is distinct from the binding site of the other NNRTIs (Arion et al., 1996; 
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Rodriguez-Barrios et al., 2001). These unusual properties of the TSAO NNRTIs were found 

by modelling of the TSAO molecules in the RT, and proved to be in agreement with 

biochemical, enzyme kinetic and structural data and are also in agreement with the 

observation that TSAO molecules enhance urea- and acetonitrile-mediated destabilisation of 

the dimer (Harris et al., 1998b; Sluis-Cremer et al., 2000b). These findings point to an 

interaction of TSAO with the earlier described β7-β8-loop of the p51 subunit. Therefore, this 

area in RT can be potentially used as a novel target site on RT for inhibitor design either by 

small molecules like TSAO derivatives or by oligopeptides or peptidomimetics. Previous 

studies have shown that the tryptophan-rich area at the p66/p51 interface can be targeted by 

oligopeptides resulting in destabilisation of RT and even a pronounced anti-HIV activity in 

cell culture (de Soultrait et al., 2003; Divita et al., 1994; Morris et al., 1999b) 

 

 

Figure 1.9 Structural formulae of NNRTIs 
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1.5. RESISTANCE  
 

1.5.1. Genetic diversity of HIV 

 

The most important step in virus replication to generate mutations in the viral genome 

is the reverse transcription process: (i) RT itself is highly error-prone due to the lack of a 

proofreading function, (ii) retroviral recombination occurs between the two different RNA 

genomes co-packaged in the virions (Hu and Temin, 1990a), (iii) two strand-transfers 

implicate template switching and (iv) the enormous viral replication rate provides a huge 

generation of errors. Retroviral recombination allows HIV-1 to repair breaks in the RNA and 

to exchange nucleic acid sequences (Temin, 1993). Recombination occurs when the growing 

DNA chain switches from one RNA template to another during minus-strand DNA synthesis 

(copy-choice model). Alternatively, the RT can also be forced to switch to the second RNA 

because of a break in the first RNA template (forced copy choice model). Finally, the new 

DNA that is displaced during the discontinuous plus-strand synthesis can hybridise to the 

minus-strand DNA synthesized with the second molecule of viral RNA as template. If this 

displaced plus-strand fragment is incorporated into the viral genome, a recombinant virus is 

generated (displacement-assimilation model) (Hu and Temin, 1990b).  

The huge diversity of virions observed in patients infected with HIV-1 is a direct result 

of the high rate of virus replication and the large viral load (Coffin, 1995). Even during 

periods of clinical latency of the virus as many as 108 to 1010 virions are produced every day. 

In fact, clinical latency is the result of a dynamic equilibrium between vigorous HIV 

replication and HIV clearance on the one hand and CD4+ cell depletion and renewal on the 

other hand (Coffin, 1995; Ho et al., 1995; Wei et al., 1995). Due to this high replication rate, 

the high prevalence of mutations and the total body viral burden in infected patients, every 

single point mutation is probably generated multiple times each day (Coffin, 1995). As a 

consequence, HIV does not have a fixed genome, but rather exists as a swarm of closely 

related but non-identical quasispecies (Wain-Hobson, 1993). Thus, pre-existence of viruses 

carrying mutations related to resistance to RT inhibitors is a major problem, because under 

selective pressure of retroviral drugs these mutant viruses will rapidly emerge and ultimately 

dominate the virus population.  
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1.5.2. Resistance mutations and their mechanism of action against NRTIs and NtRTIs 

 

High-level resistance to zidovudine, the first drug that was administered to patients 

with HIV infection, requires an accumulation of mutations at positions 41, 67, 70, 210, 215 

and 219 (Boucher et al., 1992; Kellam et al., 1992; Larder and Kemp, 1989). These mutations 

seem to occur in a particular ordering that progressively increases the level of drug resistance 

(Boucher et al., 1992). The K70R mutation is often found as the initial mutation, typically 

followed by the appearance of a T215Y mutation, the disappearance of K70R and the 

subsequent emerging of M41L, D67N and K219Q/E/N mutations. Under further treatment, an 

additional L210W mutation can arise and the K70R may reappear (Harrigan et al., 1996; 

Hooker et al., 1996; Larder and Kemp, 1989). Because these mutations are selected under 

thymidine analogues like zidovudine and stavudine, they are known as thymidine analogue 

mutations (TAMs) that confer resistance by enhancing primer unblocking and do not alter 

nucleoside incorporation rates. TAMs decrease the in vivo activity of all N(t)RTIs, and are 

also referred to as nucleoside analogue mutations (NAMs). However, the molecular 

explanations for the mechanism of TAMs are rather difficult because it was shown in vitro 

that RT bearing TAMs could still be susceptible to zidovudine (Larder et al., 1989). It has 

been proposed that the primary mechanism of zidovudine resistance is the phosphorolytic 

removal of this chain-terminator (Arion et al., 1998; Arion et al., 2000). The K70R and D67N 

mutations were shown to confer increased sensitivity (and thus selectivity of RT) to 

pyrophosphate. Also, an increased DNA synthesis was observed for the mutant RT bearing 

mutations at positions 67, 70, 215 and 219, which would compensate for the increase in 

phosphorolysis and should facilitate HIV-1 replication in the presence of zidovudine (Arion et 

al., 1998; Arion et al., 2000). 

The appearance of K65R and T69D in the β3-β4 loop of the finger domain were 

associated with tenofovir, abacavir, stavudine, zalcitabine or didanosine treatment (Fitzgibbon 

et al., 1992; Gu et al., 1994; Miller, 2004).  K65 interacts with the γ-phosphate of the 

incoming dNTP (Huang et al., 1998a) and has importance in the nucleotide-binding specificity 

since a K65R mutation resulted in a 10-fold decreased binding of ddCTP and ddATP to the 

mutated enzyme (Sluis-Cremer et al., 2000a). K65R confers (partial) resistance to zalcitabine, 

didanosine, abacavir, tenofovir, lamivudine and possibly stavudine (Garcia-Lerma et al., 

2003; Ruane and Luber, 2004; Wainberg et al., 1999). K65R reduces TAM-associated 

resistance probably by reducing TAM-mediated primer unblocking (Sluis-Cremer et al., 

2000a). 
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Table 1.1 Resistance mutations associated with the officially approved nucleoside RT 

inhibitors (NRTIs), nucleotide RT inhibitors (NtRTIs) and non-nucleoside RT inhibitors 

(NNRTIs) 

Compound Amino acid mutation 
NRTI  
Zidovudine (AZT) M41L, D67N, K70R, L210W, T215F/Y, K219Q/E 
Abacavir (ABC) K65R, L74V, Y115F, M184V 
Zalcitabine (ddC) K65R, T69D, L74V, V75T, M184V, T215C 
Didanosine (ddI) M41L, K65R, D67N, T69A/S, K70R, L74V, V75T, M184V, L210W, T215Y, 

K219Q 
Stavudine (d4T) M41L, D67N, V75T, T215Y, K219Q 
Lamivudine (3TC) P157S, M184I/T/V 
Emtricitabine [(-)FTC] M184I/T/V 

NtRTI  
Tenofovir DF (TDF) K65R 
NNRTIs  
Nevirapine A98G, L100I, K103N, V106A, V108I, Y181C/I, Y188C, G190A  
Delavirdine K103N/T, Y181C, P236L 
Efavirenz A98G, L100I, K101E, K103N, V108I, V179D, Y181C, Y188L, G190S, 

P225H 
Adapted from Schinazi et al., 2000. Mutations in bold represent mutations only observed in vitro, mutations in 

italics represent mutations only observed in vivo. 

 

Viruses that contain a K65R mutation have a diminished replicative capacity, similar 

to viruses with M184V mutations (White et al., 2002). T69D probably exerts its influence by 

inducing a conformational change in the fingertips that makes contacts with the dNTP (Huang 

et al., 1998a).  

Insertions at fingers regions between codons 67 and 70, most commonly 2 amino acids 

(S-S or S-A) at position 69, can occur in patients receiving nucleoside analogues and are 

typically found in addition to TAMs (Balotta et al., 2000; de Jong et al., 1999). Biochemical 

analyses have demonstrated that resistance conferred by these amino acid inserts is ATP-

dependent, which suggests an enhanced primer unblocking (Goldschmidt and Marquet, 2004; 

Larder et al., 1999). Computer modeling also suggests that the increased mobility of the β3-β4 

loop caused by the T69 insertion mutation could result in an increased rate of ATP-mediated 

excision and thus contribute to the high-level and broad N(t)RTI resistance (White et al., 

2004). The inserts themselves confer minor degree of resistance but this can markedly 

increase when present in addition with TAMs (Larder et al., 1999; Winters et al., 1998). 

Besides 6 bp nucleotide inserts, also 3 bp deletions were found in HIV-1 RT from patients 
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with high level of multinucleoside resistance. This probably results in a loss of hydrogen 

bonds between the RT and an incoming dNTP (Winters et al., 2000).  

L74 directly interacts with the template/primer and the incorporating dNTP and with 

the side chains of R72 and Q151 (Huang et al., 1998a). The L74V mutation, which is most 

frequently observed in patients receiving didanosine monotherapy (St Clair et al., 1991) or 

abacavir therapy (Harrigan et al., 2000; Miller et al., 2000; St Clair et al., 1991), confers 

resistance by selectively reducing incorporation rates of specific nucleoside analogues. A 

valine at position 74 also permits more fluctuation of the templating base, which makes it 

more difficult for a ddNTP to form a base pair (Huang et al., 1998a).   

M184 is a residue of the catalytic polymerase site that directly interacts with the 

incoming dNTP (Huang et al., 1998a). The M184I/V causes steric hindrance between the 

oxathiolane ring of 3TC-TP and the side chain of β-branched amino acids (like V, I and T), 

leading to a perturbation of the inhibitor binding and selectively reduces the incorporation of 

nucleosides like lamivudine, emtricitabine, didanosine, zalcitabine and abacavir (Gao et al., 

2000; Sarafianos et al., 1999). Lamivudine rapidly selects for the M184I mutation that is soon 

replaced by the M184V mutation due to a fitness advantage (Keulen et al., 1997; Schuurman 

et al., 1995). In patients under lamivudine treatment (Schuurman et al., 1995), M184V is also 

selected upon abacavir monotherapy (Harrigan et al., 2000; Miller et al., 2000), emtricitabine 

therapy and occasionally on didanosine monotherapy and abacavir/zidovudine therapy 

(Winters et al., 1997). M184V confers high-level resistance to emtricitabine and lamivudine 

(Schinazi et al., 1993; Tisdale et al., 1993) but, on itself, only minor resistance to abacavir or 

didanosine. In combination with the additional K65R, L74V and Y115F mutations, the rate of 

resistance to abacavir markedly increases (Tisdale et al., 1997). M184V actually reverses 

TAM-associated resistance to zidovudine, stavudine and tenofovir (Larder et al., 1995; Miller 

et al., 2001; Whitcomb et al., 2003) by decreasing the rate of primer unblocking (Boyer et al., 

2002; Gotte et al., 2000). 

The Q151M mutation develops under treatment with thymidine analogues and 

didanosine combinations and causes resistance to all NRTIs (Coakley et al., 2000; Picard et 

al., 2001; Van Laethem et al., 2000). Because Q151 is located in a conserved region that 

interacts with the incoming dNTP (Huang et al., 1998a; Sarafianos et al., 1995), the mutation 

can interfere with nucleoside binding and incorporation (Deval et al., 2002). Q151M is 

generally associated with A62V, V75I/F, F77L and F116Y. Each of these mutations 

substantially increases the degree of resistance and/or the fitness of the isolates containing 

Q151M (Maeda et al., 1998; Shafer et al., 1996). Mutations at positions 62, 75 and 77 modify 
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the hydrophobic core of the fingers to adjust the orientation of the methionine and the F116Y 

restores a hydrogen bond that is lost in the Q151M mutation (Huang et al., 1998a). Tenofovir 

remains active against viruses with this multidrug complex (Miller et al., 2001), and 

lamivudine may also retain some activity (Schmit et al., 1998). 

 

1.5.3. Resistance mutations against PFA 

 

Several RT mutations are associated with resistance to foscarnet (PFA), including 

W88G/S, E89G/K, L92I, S156A, Q161L and H208Y (Fig. 1.10). The mutations at amino acid 

positions 88, 161 and 208 have also been observed in HIV strains of patients under PFA 

treatment (Mellors et al., 1995). The PFA resistance mutations W88G/S, E89G/K and L92I 

are located close to the template/primer binding site and rather distant from the putative 

pyrophosphate-binding site. This suggests that PFA resistance is likely to be mediated through 

an altered interaction of the mutant enzyme with the template strand of the template/primer, 

which distorts the formation of the active site and leads to inefficient binding of PFA 

(Tachedjian et al., 1995). In contrast, the Q161L mutation is located at the active site of HIV-1 

RT and can have a more direct effect on PFA binding by inducing conformational changes in 

the dNTP binding site and the putative pyrophosphate-binding site (Mellors et al., 1995).  

 

1.5.4. Resistance against NNRTIs 

 

1.5.4.1. The NNRTI-binding pocket in HIV-1 RT 

Crystallographic structures of RT enzyme complexed with an NNRTI revealed that 

they all bind in a specific site within the p66 palm domain. This NNRTI-binding site is 

represented by a lipophilic pocket at the basis of a three-stranded β-sheet (β4, β7 and β8). At 

the top of this sheet, the three catalytic D110, D185 and D186 residues are approximately 10-

15 Å distant from the bound NNRTIs. The pocket is further formed by the β4, β7, β8 sheet 

(amino acid residues 105-110 and 179-191), the β9, β10, β11 sheet (amino acid residues 224-

241) and the structure preceding β4 (amino acid residues 98-104). The entrance to the pocket 

contains the P225 and P236 residues that are located on flexible peptide chains, and thought to 

be able to close the pocket following the entrance of an NNRTI. The aromatic residues Y181, 

Y188 and W229 form the roof of the pocket. The pocket walls are lined with the hydrophobic 

residues L100, V106 and L234. The pocket floor consists of main-chain atoms of several 
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lysines in the 101-K-K-K-103 domain preceding β4. Two aromatic residues (F227 and Y318) 

are located toward the pocket entrance. Amino acid residues E138 and T139 derived from the 

p51 subunit are positioned left of the pocket, beyond residues L100 and Y181 (Ding et al., 

1995b; Kohlstaedt et al., 1992; Smerdon et al., 1994; Stammers et al., 1994).    

 

1.5.4.2. The ‘NNRTI-binding pocket’ in other lentiviral RTs 

It is still intriguing why NNRTIs are not inhibitory to RT enzymes other than HIV-1 

RT. Several chimeric enzymes involving HIV-1 RT and other lentiviral RTs have been 

constructed, contributing to a further understanding of the function of the individual subunits 

within HIV-1 RT heterodimer, the mapping of the catalytic sites and the NNRTI-binding 

pocket. It was found that exchanging one or few amino acids from HIV-1 RT by the 

corresponding amino acids in HIV-2 RT is sufficient to markedly reduce sensitivity to 

NNRTIs and, vice versa, exchange of one or a few amino acids or several amino stretches 

from HIV-2 RT by the corresponding amino acids of HIV-1 RT is sufficient for HIV-2 RT to 

gain sensitivity to NNRTIs (Hizi et al., 1993; Isaka et al., 2001; Yang et al., 1996). Resolution 

of the crystal structure of HIV-2 RT at 2-3.5 Å resolution showed that it has a similar overall 

folding to HIV-1 RT but there were structural differences within the putative NNRTI-pocket 

at both conserved and non-conserved residues. There are sequence differences that result in 

unfavourable NNRTI contacts at amino acid positions 101, 106, 138, 181, 188 and 190 (Bird 

et al., 2003; Ren et al., 2002). The crystal structure also confirms that the I181 in HIV-2 RT 

could be a significant contributory factor to the inherent drug resistance of HIV-2 RT against 

NNRTIs. This is also in agreement with the fact that mutant Y181I HIV-1 RT markedly lost 

sensitivity to NNRTIs (Balzarini et al., 1994).  

When an alignment was made for a wide variety of primary amino acid sequences that 

line the NNRTI-pocket of HIV-1 RT with other lentiviral RTs, a higher sequence similarity 

was found for FIV than for HIV-2 and SIV RT. Even, the majority of amino acids in the 

NNRTI pocket of HIV-1 RT that are instrumental in obtaining sensitivity to NNRTIs are 

identical in FIV RT, except for Q101, A138, D179 and Y227. However, no inhibitory effect of 

NNRTIs on FIV RT could been found, even at very high drug concentrations (Auwerx et al., 

2004; Auwerx et al., 2002). In addition, none of the hybrid RTs in which well-defined parts of 

the p66 FIV RT subunit are exchanged by their HIV-1 RT conterpart could restore the 

sensitivity of FIV RT to NNRTIs (Auwerx et al., 2004). As long as no crystal structure is 

available of FIV RT, the structural basis of this NNRTI-resistance remains unsolved.  

 



CHAPTER I   

 46

1.5.4.3. NNRTIs: Mechanism of action  

The NNRTI-binding pocket does not physically exist in the unliganded RT because the 

side chains of Y181, Y188 and W229 occupy this region (Hsiou et al., 1996; Rodgers et al., 

1995). However, upon entry of an NNRTI, a conformational shift creates a pocket by moving 

the Y181 and Y188 towards the aspartic acid triad of the active site (Hopkins et al., 1996). 

The β12-β13-β14 sheet that contains the primer grip is repositioned and the functional groups 

of Y181 and Y188 are rotated towards the polymerase active site (Ding et al., 1995b). 

Repositioning of the primer grip probably alters the position and the 3’ OH group of the 

template/primer relative to the active site, resulting in inhibition of polymerase activity. In 

NNRTI-bound structures,  the positions of Y181 and Y188 closely mimic the conformations 

of the equivalent side chains in the (inactive) p51 subunit of the enzyme (Esnouf et al., 1995). 

Concomitantly, the whole β-sheet comprising β4, β7 and β8 and the aspartic acid triad shift by 

~2 Å. This shift upon NNRTI-binding is presumed to result in a dramatic slowing down of the 

catalytic activity of the enzyme (Esnouf et al., 1995). These structural explanations of NNRTI 

inhibition are consistent with kinetic mechanistic studies which showed that the major effect 

of NNRTIs is on the chemical step (nucleotide transfer) of DNA polymerisation (Rittinger et 

al., 1995; Spence et al., 1995). A third possible hypothesis for the mechanism of action of 

NNRTIs is that the position of the p66 thumb domain, which is of major importance in DNA 

binding, is in hyper-extension when RT is bound to an NNRTI (Hsiou et al., 1996). It is 

possible that interference with the mobility of the p66 thumb domain, which is normally in a 

folded down position in unliganded RT and in an upright position in DNA-bound RT (Hsiou 

et al., 1996; Jacobo-Molina et al., 1993; Rodgers et al., 1995), can lead to inhibition of 

polymerisation. In more recent studies it was also suggested that binding of NNRTIs to RT 

decreases the flexibility of the fingers and thumb domain of the p66 subunit, which is 

necessary for binding and translocation of the nucleic acid substrate after nucleotide 

incorporation (Madrid et al., 2001; Shen et al., 2003). However, according to Esnouf et al. 

(1995) the orientation of the thumb domain depends on the hydration state of the crystal lattice 

rather than on binding of an NNRTI. 

 

1.5.4.4. Resistance mutations 

Whereas NRTI-specific drug mutations are scattered around several domains of the RT 

(fingers, palm and thumb), the NNRTI-specific mutations are clustered in the lipophylic 

NNRTI-binding pocket (for an overview, see Balzarini, 2004 and Schinazi et al., 2001). In 

this pocket, several clusters of mutations can be identified, namely A98G, L100I, K101E/Q/I, 
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K103N/T/Q/R, V106A/I/L, V108I in the β-sheet comprising β5b and β6; V179D/E, Y181C/I, 

Y188C/H/L, V189I and G190E/T/E/A/S, located in the β-sheet, comprising β9 and β10 and 

I135M/T/L, E138K, T139I and G141E mutations located in the interface between the p66 and 

p51 subunit. Furthermore, P225H, F227L, E233V, P236L and K238T are also related to 

resistance to NNRTIs (Fig. 1.10). 

 
 

Figure 1.10 Overview of the location in the p66/p51 heterodimer of the resistance mutations 

associated with the different classes of RT inhibitors.  
NRTI and NtRTI resistance mutations are in blue, foscarnet resistance mutations are in magenta and NNRTI 

resistance mutations are in yellow. The multidrug NRTI-resistance mutations are shown in green (taken from J. 

Balzarini (1999)). 

 

Only a single amino acid mutation in the NNRTI-pocket can result in a marked 

resistance to first-generation NNRTIs like nevirapine, delavirdine, loviride and TIBO 
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(Balzarini et al., 1993). Such a single amino acid mutation can even result in a pronounced 

cross-resistance to other first-generation NNRTIs because they all bind in the same pocket, 

which results in a very different resistance pattern than that observed for NRTIs. This has been 

shown in structural studies with Y181C and Y188L mutations, where the loss of the tyrosine 

side chain can lead to a reduction in favourable contacts between the enzyme and different 

kinds of NNRTIs like tivirapine (8-chloro-TIBO) and quinoxaline HBY 097 (Das et al., 1996; 

Hsiou et al., 1998). The major importance of Y181 and Y188 is also proven in a study where 

I188 and L181 of the NNRTI-insensitive HIV-2 RT are replaced by tyrosines, resulting in an 

RT with NNRTI-susceptibility (Isaka et al., 2001; Yang et al., 1996). Furthermore, other 

NNRTI specific mutations like V108A/I and L100I may also act indirectly by a shift of the 

distally-positioned tyrosine side-chains and a perturbation in ring stacking interactions with 

the NNRTI (Ren et al., 2004). In addition, the K103N mutation, which is located near the 

putative entrance of the NNRTI-pocket and which confers resistance against a large number of 

NNRTIs, may also act via an indirect mechanism by forming an unfavourable hydrogen bond 

with Y188, thereby closing the pocket due to numerous interactions with water molecules in 

and nearby the pocket (Hsiou et al., 2001; Rodriguez-Barrios and Gago, 2004). Different 

amino acid changes at one single location, like G190A confers resistance to nevirapine, but 

not to quinoxalines, while the G190E confers resistance to nevirapine and quinoxalines by 

introducing a substantial steric bulky and a hydrophilic, potentially charged group in the 

NNRTI-pocket (Hsiou et al., 1998; Kleim et al., 1997).  

In contrast to first-generation NNRTIs, the currently most active second-generation 

NNRTIs like efavirenz, the thiocarboxanilide UC-781, quinoxaline GW420867X, PETT-5 

(MIV-150), CP-94,707, capravirine (AG1549) and etravirine (TMC-125) can usually deal 

very well with single mutations in the NNRTI-pocket and need several NNRTI-specific 

mutations in the RT to achieve high-level resistance against these NNRTIs (Andries et al., 

2004; Das et al., 2004; Pata et al., 2004). Additional NNRTI-specific mutations do not 

necessarily result in an additive effect when appearing in the same RT. V108I and P225H 

mutations do not confer resistance as high as its single mutations, but in combination with 

K103N drug resistance increases up till 100-fold. The K103N mutation in combination with 

L100I results in substantial resistance to efavirenz while the single mutations have a much 

lower impact. 

 

 

 



  GENERAL INTRODUCTION 

 49

1.5.5. Hypersensitivity 

 

Some NNRTI-specific mutations can confer an increase in susceptibility to some other 

well-defined NNRTIs, even when they are combined with NRTI-specific mutations. 

Mutations that are located at the pocket entrance increase the inhibitory effect of delavirdine 

(i.e. P225H) and other NNRTIs (i.e. P236L), including nevirapine, pyridinone and 9-chloro-

TIBO. The Y181C mutation is also able to reverse the phenotypic resistance of virus strains 

that contain typical AZT resistance mutations (Larder, 1992). The introduction of the Y181C 

substitution suppresses the increased repair (or unblocking) of the AZT-MP-terminated primer 

provided by the AZT resistance substitutions in RT (Chong et al., 2003). The L100I mutation 

is able to reverse phenotypic AZT resistance when added onto an AZT-resistance background 

(Byrnes et al., 1994). Foscarnet resistance mutations W88G, E89K, L92I and Q161L are 

hypersensitive to zidovudine, nevirapine, tivirapine and 9-chloro TIBO (Mellors et al., 1995; 

Tachedjian et al., 1995; Tachedjian et al., 1996). Thus, there exists a complicated interplay 

and communication between several amino acids that belong to clearly different locations but 

it is difficult to understand and/or predict these effects based on the structural data from the 

crystal structure of the RT. 

 

1.5.6. Compensatory mutations 

 

Resistance mutations often decrease the catalytic efficacy of the RT enzyme and 

additional mutations are required to restore the fitness of the resistant viruses and to 

compensate for the (partial) loss of catalytic activity. In this context, a G190E mutated RT that 

emerges under quinoxaline pressure displays only ~5% of the catalytic activity of wild-type 

RT (Huang et al., 2003; Kleim et al., 1997). Prolonged exposure to quinoxalines resulted in 

the appearance of additional mutations (L74V/I and V75L/I) that restore the replication rate 

and polymerase activity by returning the distorted template/primer back in its original 

position. These mutations also confer resistance to the NRTIs stavudine and didanosine 

(Boyer et al., 1998; Kleim et al., 1996). A mutagenesis study revealed that mutation of the 

W229 residue to other amino acids generally leads to mutant enzymes with severely 

compromised catalytic activity. Only W229Y and W229F mutant RTs retained RT activity but 

also retained their sensitivity to most NNRTIs (Pelemans et al., 2000). Additional mutations in 

the RT (i.e. I63M, V189I and E396G) were found to compensate for the loss in polymerase 

activity due to W229Y mutant (Pelemans et al., 2001). 
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SUMMARY 
 

NNRTIs are specific for HIV-1 RT and do not inhibit HIV-2. Given the higher 

similarity of amino acids lining the NNRTI-specific pocket of HIV-1 RT with the 

corresponding FIV RT amino acids than with those of HIV-2 RT, the susceptibility of FIV RT 

and hybrid HIV-1/FIV RTs to NNRTIs and the role of the p51 subunit in the inhibitory action 

of NNRTIs were investigated. We found that the wild-type FIV RT and the FIVp66/HIVp51 

hybrid enzyme showed no susceptibility for NNRTIs. On the other hand, the hybrid 

HIVp66/FIVp51 RT retained a similar sensitivity spectrum for NNRTIs as the wild-type HIV-

1 RT. The non-competitive nature of inhibition of HIV-1 RT by nevirapine was also observed 

with the HIVp66/FIVp51 hybrid enzyme. Inhibition of the hybrid RTs by NRTIs and PFA 

was in the same range as observed for the corresponding HIVp66/HIVp51 and 

FIVp66/FIVp51 wild-type enzymes. The hybrid RTs had a comparable affinity (Km) for their 

dNTP substrate and template/primer as the wild-type HIV-1 and FIV RTs, but their catalytic 

efficacy (kcat) was markedly decreased whereas the decreased catalytic efficacy of the RT 

hybrids may suggest suboptimal interactions between p66 and p51 in the hybrid enzymes and 

thus point to an instrumental role of p51 in the functional integrity of RT. But the p51 subunit 

seems to play a minor role in the (in)sensitivity of HIV (and FIV) RT. 

 

INTRODUCTION 
 

The heterodimeric form is the most stable and active form of the RT enzyme 

(Lightfoote et al., 1986; Lowe et al., 1988). Sequence comparisons between HIV-1 RT and 

FIV RT revealed 63% identity at the nucleotide level and 48% identity and 67% similarity at 

the amino acid level (Amacker et al., 1995). The p66 subunit forms a DNA binding cleft with 

the active site residues and encodes both the polymerase and RNase H activity of the enzyme, 

whereas the p51 subunit is catalytically inactive (Boyer et al., 1992; Cheng et al., 1991; 

Hostomsky et al., 1992; Le Grice et al., 1991). The role of p51 is still uncertain and several 

possible functions have been suggested: (i) a role in processivity of the p66 subunit (Huang et 

al., 1992), (ii) involvement in tRNA primer binding (Dufour et al., 1998; Mishima and Steitz, 

1995), (iii) loading of the p66 subunit onto the template primer (Harris et al., 1998), (iv) 

enhancement of the strand displacement DNA synthesis (Amacker et al., 1995; Hottiger et al., 

1994) and (v) a role in induction and maintenance of an optimal structural conformation 

(Tasara et al., 1999).  
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Figure 2.1 Alignment of important amino acid stretches in the NNRTI-binding pocket of 

HIV-1 compared with the corresponding amino acids in other lentiviral RTs.  
The amino acids that are instrumental for susceptibility of the RT to NNRTIs are indicated in bold and shaded. 

The underlined sequence is conserved between the lentiviral RTs and includes the D185 and D186 amino acid 

residues critical for polymerase activity.  

 

Although very similar to HIV-1 RT, HIV-2 RT shows no susceptibility to NNRTIs. 

However, when an alignment was made for the primary amino acid sequences of the NNRTI-

specific pocket of HIV-1 RT with the corresponding amino acids in HIV-2 RT and FIV RT, a 

much higher sequence similarity was found for FIV RT than for HIV-2 RT (Fig. 2.1). Hybrid 

enzymes involving HIV-1 RT and other lentiviral RTs have been constructed by other groups 

contributing to a further understanding of the function of the individual subunits within the 

HIV-1 RT heterodimer, the mapping of the catalytic sites and the NNRTI binding pocket. In 

this perspective, the construction of HIV-1/HIV-2 (Howard et al., 1991; Shih et al., 1991; 

Yang et al., 1996), SIV/HIV-1 (Isaka et al., 1998), HIV-1/MuLV RT hybrids (Hizi et al., 

1993; Misra et al., 1998) have already been reported. The hybrid FIV/HIV-1 made by 

Amacker and Hubscher (1998) had the purpose to investigate the role of the p51 subunit in the 

heterodimer. The HIVp66/FIVp51 hybrid in their study was found to be resistant to AZTTP 

and nevirapine. FIVp66/HIVp51 RT and even the wild-type FIV RT were reported to be 

susceptible to the inhibitory activity of nevirapine. In order to investigate the NNRTI-

sensitivity to FIV RT in more detail and to gain further insights in the potential role of the p51 

subunit in the sensitivity to and/or inhibition by NNRTIs we constructed, besides wild-type 

FIVp66/FIVp51 RT, also stable and functionally active hybrid HIVp66/FIVp51 and 

FIVp66/HIVp51 RTs and investigated their sensitivity spectrum in the presence of a variety of 

different classes of NNRTIs. 

We found in our kinetic studies that the hybrid RT enzymes had a comparable affinity 

towards their dNTP substrate and template as wild-type HIV-1 and FIV RTs, but their 

catalytic efficacy was markedly decreased. Inhibition by nevirapine or any other NNRTI was 

neither observed for wild-type FIV RT nor for the hybrid FIVp66/HIVp51 RT. Instead, the 
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hybrid HIVp66/FIVp51 RT retained marked sensitivity to the inhibitory effects of all NNRTIs 

investigated. Inhibition of the hybrid RTs by NRTIs was in the same range as observed for the 

HIV-1 RTs and FIV RTs. 

 

MATERIALS AND METHODS 
 

Test compounds. 

[2’,5’-Bis-O-(tert-butyldimethylsilyl)-β-D-ribofuranosyl]-3’-spiro-5”-(4”-amino-

1”,2”-oxathiole-2”,2”-dioxide) derivatives of N3-methylthymine (TSAO-m3T) was obtained 

from Dr. M.-J. Camarasa (Consejo Superior de Investigaciones Científicas, Madrid, Spain). 

Nevirapine (BI-RG-587; dipyridodiazepinone) was kindly provided by Boehringer 

(Ingelheim, Ridgefield, CT). Delavirdine (BHAP [bis(heteroaryl)piperazine] U-90152), 

efavirenz (DMP 266) and capravirine were provided by Dr. R. Kirch (Hoechst AG, Frankfurt, 

Germany) and Dr. J.-P. Kleim (GlaxoSmithKline, Stevenage, UK). Emivirine (MKC-442) was 

kindly provided by Dr. Ph. A. Furman (Triangle Pharmaceuticals, NC). The thiocarboxanilide 

derivative UC-781 was obtained from Uniroyal Chemical Ltd. (Middlebury, CT, and Guelph, 

Ontario, Canada). The quinoxaline GW420867X was provided by Dr. J.-P. Kleim 

(GlaxoSmithKline, Stevenage, UK). 2',3'-dideoxyguanosine-5'-triphosphate (ddGTP) and 

foscarnet (PFA) were obtained from Sigma Chemical Ltd. (St. Louis, MO). 

 

Cloning of p66 and p51 subunits. 

The complete FIV RT coding sequence of the Petaluma isolate was ligated into the 

EcoRI-PstI digested expression vector pKK223-3 with inducible tac promoter (Amersham 

Biosciences, Roosendaal, the Netherlands) creating the pFIV66-WT. An analogous construct, 

pFIV51-WT, was created for expression of the p51 FIV RT subunit. HIV-1 RT was expressed 

by the pKRT2 expression vector (D'Aquila and Summers, 1989) under the control of the trc 

promoter. The p51 subunit of HIV-1 RT was expressed by pKRT51, like pKRT2, based on 

pKK233-2 (Amersham Biosciences). For further purification of the HIV-1 and FIV RT 

enzymes we used the glutathione-S-transferase (GST) fusion system. To make sure that the 

p51 subunit of the hybrid RTs was not derived from eventual bacterial proteolysis we purified 

the enzymes by a GST-tag on the p51 amino terminus. Therefore, we cloned the FIV p51 and 

HIV-1 p51 RT sequences into pGEX 4T-1 (Amersham Biosciences). The p51 RT sequences 

were amplified from pFIV51-WT and pKRT51, respectively, by means of PCR with Pfu 
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polymerase. The primers used for PCR contained add-on sequences for restriction 

endonuclease sites. The 5’ primer contained an EcoRI restriction site and the 3’ primer a NotI 

restriction site. The desired fragment was digested with EcoRI and NotI and then purified 

using QIAquick gel purification kit (Qiagen, Westburg, Leusden, the Netherlands). This 

fragment was ligated into the EcoRI–NotI digested pGEX 4T-1 vector creating pGEX51F and 

pGEX51H, which express respectively the FIV p51 subunit and the HIV-1 p51 subunit 

together with the GST fusion protein at the amino terminus.  

Recombinant FIV RT enzymes were expressed from a two-plasmid co-expression 

system. The SalI–DraI portion of pFIV66-WT was subcloned into the SalI–SmaI digested 

pREP4 (Qiagen) for the construction of pREP66. This plasmid is compatible with pGEX51H 

and pGEX51F in Escherichia coli and contains the kanamycine resistance gene. HIV-1 RT 

was expressed from the two-plasmid co-expression system as described by (Jonckheere et al., 

1996). The p66 subunit was subcloned into pACYC184 containing the p15A ori (Chang and 

Cohen, 1978) and a tetracycline resistance gene (pACYC66). The hybrids were formed by 

different plasmid combinations. In this way, we constructed, besides the wild-type expression 

systems, a pREP66-pGEX51H and pACYC66-pGEX51F system expressing, respectively, 

FIVp66/HIVp51 and HIVp66/FIVp51. 

 

 
Figure 2.2 Purification of hybrid and wild-type RT heterodimers. A silverstained 12% SDS-

polyacrylamide gel of the pooled RT fraction is shown.  
lane 1: HIVp66/FIVp51; lane 2, FIVp66/HIVp51; lane 3, FIVp66/FIVp51; lane 4, HIVp66/HIVp51 RT 

heterodimer. 

 

Expression and purification of reverse transcriptase enzymes. 

Luria Broth medium (800 ml) containing the appropriate antibiotics were inoculated 

with an overnight culture of E. coli JM109 transformed with both plasmids of the expression 

system. The culture was started at an A600 of 0.1 and incubated at 37 °C with vigorous 

shaking. Expression of recombinant RT was induced by adding isopropyl-β-

thiogalactopyranoside (IPTG) to a final concentration of 1 mM. After 4 h, the cells were 

harvested, washed, and kept frozen overnight at –20 °C. Cell lysis was accomplished by 

p51+GST 

p66 

   1       2       3       4
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mechanical lysis in the French Pressure® Cell Press (Sim Aminco). The cell paste was 

resuspended in 15 ml of lysis buffer (50 mM sodium phosphate buffer pH 7.8, 100 mM NaCl, 

5 mM β-mercaptoethanol, 0,9% glucose, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 

µg/ml pepstatin A, 10 µg/ml leupeptin and 10% glycerol) and subsequently placed in the 

French Press unit, which was kept at 4 °C. After lysis, the cell lysate was centrifuged for 25 

min at 13,000 g. The supernatant was incubated with 1 ml of pre-equilibrated glutathione-S-

sepharose beads (Amersham Biosciences) at 4 °C while rotating for at least 1 h. After 

incubation the beads were washed three times with 20 ml buffer (50 mM sodium phosphate 

buffer pH 7.8, 0.5 mM NaCl, 5 mM β-mercaptoethanol and 10% glycerol). The RT was eluted 

from the beads by bulk incubation with elution buffer [containing 20 mM reduced glutathione 

(Sigma Chemical Ltd.)] at 4 °C, while rotating for 15 min. The beads were recovered by 

centrifugation at 500 g and the supernatant was collected. This elution procedure was repeated 

at least 4 times. The elution fractions were pooled and afterwards analysed by SDS PAGE. 

The pooled sample was concentrated to ~2 ml volume and the elution buffer was exchanged 

by Hep A buffer (20 mM Tris-HCl, pH 7.8, 0.05 M NaCl, 1 mM EDTA, 1 mM dithiotreitol 

(DTT) and 10% glycerol) to remove high concentrations of reduced glutathione using the 

Vivaspin 15 centrifugal filtration devices (Vivascience, Van der Heyden, Brussels, Belgium). 

The protein was further FPLC-purified to about 98% purity over a Hitrap Heparin column 

(Amersham Biosciences). After the binding of the RT to the heparin column, elution was 

accomplished by a linear salt gradient of 0.05–1 M NaCl. Heterodimer RT eluted at 

approximately 0.3 M NaCl, as determined by SDS PAGE. All fractions with the same relative 

amounts of the p51 and p66 subunits were pooled (Fig. 2.2) and stored in buffer containing 0.3 

M NaCl and 25% glycerol at –20 °C. Protein concentrations in the stock solutions were 

determined with the Pierce Protein Assay (Polylab, Antwerp, Belgium), using bovine serum 

albumin as a standard. 

 

Preparation of E. coli lysates 

Luria Broth medium (25 ml) containing the appropriate antibiotics were inoculated 

with an overnight culture of E. coli JM109 transformed with both plasmids of the expression 

system at an A600 of 0.1. The culture was grown at 37 °C, induced with IPTG and stored as 

described in the previous section. The cell pellet was resuspended in 1 ml of lysis buffer (500 

mM NaCl, 50 mM Tris-HCl, pH 7.8, 2 mM EDTA, 5 mM DTT, 1 mM PMSF, 0.1% Triton X-

100, 1 mg/ml lysozyme and 10% glycerol) and sonicated for 5 to 10 min. The lysate was 

centrifuged (13,000 g, 20 min) and the supernatant was stored at –80 °C in aliquots of 80 µl. 
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Reverse transcriptase assay 

For determination of the 50% inhibitory concentration (IC50) of the test compounds 

against HIV-1 RT, the RNA-dependent DNA polymerase assay was performed as follows: the 

reaction mixture (50 µl) contained 50 mM Tris-HCl (pH 7.8), 0.06% Triton X100, 5 mM 

DTT, 0.3 mM glutathione, 150 mM KCl, 5 mM MgCl2, 1.25 mg/ml BSA, 0.5 mM EDTA, 0.1 

mM template/primer poly(rC).oligo(dG)12-18 (Amersham Biosciences), a fixed concentration 

of the labelled substrate [8-3H]dGTP (1.6 µM, 1 µCi; specific activity, 12.6 Ci/mmol; 

Amersham Biosciences), 5 µl of inhibitor solution [containing various concentrations (10-fold 

dilutions) of the compounds], and 5 µl of the RT preparations. The reaction mixtures were 

incubated at 37°C for 30 min, and the reaction was terminated by adding 200 µl of yeast RNA 

(2 mg/ml) and 1 ml of trichloroacetic acid (TCA) (5% in 20 mM Na4P2O7). The solutions 

were kept on ice for at least 30 min, after which the acid-insoluble material was precipitated 

on Whatman GF/C glass-fibre filters and washed with 20 ml TCA (5% in water) and 2 ml 

ethanol. The amount of incorporated radioactive substrate was analyzed in a liquid 

scintillation counter (Canberra Packard, Zellik, Belgium). The IC50 for each test compound 

was determined as the compound concentration that inhibited HIV-1 RT activity by 50%. 

To assess the processivity of hybrid HIVp66/FIVp51 RT compared to wild-type 

HIVp66/HIVp51 RT the enzyme activity was determined at different time points. The amount 

of dGTP incorporated by a fixed concentration of RT enzyme (8 ng HIVp66/HIVp51 and 670 

ng HIVp66/FIVp51 RT) was examined at a variety of different incubation periods ranging 

from 15 min to 150 min. 

Determination of the relative specific activity of hybrid HIVp66/FIVp51 RT and wild-

type HIVp66/HIVp51 RT was also performed by measuring the RT activity in a 30 min RT 

assay as described above, using various enzyme concentrations ranging from 3.2 ng to 10.7 µg 

in the enzyme assays (50 µl). 

Steady-state kinetic assays were performed as described previously (Balzarini et al., 

1992), except that the reaction mixtures were incubated for 30 min instead of 60 min during 

the assays with variable substrate (dGTP or dTTP) or template/primer [poly(rC).oligo(dG12-18) 

or poly(rA).oligo(dT12-18)]. Under these experimental conditions the catalytic reaction of the 

different enzymes proceeded linearly and proportionally with time. The Km and kcat values for 

poly(rC).oligo(dG12-18) and dGTP were determined in the presence of 1.4 µM (1 µCi) [8-3H] 

dGTP (specific radioactivity 14.1 Ci/mmol) and 0.1 mM poly(rC).oligo(dG12-18), respectively. 

The Km and Vmax (kcat) values were derived from the double reciprocal Lineweaver-Burk plots 

of the concentrations of the variable substrate (dGTP) or template/primer 
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[poly(rC).oligo(dG12-18)] versus the velocities of dGTP incorporation at each substrate or 

template/primer concentration. In the assays using [3H]dTTP as the labeled substrate and 

poly(rA).oligo(dT12-18) as the template/primer, the Km and kcat values for dTTP were 

determined in the presence of 0.15 mM poly(rA).oligo(dT12-18). 

To determine the Ki value of nevirapine (Ki,nev) and the kinetic mechanism 

(competitive/non-competitive) of wild-type HIV-1, FIV and the hybrid RTs, the assays (using 

[8-³H]dGTP and poly(rC).oligo(dG12-18)) were performed in the presence of different 

concentrations of nevirapine ranging from 1.5 to 7.5 µM, respectively. 

 

RESULTS 
 
2.1. Kinetic analysis of the wild-type (HIVp66/HIVp51 and FIVp66/FIVp51) and hybrid 

(HIVp66/FIVp51 and FIVp66/HIVp51) RTs 

Kinetic analysis of the reverse transcriptases was performed with both the substrates 

(i.e. dGTP or dTTP) and the template/primer (i.e. poly(rC).oligo(dC)) as variables. The kinetic 

parameters for the different RT enzymes with dGTP and dTTP as the variable substrate are 

summarized in Table 2.1. The Km value of the HIVp66/FIVp51 hybrid for dGTP was 3.2-fold 

higher than the Km value for wild-type HIV-1 RT. The Km values of wild-type FIV RT, and the 

hybrid FIVp66/HIVp51 RT were similar as observed for wild-type HIV-1 RT. The kcat values 

of the wild-type HIV-1 and FIV RT enzymes were about 1 pmol/µg protein/s. In contrast, the 

kcat values for the two hybrids were substantially lower (23- to 30-fold) than for the wild-type 

RT enzymes, indicating that the hybrids allow fewer substrate molecule incorporations per 

unit time than the wild-type RTs. The lower kcat values of FIVp66/HIVp51 and 

HIVp66/FIVp51 combined with the slightly higher Km values resulted in a catalytic efficiency 

(kcat/Km) that was only 2.3% and 1.2%, respectively of the catalytic efficiency of the wild-type 

RTs. 

To confirm these results found for dGTP as the variable substrate we determined also 

the Km values of wild-type HIV-1 RT and hybrid HIVp66/FIVp51 RT with dTTP as variable 

substrate, finding Km values of 8.5 µM and 7.9 µM, respectively. These values were 

comparable to those found for hybrid HIVp66/FIVp51 (8.6 µM) with dGTP as the variable 

substrate. In this assay we found a kcat value for the hybrid HIVp66/FIVp51 that was, like in 

the assay with dGTP as the variable substrate, also considerably lower than the kcat value 

found for wild-type HIV-1 RT. This results in a catalytic efficiency of HIVp66/FIVp51 RT 

that is approximately 100 fold less than the wild-type catalytic RT activity. 
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The kinetic parameters of the different RT enzymes with poly(rC).oligo(dG) as the 

variable template/primer are summarized in Table 2.1. Wild-type HIV-1 RT had a Km value of 

2.9 µM for poly(rC).oligo(dG). The Km value of the hybrid HIVp66/FIVp51 RT containing the 

HIV-1 p66 subunit was ~3.5 times higher. The Km value of FIVp66/HIVp51 RT subunit was 

4.2 µM, and, thus, ~2-fold lower than that of wild-type FIV RT. Thus, the kcat values of the 

RT hybrids are both in the same range and are 10 to 60 times lower than the kcat values of the 

corresponding wild-type RTs. This might indicate that the bound template/primer is not in an 

optimal position to allow efficient catalysis probably due to subtle differences in dimerisation 

of both subunits. 

 

Table 2.1 Kinetic analysis of HIV-1 and FIV wild-type and hybrid RT enzymes 

Variable substrate 

or template/primer 

Kinetic 

parameter 

Reverse transcriptase 

  HIVp66/HIVp51 HIVp66/FIVp51 FIVp66/FIVp51 FIVp66/HIVp51

dGTPc Km
 a 2.7 ± 0.7 8.6 ± 1.2 3.1 ± 0.6 4.2 ± 0.2 

 kcat
 b 1.0 ± 0.2 0.043 ± 0.009 1.1 ± 0.1 0.036 ± 0.001 

 kcat/Km 0.40 0.005 0.36 0.008 

 Ki,nev 0.52 0.47 >50 >50 

      

poly(rC).oligo(dG)d Km
  2.9 ± 0.5 10 ± 1.9 8.8 ± 1.7 4.2 ± 0.4 

 kcat
  3.4 ± 0.7 0.05 ± 0.02 0.76 ± 0.03 0.06 ± 0.002 

 kcat/Km 1.2 0.005 0.086 0.015 

 Ki,nev 0.55 1.2 >50 >50 

      

dTTPe Km
  8.5 7.9 - - 

 kcat
  1.1 0.01 - - 

 kcat/Km 0.14 0.01 - - 
a Km and Ki,,nev

  are in µM; b kcat is in pmol/µg protein/s; c poly(rC).oligo(dG) as template/primer ; d dGTP (1 µCi) 

as substrate; e poly(rA).oligo(dT) as template/primer. The data are means of at least two to three independent 

experiments (means ± standard deviations). 

 

2.2. Processivity and relative activity of wild-type HIVp66/HIVp51 RT and hybrid 

HIVp66/FIVp51 RT 

In order to understand the low catalytic efficiency of the hybrid enzymes, in particular 

the NNRTI-sensitive hybrid HIVp66/FIVp51 RT, we investigated the processivity of these 

enzymes over a broad incubation time period (Fig. 2.3). We observed a linear progression of 
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the reaction for wild-type HIV-1 RT up to 2 hours after initiation of the reaction. In contrast 

the hybrid HIVp66/FIVp51 RT did not proceed linearly anymore after ±45 min incubation. To 

obtain a comparable incorporation of [³H]dGTP in these reactions, 80-fold more hybrid 

HIVp66/FIVp51 RT than wild-type HIVp66/HIVp51 RT was required. 

We also determined the relative specific enzyme activity over a broad range of RT 

concentrations to assess the linearity of the reaction in the presence of these enzyme 

concentrations (Fig. 2.4). We observed for HIVp66/HIVp51 RT a linear [³H]dGTP 

incorporation up to ~1000 ng enzyme. Higher enzyme concentrations likely caused an 

extensive consumption of template/primer or substrate in the reaction mixture leading to 

staggering of the enzyme reaction. For hybrid HIVp66/FIVp51 RT the enzyme activity is 

much lower than in the case of HIVp66/HIVp51 RT, and resulted in a linear incorporation of 

[³H]dGTP in function of all enzyme concentrations (as low as 3.2 ng) tested. Thus, there was 

no indication that there occurred reduced subunit association at the lowest enzyme 

concentrations that may have resulted in substantial amounts of potential p66/p66 homodimer 

formation (and concomitantly lower enzyme activity). 

 

 

Figure 2.3 Relative processivity of HIVp66/HIVp51 RT and HIVp66/FIVp51 RT in function 

of incubation time 

 

 
Figure 2.4 Relative specific activities of HIVp66/FIVp51 and HIVp66/FIVp51 RTs in 

function of different enzyme concentrations 
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2.3. Inhibitory activities of NNRTIs, ddGTP and PFA against wild-type 

(HIVp66/HIVp51 and FIVp66/FIVp51) and hybrid (HIVp66/FIVp51 and 

FIVp66/HIVp51) RTs 

The wild-type HIV-1 and FIV RTs and the two RT hybrids were evaluated for their 

sensitivities to the inhibitory activity of a variety of NNRTIs, ddGTP and PFA (Table 2.2).  

HIV-1 RT showed a pronounced sensitivity to the inhibitory effect of a variety of 

NNRTIs. The extent of inhibition was dependent on the nature of the NNRTIs, the 

quinoxaline GW867420 and thiocarboxanilide UC-781 representing the most potent inhibitors 

of HIV-1 RT. Whereas HIVp66/FIVp51 RT showed a marginal decrease in sensitivity to 

capravirine (4.6-fold) and TSAO-m3T (3.6-fold) compared to wild-type HIV-1 RT, all the 

other NNRTIs including nevirapine, delavirdine, efavirenz, emivirine, the quinoxaline 

GW420867X and the thiocarboxanilide UC-781 showed similar inhibitory activity against this 

hybrid enzyme, as compared to wild-type RT. Also, the NRTI ddGTP and PFA had 

comparable inhibitory effects on both enzymes. Thus, overall, there was a close correlation 

between the inhibitory effects of NNRTIs, ddGTP and PFA on the HIVp66/HIVp51 and 

HIVp66/FIVp51 RT enzymes, containing the HIV-1 p66 subunit in common. This was shown 

in a linear regression plot with the IC50 values of the different NNRTIs, ddGTP and PFA for 

the wild-type HIVp66/HIVp51 RT and the hybrid HIVp66/FIVp51 RT (Fig. 2.5). The 

correlation coefficient (r) was 0.96, which points to a remarkable similarity between the two 

enzyme constructs with regard to their ddGTP and NNRTI binding sites. 

In contrast, the wild-type FIVp66/FIVp51 RT showed full resistance to all NNRTIs 

that were included in the study that is, at drug concentrations that are at least more than 100 to 

10,000-fold higher than reported to efficiently inhibit HIV-1 p66 containing wild-type and 

hybrid RT enzymes. ddGTP had ~8-fold less inhibitory effect on FIV RT compared to HIV-1 

RT. Also FIV RT was ~5-fold less sensitive to PFA, as compared to HIV-1 RT. The hybrid 

FIVp66/HIVp51 RT also showed full resistance to all NNRTIs studied, as did wild-type FIV 

RT. The inhibitory values of ddGTP and PFA against FIVp66/HIVp51 were also in the same 

range as observed for wild-type FIV RT. 

 

2.4. Kinetic analysis of the nature of inhibition of wild-type HIVp66/HIVp51 and hybrid 

HIVp66/FIVp51 RTs by nevirapine 

The Ki value for the NNRTI nevirapine (Ki,nev) against dGTP or the template/primer is 

shown in Table 2.1. The Ki,nev value with dGTP as the variable substrate was 0.52 µM for 

wild-type HIV-1 RT and 0.47 µM for hybrid HIVp66/FIVp51 RT. These nearly identical Ki,nev 
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values confirm the results found for the determination of the IC50 values of nevirapine which 

were very similar for wild- type HIV-1 and hybrid HIVp66/FIVp51 RT (see above and Table 

2.1). If poly(rC).oligo(dG) was used as the variable template, the Ki,nev value for wild-type 

HIV-1 RT was 0.55 µM, and 1.2 µM for HIVp66/FIVp51 

 

Table 2.2 Sensitivity of wild-type HIV-1, FIV and hybrid HIVp66/FIVp51 and 

FIVp66/HIVp51 RTs to the inhibitory effects of NNRTIs, ddGTP and PFA 

 IC50 (µM) a    

 HIVp66/HIVp51 HIVp66/FIVp51 FIVp66/FIVp51 FIVp66/HIVp51 

NNRTIs  

Nevirapine 1.15 1.58  >100 >100 

Delavirdine 0.34 0.21  >100 >100 

Efavirenz 0.025 0.001  >100 >100 

Emivirine 0.13 0.16  >100 >100 

Capravirine 0.011 0.051  >100 >100 

GW420867X 0.007 0.021  >100 >100 

UC-781 0.024 0.018  >100 >100 

TSAO-m³T 0.69 2.49  >80 >80 

NRTI 

ddGTP 0.073 0.107  0.52  0.56  

PFA 28 21 147 147 
a IC50, or 50% inhibitory concentration required to inhibit the enzyme activity by 50%, using poly(rC).oligo(dG12-

18) as the template/primer and [8-3H]dGTP as the radiolabelled substrate. 
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Figure 2.5 Regression analysis of IC50 values obtained for wild-type HIVp66/HIVp51 and 

hybrid HIVp66/FIVp51 RTs.  
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RT. The Ki,nev value for wild-type FIV and FIVp66/HIVp51 RT could not be determined 

because of full resistance of these enzymes to NNRTIs, including nevirapine (IC50>100 µM).  

To investigate the kinetic inhibition mechanism of nevirapine, we analysed the mode 

of inhibition of both enzymes in the presence of various concentrations of the NNRTI (Fig. 

2.6). Double-reciprocal Lineweaver-Burk plots for the inhibition of RT by nevirapine with 

respect to dGTP as variable substrate, or poly(rC).oligo(dG) as variable template/primer, 

revealed non-competitive inhibition in all cases indicating a binding of the drug that was 

independent from the binding of the substrate or template/primer to the RT. 

 
 

Figure 2.6 Double-reciprocal plots for inhibition of wild-type HIV-1 (A and B) and hybrid 

HIVp66/FIVp51 (C and D) RT by nevirapine. Nevirapine 7.5 µM [-], 3 µM [♦], 1.5 µM [■] 

and 0 µM (control) [▲].  
(A and C) 0.1 mM of template/primer [poly(rC).oligo(dG)] and variable concentrations of [³H]dGTP were used. 

(B and D) 1.4 µM of [³H]dGTP and variable concentrations of template/primer [poly(rC).oligo(dG)] were used. 

(C and D) are performed on RT lysate. 
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DISCUSSION 
 

In our study we have examined the separate roles of the p66 and p51 subunits in the 

susceptibility of FIV RT to NNRTIs by constructing hybrid HIV-1/FIV RTs (HIVp66/FIVp51 

and FIVp66/HIVp51 RTs), which could be expressed in a co-expression system and purified 

as stable heterodimers as shown by SDS PAGE (Fig. 2.2). Although we used a GST-tag in our 

RT purification assays, the presence of this GST-tag did not influence the kinetic properties of 

the enzymes, and we found similar IC50 values for the NNRTIs as found against wild-type 

HIV-1 RT in the literature.  

Since diverse mutations and even single mutations may change the enzymatic activity 

of RT and may show different local conformational structures (Tantillo et al., 1994), we 

presume that a replacement of one of both subunits by a homologous subunit of another 

lentiviral RT can induce important conformational changes. Moreover, it has been suggested 

that HIV-1 p51 plays a role in the processivity of the p66 subunit (Huang et al., 1992), in 

loading the HIV-1 p66 subunit onto the template/primer (Amacker and Hubscher, 1998) and a 

role in the maintenance of an optimal structural enzyme conformation (Tasara et al., 1999). In 

this perspective, the relatively low catalytic activity and processivity of the hybrids of HIV-1 

and FIV RTs can be ascribed to conformational changes and/or suboptimal interaction of p66 

and p51 in the hybrid enzymes. Amacker and Hubscher (1998) showed a 2.5-fold increase in 

RNase H activity compared to the native HIV-1 RT heterodimer. Since significant portions of 

the p51 helical structure interact with the p66 RNase H domain, these observations suggest a 

significant alteration of the p51/p66 interactions in the hybrid enzymes. It would therefore be 

interesting to reveal whether the HIVp66/FIVp51 heterodimeric hybrid enzymes described in 

our study, have a decreased RNase H activity. 

Interestingly, the majority of amino acids in the NNRTI pocket of HIV-1 RT that are 

instrumental to keep sensitivity to NNRTIs (Schinazi et al., 2001) are identical in FIV RT 

except (the corresponding amino acids in FIV RT are in parentheses) K101 (Q101), E138 

(A138), V179 (D179) and F227 (Y227) (see also Fig. 2.1). However, we could not find any 

inhibitory effect of NNRTIs on FIV RT even at drug concentrations that are several orders of 

magnitude higher than required to fully suppress HIV-1 RT activity. The relatively minor 

differences in amino acid composition in FIV RT can probably not fully explain the complete 

resistance of FIV RT against NNRTIs. According to our data no major influence of the p51 

FIV RT subunit of the hybrid HIVp66/FIVp51 RT on the sensitivity to NNRTIs was observed 

except for a marginal decrease of the inhibitory potential of capravirine and TSAO-m3T. 
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These observations are in agreement with previous observations that the p66 subunit, but not 

the p51 subunit, predominantly determines the sensitivity of HIV-1 RT to the NNRTIs (Boyer 

et al., 1994; Jonckheere et al., 1994). Also, the sensitivity (IC50) of HIVp66/FIVp51 RT to the 

NRTI ddGTP and to PFA was in the same range as that of the wild-type HIV-1 RT.  

We have also shown that inhibition of both the wild-type HIV-1 and the hybrid 

HIVp66/FIVp51 RTs by nevirapine is non-competitive with respect to the substrate and also 

non-competitive with respect to template/primer (Fig. 2.6), which suggests a similar 

interaction of this drug with the p66 subunit of wild-type HIV-1 and hybrid HIVp66/FIVp51 

RT.  

The conclusions of our findings differ from those reported by Amacker et al. (1998). 

These investigators found that nevirapine was inhibitory towards FIV RT and the hybrid 

FIVp66/HIVp51 RT whereas our results for nevirapine and all other NNRTIs point to a 

complete inactivity against FIV p66 containing wild-type or hybrid heterodimer RTs, at least 

at drug concentrations that are 100- to 10,000-fold higher than the inhibitory values for HIV-1 

RT. The Ki values of nevirapine for the wild-type and hybrid enzymes with dGTP as substrate 

or poly(rC).oligo(dG) as template/primer was comparable with the value (0.45 µM) these 

investigators (Amacker et al., 1998) found with poly(rA).oligo(dT) as the template/primer. It 

should be mentioned that none of the NNRTIs included in our studies, proved to be inhibitors 

of the replication of FIV in Crandell feline kidney cells (data not shown) and these 

observations are in full agreement with our enzyme data. 

In conclusion, the role of the RT p51 subunit is limited to the maintenance of the 

optimal conformation of the p66 subunit in the heterodimeric RT enzyme. Replacement of the 

p51 subunit in wild-type HIV-1 or FIV RTs by the FIV or HIV-1 p51 counterpart has a 

profound effect on the catalytic activity of the RT heterodimer, but does not to markedly 

change the sensitivity/resistance profile of RT towards NNRTIs. 
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SUMMARY 
 

To map the determinants of the lack of susceptibility of FIV RT to HIV-1-specific 

NNRTIs, a variety of chimeric HIV-1/FIV RTs were constructed. The majority of chimeric 

RTs had an affinity (Km) for their natural substrates comparable with that of the wild-type 

HIV-1 and FIV RTs, but their catalytic efficacy was decreased. Whereas HIV-1 RT could be 

made entirely insensitive to NNRTIs by exchanging the amino acid sequence 97 through 205 

of FIV RT, none of the reverse FIV/HIV-1 RT chimeras gained susceptibility to NNRTIs. The 

amino acids which are thought to be involved in NNRTI susceptibility and that are different 

from those in HIV-1 RT have also been introduced in FIV RT. These mutant RTs gained only 

minor susceptibility to efavirenz or capravirine. Vice versa, when these HIV-1-specific amino 

acids were replaced by their FIV RT counterparts in HIV-1 RT, susceptibility to the NNRTIs 

was lost. Thus, replacing segments or substituting relevant amino acids in FIV RT by their 

HIV-1 RT counterparts did not suffice to make FIV RT sensitive towards NNRTIs and was 

often accompanied by a substantial decrease or even total loss of polymerase activity. It is 

postulated that, in contrast to the results found for HIV-1/HIV-2 RT chimeras, there exist 

significant differences in the structure and/or flexibility of FIV RTs that may prevent NNRTIs 

from interacting with the FIV RT. 

 

INTRODUCTION 
 

NNRTIs are highly specific for HIV-1 and they are not active against HIV-2 or any 

other retrovirus, including simian immunodeficiency virus (SIV) and FIV. This is in contrast 

to the NRTIs, which are not specific inhibitors of HIV-1 but broadly effective to other 

lentiviruses as well, including FIV (North et al., 1990).  

Interestingly, the majority of amino acids in the NNRTI pocket of HIV-1 RT that are 

instrumental in displaying marked sensitivity to NNRTIs (Balzarini, 1999; Schinazi et al., 

2001) are also present in FIV RT except for (the corresponding amino acids in FIV RT are in 

parentheses) K101 (Q101), E138 (A138), V179 (D179) and F227 (Y227) (Fig 2.1). In this 

respect, FIV RT is surprisingly more similar to HIV-1 RT than HIV-2 RT, which differs in at 

least 8 amino acids including: A101, I106, A138, I179, I181, L188, A190 and Y227. The 

specific parts containing amino acids lining the NNRTI pocket and important for NNRTI 

sensitivity are residues 98 to 110, 179 to 190, and 225 to 236. In fact, exchanging these amino 
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acid chains between HIV-1 and HIV-2 RT rendered HIV-2 RT susceptible to NNRTIs such as 

nevirapine, whereas, vice versa, HIV-1 RT containing the amino acid present in HIV-2 RT, 

lost their susceptibility to these NNRTIs (Isaka et al., 2001; Shih et al., 1991; Yang et al., 

1996). These observations clearly suggest that these amino acids stretches in the NNRTI-

specific pocket are of crucial importance for recognition of NNRTIs by HIV-1 RT. In an 

attempt to allow NNRTI-testing in the in vivo (i.e. monkey) setting, hybrid SIV strains in 

which the entire RT gene has been replaced by the HIV-1 RT gene (designated RT-SHIV) 

have been constructed (Uberla et al., 1995). Construction of an RT-FHIV strain in which the 

FIV RT gene has been replaced by the HIV-1 RT gene, has not been reported. 

Despite the high similarity of the NNRTI pocket between HIV-1 RT and FIV RT, no 

inhibitory effect of NNRTIs against FIV RT has ever been reported, even at drug 

concentrations that are by several orders of magnitude higher than those required to fully 

suppress HIV-1 RT activity (Auwerx et al., 2002) (see also Chapter 2). Therefore, single, 

double and triple amino acid substitutions were introduced into FIV RT and HIV-1 RT to 

study the influence of these amino acids on the NNRTI susceptibility of the RTs. In addition, 

we constructed a variety of FIV/HIV-1 chimeras in which relevant well-defined parts of the 

p66 subunit of FIV RT were substituted by the corresponding HIV-1 p66 amino acid stretches. 

These amino acid stretches in FIV RT were also introduced into the p66 subunit of HIV-1 RT. 

Recombinant wild-type, chimeric and mutant enzymes were expressed and purified using a 

(His)6-tag and their sensitivity spectrum to RT inhibitors and their kinetic properties were 

analysed.  

These studies revealed that FIV RT must be profoundly different from HIV-1 and 

HIV-2 RT in terms of structure and/or flexibility, so as to prevent interaction of FIV RT with 

NNRTIs even after this enzyme has been equipped with those amino acids that are proven to 

engender susceptibility of HIV-1 RT towards NNRTIs. 

 

MATERIALS AND METHODS 
 
Test compounds 

Test compounds used in this study were obtained as described in Chapter 2. 

 

Construction of plasmids for the expression of intramolecular chimeras 

HIV-1 RT and FIV RT were expressed as previously described by in Chapter 2. The E. 

coli strain JM109 was used for enzyme expression. Exchanges of amino acid stretches 
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between HIV-1 and FIV RTs were made by the use of six restriction sites, NcoI, SstI, SstII, 

NsiI, NheI and PacI. Of these sites, NcoI, NheI and PacI were present only in wild-type FIV 

RT and NsiI was present in both RTs. The SstI and SstII restriction sites were absent from both 

RT sequences. Each of these sites and combinations of the sites were created by site-directed 

mutagenesis, if necessary. Creation of the restriction sites did not lead to undesirable amino 

acid substitutions because the nucleotide replacements resulted in silent mutations. The 

restriction sites allowed exchanges between or within the amino acid subdomains in RT. The 

locations of the sites with respect to codon positions are shown in Fig. 3.1.  

The chimeras were constructed with pKRT2 (D'Aquila and Summers, 1989) and 

pFIV66 (North et al., 1994) as the parental plasmids which contain both a (His)6-tag sequence 

at the ATG start codon of the RT gene which is translated into an N-terminal His-tag used in 

the protein purification procedure.  

 

 
 

Figure 3.1 Overview of the different chimeras.  
The numbers under the upper bar indicate the position of the amino acids where each restriction enzyme 

recognizes their site. The open bar represents HIV-1 RT and the grey bar FIV RT p66. The grey or open 

segments in each chimeric construct represent the parental [FIV (grey) or HIV-1 (open)] RT part of which the 

sequences were derived. A restriction site that was already present in the genome of the RT gene is marked with 

a vertical line. If the site was not present, it was introduced by site-directed mutagenesis. 
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Introduction of point mutations in FIV and HIV-1 RT 

Besides the construction of chimeras, we also introduced single, double and triple 

amino acid substitutions in the FIV and HIV-1 RTs. Because we focused on the NNRTI 

pocket (Fig 2.1) only those amino acids that are known to be of major importance in 

recognizing the NNRTIs by HIV-1 RT were changed. Therefore, in HIV-1 RT the K101Q, 

V179D and F227Y substitutions were made, whereas, vice versa, in FIV RT Q101K, D179V 

and Y227F mutations were introduced. The mutations were introduced using the site-directed 

mutagenesis method (Stratagene, Westburg, Leusden, the Netherlands), as described 

previously by (Pelemans et al., 1998). 

  

Purification of RT 

Expression and cell lysis of recombinant RT was performed as described in Chapter 2. 

The supernatant was then incubated with 2 ml of pre-equilibrated NiNTA beads (Qiagen) at 4 

°C, while rotating for at least 1 h. After incubation and sedimentation of the NiNTA resin with 

the bound (His)6-tagged proteins, the column was formed and washed three times with 20 ml 

phosphate buffer (50 mM sodium phosphate buffer pH 7.8, 0.5 mM NaCl, 5 mM β-

mercaptoethanol, 25 mM imidazole and 10% glycerol). The HIV-1 and FIV RTs were eluted 

from the column with the same phosphate buffer containing 125 mM imidazole. The 

imidazole-containing elution buffer was exchanged by a Tris buffer (20 mM Tris-HCl, pH 7.8, 

0.05 M NaCl, 1 mM EDTA, 1 mM DTT and 10% glycerol) and the eluate was concentrated to 

2 ml using Vivaspin 15 centrifugal filtration devices (Vivascience). The protein was further 

purified by means of FPLC as described in Chapter 2. 

 

Preparation of E. coli lysates 

RT lysates were prepared as described in Chapter 2.  

 

Reverse transcriptase assay 

For determination of the 50% inhibitory concentration (IC50) values of the test 

compounds against the wild-type and chimeric HIV-1 and FIV RTs and for studying steady-

state kinetic parameters, the enzyme assays were performed as described previously (Balzarini 

et al., 1992) and in Chapter 2.  
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RESULTS 
 

3.1. Catalytic activity of the chimeric RT enzymes 

The expression plasmids were examined for their ability to encode stable chimeric RT 

proteins. The bacterial lysates and the purified enzymes were analysed by SDS PAGE to 

verify the accumulation of stable protein. Only FCH1 and HCH6 of the chimeras showed 

significant activity that was almost comparable with their corresponding wild-type enzymes. 

FCH5 and FCH6 had a markedly reduced activity but were still sufficiently active to perform 

RT assays for determination of the IC50 values (Table 3.1). The chimeras in which larger 

amino acid parts were exchanged (i.e. FCH7 and FCH8 and HCH4) were only active in a 

crude lysate. No catalytic activity in the other chimeric RT constructs (i.e. FCH2, FCH3, 

FCH4 and HCH3) could be detected, in either the crude bacterial lysates or with the purified 

enzymes. 

 

3.2. Kinetic properties of the chimeric RT enzymes 

To further study the characteristics of the chimeric enzymes, we determined their Km 

and kcat values with dGTP as substrate (Table 3.1). The Km values of the wild-type FIV66 and 

HIV66 homodimers were 2.5 and 5.5 µM, respectively. The RT chimera FCH1 had a Km value 

of 7.6 µM which was about 3 times higher than that observed for the Km of wild-type FIV RT. 

The other active RT chimeras had Km values that were in the same range as the Km value of the 

respective wild-type enzymes, which reflects an affinity of the individual enzymes for their 

substrate that is comparable with their corresponding wild-type RTs. Instead, the kcat value of 

the different chimeric enzymes was significantly lower than the values found for the wild-type 

RT enzymes, which reflects a low catalytic efficacy of the chimeric enzymes. Indeed, for the 

FCH5 RT a kcat of only 0.5% of the kcat of wild-type FIV RT was observed, while the FCH6 

chimeric RT enzyme had a catalytic efficiency that was only 0.01% of that of wild-type FIV 

RT. HCH6 and FCH1 had kcat values that were about 2% of that of their respective wild-type 

enzymes (Table 3.1). 

 

 



  T
ab

le
 3

.1
 In

hi
bi

to
ry

 a
ct

iv
ity

 o
f N

N
R

TI
s, 

PF
A

 a
nd

 d
dG

TP
 a

ga
in

st
 a

 v
ar

ie
ty

 o
f p

ur
ifi

ed
 F

IV
/H

IV
-1

 R
T 

ch
im

er
ic

 e
nz

ym
es

 

 
 

 
 

 
 

IC
50

 (µ
M

)a,
b  

 
 

C
hi

m
er

ic
 R

T
 

R
T

-a
ct

iv
ity

c  (%
) 

K
m

 
k c

at
d 

ne
vi

ra
pi

ne
 

ef
av

ir
en

z 
G

W
42

08
67

X
 

dd
G

T
P 

PF
A

 

FI
V

66
 

10
0 

2.
5 

0.
50

 
>1

00
0 

>1
00

0 
>1

00
0 

0.
74

 ±
 0

.1
1 

71
 ±

 3
2 

FC
H

1 
28

 
7.

6 
0.

01
3 

>1
00

0 
>1

00
0 

>1
00

0 
1.

51
 ±

 0
.0

6 
>5

00
 

FC
H

2 
- 

 
 

 
 

 
 

 
FC

H
3 

- 
 

 
 

 
 

 
 

FC
H

4 
- 

 
 

 
 

 
 

 
FC

H
5 

18
.7

 
3.

8 
0.

00
25

 
>1

00
0 

>1
00

0 
>1

00
0 

0.
69

 ±
 0

.4
5 

13
6 

± 
27

 
FC

H
6 

3.
3 

5.
9 

0.
00

05
 

>1
00

0 
>1

00
0 

>1
00

0 
1.

60
 ±

 0
.5

7 
>5

00
 

FC
H

7e 
1.

3 
6.

1 
- 

>1
00

0 
>1

00
0 

>1
00

0 
- 

- 
FC

H
8e 

1.
9 

4.
5 

- 
>1

00
0 

>1
00

0 
>1

00
0 

- 
- 

 
 

 
 

 
 

 
 

 
H

IV
66

 
10

0 
5.

5 
0.

57
 

1.
61

± 
0.

6  
0.

03
4 

± 
0.

00
8 

0.
01

0 
± 

0.
00

2 
0.

08
 ±

 0
.0

4 
8.

5 
± 

5.
5  

H
C

H
3 

- 
 

 
 

 
 

 
 

H
C

H
4e 

0.
2 

8.
0 

- 
>1

00
0 

>1
00

0 
>1

00
0 

1.
43

 ±
 0

.2
7 

>5
00

 
H

C
H

6 
3.

2 
6.

7 
0.

01
8 

3.
0 

± 
2.

3 
0.

01
6 

± 
0.

00
6 

0.
01

4 
± 

0.
00

7 
0.

05
1 

± 
0.

00
7 

7 
± 

3 
 

 
 

 
 

 
 

 
 

a  5
0%

 in
hi

bi
to

ry
 c

on
ce

nt
ra

tio
n 

or
 c

om
po

un
d 

co
nc

en
tra

tio
n 

re
qu

ire
d 

to
 in

hi
bi

t t
he

 R
T 

re
ac

tio
n 

by
 5

0%
. P

ol
y(

rC
).o

lig
o(

dG
) a

nd
 [³

H
]d

G
TP

 w
er

e 
us

ed
 a

s t
he

 te
m

pl
at

e/
pr

im
er

 a
nd

 
ra

di
ol

ab
el

le
d 

su
bs

tra
te

, r
es

pe
ct

iv
el

y 
b 
D

at
a 

ar
e 

th
e 

m
ea

n 
± 

S.
D

. f
or

 a
t l

ea
st

 2
 to

 3
 in

de
pe

nd
en

t e
xp

er
im

en
ts

 
c  R

T-
ac

tiv
ity

 is
 e

xp
re

ss
ed

 a
s d

pm
/n

g 
pr

ot
ei

n.
 1

00
%

 F
IV

 R
T 

ac
tiv

ity
 re

pr
es

en
ts

 2
22

,2
50

 d
pm

/n
g 

pr
ot

ei
n 

an
d 

10
0%

 H
IV

-1
 R

T 
ac

tiv
ity

 re
pr

es
en

ts
 2

,2
46

,9
34

 d
pm

/n
g 

pr
ot

ei
n 

(1
00

%
)  

d 
k c

at
 is

 in
 p

m
ol

/µ
g 

pr
ot

ei
n/

s 
e  T

he
 R

T 
w

as
 n

ot
 p

ur
ifi

ed
. T

he
 e

xp
er

im
en

ts
 w

er
e 

pe
rf

or
m

ed
 o

n 
10

-f
ol

d 
di

lu
te

d 
ba

ct
er

ia
l R

T 
ly

sa
te

s. 
R

T 
ac

tiv
ity

 v
al

ue
s w

er
e 

ex
pr

es
se

d 
as

 a
 p

er
ce

nt
ag

e 
of

 th
e 

ac
tiv

ity
 fo

un
d 

in
 

th
e 

w
ild

-ty
pe

 (p
ur

ifi
ed

) R
T 

sa
m

pl
e 

  

CHAPTER III       

90 



 SUSCEPTIBILITY OF HIV-1/FIV RT CHIMERAS TO NNRTIs 

 91

3.3. Sensitivity of the chimeric RT enzymes to NNRTIs, ddGTP and PFA 

In an attempt to identify the regions in FIV RT that are responsible for the lack of 

susceptibility to NNRTIs, the enzymatically active FIV/HIV-1 and HIV-1/FIV chimeric RT 

enzymes and the two parental FIV and HIV-1 RTs were evaluated for their sensitivities to 

inhibition by the NNRTIs nevirapine, efavirenz and GW420867X. Nevirapine represents a 

first-generation clinically used NNRTI, whereas efavirenz and the quinoxaline derivative 

represent both second-generation NNRTIs. The IC50 values of the NNRTIs for the chimeric 

RTs are presented in Table 3.1. As expected, FIV RT was not inhibited by any NNRTI even at 

concentrations as high as 1000 µM. In contrast, HIV-1 RT proved exquisitely sensitive to 

efavirenz and GW420867X (IC50: 0.034 and 0.01 µM, respectively) and, to a lesser extent, 

nevirapine (1.61 µM), that is at compound concentrations that is 1000 to more than 100,000 

fold lower than the highest concentration of drug that proved inactive against FIV RT. The 

FIV RT-derived chimeras which contained several amino acid fragments from HIV-1 RT (Fig 

2) and which showed sufficient catalytic activity (i.e. FCH1, FCH5, FCH6, FCH7 and FCH8) 

did not gain any susceptibility to the NNRTIs (Table 3.1). Interestingly, the chimeric RT 

enzyme HCH4, which was derived from the HIV-1 RT and contained the homologous amino 

acid stretch of FIV RT from amino acid 97 to 205, fully lost susceptibility (IC50>1000 µM) to 

the three NNRTIs tested.  

Besides NNRTIs, ddGTP and PFA were also evaluated for their inhibitory activities 

against the chimeric RTs (Table 3.1). The values obtained for inhibition of the chimeric 

enzymes by ddGTP were found to be comparable with the parental RTs, except the chimeric 

RT enzyme HCH4 which had an IC50 value of 1.43 µM, that is at a 18-fold higher 

concentration than required to inhibit the parental HIV-1 RT, but close to the IC50 value found 

for wild-type FIV RT (0.74 µM). This observation may suggest that the substrate specificity 

of RT is predominantly determined by the conformation of the amino acid stretch between 97 

and 205 (containing the catalytic aspartic acid triad at amino acid positions 110, 185 and 186). 

When examining PFA, varying IC50 values were found for the FIV RT derived chimeras: 

FCH1 and FCH6 became fully resistant to this drug while FCH5 remained susceptible at PFA 

concentrations that were also required to inhibit the parental enzyme. In contrast to the HIV-1 

and HCH6 RTs, the HCH4 RT chimeric enzyme was resistant to PFA. Thus, the HCH4 

chimeric RT enzyme seemed to have gained properties that were more comparable to FIV RT 

than HIV-1 RT. 
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3.4. Introduction of point mutations into FIV RT and HIV-1 RT and sensitivity of the 

mutated enzymes to NNRTIs, ddGTP and PFA 

Besides the construction of the chimeric enzymes, in which relatively large internal 

segments were exchanged, introduction of single, double and triple amino acid changes were 

also made in both HIV-1 and FIV RTs. These mutant enzymes had catalytic activities that 

were comparable with those of their wild-type enzymes (data not shown). The amino acids of 

choice represented those that are instrumental for the HIV-1 RT enzyme to keep full 

sensitivity to NNRTIs but that are different in FIV RT. We determined whether the complete 

loss of sensitivity of FIV RT to NNRTIs is due to the inability of these compounds to bind to 

the putative pocket in FIV RT in the presence of these amino acids. The introduced amino 

acid mutations in FIV RT were Q101K, D179V and Y227F and all possible combinations 

derived thereof.  

Poor susceptibility to the inhibitory effect of efavirenz (IC50 value of 114 µM for the 

single D179V FIV RT mutant and 143 µM for the triple Q101K+D179V+Y227F mutant) was 

found (Table 3.2). Also capravirine very slightly inhibited the mutant FIV RT enzymes with 

IC50 values ranging from 329 to 844 µM, but wild-type FIV RT was also slightly inhibited by 

capravirine at a concentration of 988 µM. Therefore, it should be concluded that the amino 

acid mutations introduced in the FIV RT did not influence the inhibitory values for 

capravirine. All the other NNRTIs did not show any inhibitory activity against any FIV RT 

mutant. Besides the different classes of NNRTIs, ddGTP and PFA were also included in the 

enzyme assays and their inhibitory values found were highly comparable with those recorded 

for wild-type FIV RT (i.e. 0.74 µM for ddGTP and 71 µM for PFA) (Table 3.2). 

To assess the importance of the role of the amino acids mentioned above in NNRTI 

resistance/sensitivity, we introduced the same homologous residues of FIV RT into HIV-1 RT 

by site-directed mutagenesis, and the results are shown in Table 3.3. By introducing the 

K101Q mutation in HIV-1 RT we found a slight decrease of sensitivity of the enzyme to 

nevirapine (3-fold) and TSAO-m3T (10- to 15-fold). Mutating the amino acid position 179 

decreased the sensitivity towards the second-generation thiocarboxanilide NNRTI UC781 by 

50-fold. The F227Y mutant did not lead to any marked change in the sensitivity of the HIV-1 

RT enzyme to most NNRTIs. 
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The decreased inhibitory activity against the mutated HIV-1 RT enzymes afforded by 

single amino acid changes were not always additive when multiple mutations derived thereof 

were combined. For example, we found for delavirdine a 5-fold reduction of drug sensitivity 

when mutating positions 101 and 179, and a 11-fold reduction when changing residues 179 

and 227. However, when the triple RT mutant was compared with wild-type HIV-1 RT, a 5-

fold increase of susceptibility to delavirdine occurred. These observations point to a 

complicated interplay between several amino acids on the conformation of the NNRTI pocket 

and/or on the affinity to the individual NNRTIs. 

 

DISCUSSION 
 

Out of 20 relevant amino acids lining the NNRTI pocket in HIV-1 RT, only the 

NNRTI-characteristic K101, E138, V179 and F227 amino acids in HIV-1 RT are not present 

in FIV RT (Fig 2.1). According to the crystal structure of the binding site for NNRTIs in HIV-

1 RT, Y181 and Y188 are extremely important for sensitivity of HIV-1 RT to NNRTIs, in 

particular to first-generation NNRTIs (Esnouf et al., 1995; Hsiou et al., 1998; Kohlstaedt et 

al., 1992). As shown in Fig 2.1, these two tyrosine residues at positions 181 and 188 are also 

present in FIV RT whereas they are absent in the RTs of SIV and HIV-2, which are, like FIV 

RT, also insensitive to NNRTIs. Previously, it has been shown that replacing the I181 and 

L188 (or even the L188 residue alone) in HIV-2 RT by the tyrosine residues present in HIV-1 

RT results in a mutated HIV-2 RT enzyme that is highly susceptible to NNRTIs (i.e. 

nevirapine) (Isaka et al., 2001; Shih et al., 1991).  

In this study, we aimed to make FIV RT susceptible to NNRTIs by replacing one or 

several relevant amino acids in the enzyme or by exchanging important amino acid stretches 

in the FIV RT enzyme to determine the minimum requirements to restore NNRTI sensitivity 

in FIV RT. Therefore, to map the regions of FIV RT that determine the lack of susceptibility 

to NNRTIs, enzymatically active FIV/HIV-1 chimeric enzymes were constructed and 

evaluated for sensitivity towards inhibition by a variety of relevant NNRTIs. In contrast to the 

HIV-1/HIV-2 chimeric RTs, none of our constructed chimeric RT enzymes gained any 

significant susceptibility and most chimeras even lost their major enzymatic activities. We 

interpret the decreased (or lack of) catalytic activity of the FIV/HIV-1 chimeric enzymes as 

due to either a change in the overall structure of the chimeric RTs, or perturbed dimerisation 

of the subunits of the enzyme and/or an altered structure of the substrate binding site of the RT 

enzyme. In fact, we found already that hybrid heterodimers of HIV-1 and FIV RT (i.e. p66 of 
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HIV-1 RT and p51 of FIV RT or vice versa, p66 of FIV RT and p51 of HIV-1 RT) had a 

compromised catalytic activity, which was not observed for HIV-1/HIV-2 heterodimeric RT 

enzymes (see Chapter 2). Therefore, we believe that, in contrast with HIV-2, exchanges of 

amino acid stretches between FIV RT and HIV-1 RT may somewhat compromise the overall 

folding or conformation of the chimeric subunits, resulting in lowering or even abolition of the 

enzymatic activity. 

Our observations that none of the FIV RT chimeras showed sensitivity to NNRTIs, 

including the FCH4 chimeric enzyme that contained the amino acid stretch of HIV-1 RT 

important for the sensitivity of the HIV-1 RT to NNRTIs, seem to imply that there must exist 

structural restrictions on the ability to change amino acid parts between both enzymes. In this 

respect it is important to note that the HCH4 chimeric HIV-1 RT enzyme fully lost NNRTI 

susceptibility, pointing to the crucial importance of this part of the enzyme for NNRTI 

sensitivity. The majority of mutations that are reported to affect NNRTI sensitivity to HIV-1 

RT are indeed located within this amino acid stretch (Table 3.4). 

Although the level of sequence identity between FIV and HIV-1 RTs (48%) is 

somewhat lower than that between HIV-1 and HIV-2 RTs (62%), it is still sufficiently high for 

suggesting an overall similar structure. Indeed, the recent crystal structure of HIV-2 RT 

confirms its high level of structured similarity with HIV-1 RT (Bird et al., 2003; Ren et al., 

2002). The fact that all the chimeric RTs could bind to their substrates with Km values that are 

comparable to those of the wild-type enzymes also supports this view. However, the nature of 

polymerase activity is that the binding site is fairly tolerant to small changes as the 

requirement for translocation of the template/primer without dissociation precludes 

unnecessarily specific interactions. Also, no marked preference of HIV-1 RT for a 

template/primer containing a polymerizable end over one containing a non-polymerizable end 

was observed showing that the specificity of HIV-1 RT is rather low (Huang et al., 2000). 

There is a large reduction in kcat for all the chimeric RTs that were constructed, implying that 

within the overall polymerase binding site there are distortions that affect the catalytic 

residues. Some of these distortions may arise from the nature of the chimeras constructed 

since they are based on existing restriction sites (or ones introduced that result in silent 

mutations) and are not aligned on structural domain boundaries. Chimeras constructed based 

on structural considerations may lead to fewer distortions, at the expense of point mutations, 

and thereby greater activity. The chimeras with residual activity do not involve significant 

changes to the residues implicated in NNRTI susceptibility, and so the lack of NNRTI 

susceptibility is not surprising. 
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Although structural distortion may affect NNRTI binding in the chimeric RTs with 

residual activity, this is unlikely to be the case for the FIV RTs bearing point mutations where 

the activity is close to wild-type. Given that the sequence conservation between HIV-1 and 

FIV RT suggests similarity of structure, the lack of sensitivity of (mutant) FIV RTs to 

NNRTIs may be ascribed to any of the following factors: (i) Some structural feature of FIV 

RT makes it impossible for the NNRTI binding pocket to be created. In unliganded HIV-1 RT, 

the NNRTI binding pocket does not exist, but opens up on binding of the inhibitor (Esnouf et 

al., 1995; Esnouf et al., 1997; Hsiou et al., 1996; Rodgers et al., 1995). Binding of an NNRTI 

(such as nevirapine) to RT requires conformational changes of the overall structure as the 

thumb rotates away from the fingers and also induces a small shift in the fingers-palm unit. In 

the catalytic complex, the fingers domain closes in toward the palm and the palm itself shifts 

slightly with respect to the core of the unliganded RT (Huang et al., 2000). Were FIV RT 

more rigid than its HIV-1 counterpart, then this opening may be at too great an energy cost for 

NNRTIs to penetrate into the pocket. (ii) The NNRTIs simply cannot penetrate the (mutant) 

FIV RT binding pocket, perhaps due to changes in the flexibility of FIV RT or differences in 

the subunit interactions. (iii) The NNRTIs may enter but cannot bind in the enzyme pocket 

due to conformational hindrance. While this may well be the case for wild-type FIV RT, in the 

mutant FIV RTs the amino acids lining the NNRTI pocket are those of HIV-1 RT and so lack 

of binding seems unlikely. (iv) The NNRTIs may efficiently bind in the enzyme’s putative 

pocket but fail to inhibit the catalytic activity. While this possibility cannot be ruled out, the 

fact that HIV-2 RT can be made sensitive to NNRTIs by point mutations suggests a similar 

conformation between HIV-1 RT and HIV-2 RT. 

This analysis leads us to the suggestion that structural flexibility may play an 

important role in NNRTI binding and that FIV RT may be somewhat more rigid that HIV-1 

RT, whilst still having the same overall structure. Were this the case, then one might see 

significant sequence differences between the two RTs for amino acids expected to form 

domain and subunit interfaces. In several places this seems to be so. The lack of enzymatic 

activity of HIV-1/FIV RT heterodimers, unlike HIV-1/HIV-2 RT heterodimers, also points to 

substantial differences in the subunit interactions (see Chapter 2). 

For the HIV-1 RTs bearing point mutations that represent the analogue amino acids 

present in FIV RT, there is a complex interplay between the resistance mutations with both 

drug resistance and hypersensitivity being observed. Similar observations have been found in 

numerous NNRTI resistance studies (for an overview, see Bacheler, 1999; Schinazi et al., 
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2001) and the complexities have been ascribed to the varying abilities of NNRTIs to adapt to 

the changing shape and interaction possibilities afforded by the mutant NNRTI pocket. 

In conclusion, we demonstrated in this study that FIV RT behaves differently from 

HIV-1 and HIV-2 RT in terms of exchange of individual amino acids and amino acid stretches 

that determine the NNRTI susceptibility of HIV-1 RT. In contrast with HIV-2 RT, FIV RT 

cannot be mutated or engineered to acquire susceptibility to the inhibitory effects of the 

NNRTIs. A crystal structure of FIV RT may resolve the molecular/structural basis of these 

observations and provide deeper insights in the similarities and differences of this family of 

RT enzymes that are very closely related to each other. 

 
Table 3.4 Overview of amino acids in HIV-1 RT reported to play a role in 
sensitivity/resistance of HIV-1 RT against NNRTIs 
 
Amino acid position 
 In HIV-1 RT 

HIV-1 wild-type  
amino acid 

NNRTI-mutated  
amino acid 

Corresponding FIV RT 
amino acid 

98 Ala Gly Ala 
100 Leu Ile Leu 
101 Lys Glu Gln 
103 Lys Asn, Thr Lys 
106 Val Ala Val, Ile 
108 Val Ile Val 
    
135 Ile Met, Thr, Leu Lys 
138 Glu Lys Ala 
139 Thr Ile Gly 
    
179 Val Asp, Glu Asp 
181 Tyr Cys, Ile Tyr 
184 Met Ile, Val Met 
188 Tyr Cys, His, Leu Tyr 
190 Gly Ala, Glu, Ser Gly 
    
225 Pro His Pro 
227 Phe Leu Tyr 
229 Trp - Trp 
233 Glu Val Glu 
236 Pro Leu Pro 
238 Lys Thr Thr 
    
318 Tyr - Tyr 

Data taken from Balzarini (1999) and Schinazi et al. (2000) 
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THE PHENYLETHYLTHIAZOLYLTHIOUREA NNRTI 

MSK-076 SELECTS FOR A RESISTANCE MUTATION IN THE 

SUBSTRATE ACTIVE SITE OF HIV-2 RT 
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SUMMARY 
 

The phenylethylthiazolylthiourea (PETT) derivative MSK-076 shows, besides high 

potency against HIV-1, marked activity against HIV-2 (EC50 of 0.63 µM) in cell culture. 

Time-of-addition experiments pointed to HIV-2 RT as the target of action of MSK-076. 

Recombinant HIV-2 RT was inhibited by MSK-076 at 23 µM. As also found for HIV-1 RT, 

MSK-076 inhibited HIV-2 RT in a non-competitive manner with respect to dGTP and 

poly(rC).oligo(dG) as substrate and template/primer, respectively. MSK-076 selected for 

A101P and G112E mutations in HIV-2 RT and for K101E, Y181C and G190R mutations in 

HIV-1 RT when exposed to HIV-2 and HIV-1, respectively in cell culture. The selected 

mutated strains of HIV-2 were fully resistant to MSK-076 and the mutant recombinant HIV-2 

RT enzymes in which the A101P and/or G112E were introduced by site-directed mutagenesis, 

showed more than 50-fold resistance to MSK-076. Mapping the resistance mutations to the 

HIV-2 RT structure ascertained that A101P is located at what is equivalent to the NNRTI-

binding site of HIV-1 RT. G112E, however, is distal to the putative NNRTI-binding site in 

HIV-2 RT, but close to the active site, implying a novel molecular mode of action and 

mechanism of resistance. Our findings may have important implications for the development 

of new NNRTIs with pronounced activity against a wider range of lentiviruses. 

 

INTRODUCTION 
 

Given the highly conserved nature of the antiretroviral target (reverse transcriptase) 

(Fig 2.1) the specificity of NNRTIs for HIV-1 strains is remarkable. The HIV-2 serotype was 

shown to be closely related to SIVmac and has approximately 60% overall amino acid identity 

with HIV-1 RT and a comparable catalytic polymerase activity (Hizi et al., 1991). Despite this 

amino acid similarity with HIV-1 RT the NNRTIs are inactive against HIV-2 and SIV. It 

became clear that a relatively small number of amino acids in the HIV-2 RT were responsible 

for the lack of the inhibitory activity of the NNRTIs. Chimeric HIV-1/HIV-2 RT constructs 

(Bacolla et al., 1993; Yang et al., 1996) and site-directed mutagenesis of HIV-1 and HIV-2 

RT (Condra et al., 1992; Hizi et al., 1993; Isaka et al., 2001; Shih et al., 1991) revealed that 

the nature of the amino acids at positions 181 and 188 in RT play a major role in the 

recognition of the first-generation NNRTIs (i.e. HEPT, TIBO, nevirapine, pyridinone, 

delavirdine, TSAO, etc.). Also, some mutant HIV-1 strains that were selected in cell culture 

for high-level resistance against delavirdine contain the 181I or 188L mutations in the RT 
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(Balzarini et al., 1994; Ren et al., 2001). Such single-mutated virus strains proved highly 

resistant to all first-generation NNRTIs and contain those aliphatic amino acids (I, L) at 

locations 181 or 188 that are present in wildcritical role of these and other amino acids in the 

recognition of NNRTIs has been visualized in the crystal structures of RT/NNRTI drug 

complexes (Ren et al., 1995). These studies also revealed that a variety of different NNRTI 

structures bind to a well-defined lipophilic pocket in HIV-1 RT, and usually subtle differences 

in their interactions with the protein could be found between the different NNRTIs. The 

recently published crystal structure of HIV-2 RT (Bird et al., 2003; Ren et al., 2002) revealed 

that HIV-2 RT has a similar overall fold to HIV-1 RT but has structural differences in a 

putative NNRTI pocket at both conserved and non-conserved residues. The crystal structure 

points to a role of sequence differences that can give rise to unfavorable inhibitor contacts or 

cause destabilisation of parts of the binding pocket at amino acid positions 101, 106, 138, 181, 

188 and 190. There is also confirmation that the HIV-2 RT Ile-181 amino acid compared with 

the HIV-1 RT Tyr-181 could be a significant contributing factor to the inherent drug 

resistance of HIV-2 to NNRTIs. However, there have been a few reports on a modest 

inhibitory activity of some NNRTIs against other lentiviruses. TIBO has found to be 

inhibitory to several SIV strains in MT-4 cell cultures (Debyser et al., 1992), and delavirdine 

and a few other NNRTIs were reported to be inhibitory to the HIV-2 EHO and SIV agm3 

strains (but not to the HIV-2 ROD and SIV mac251 and SIV mndGB1 strains) in MT-4 cell 

cultures (Witvrouw et al., 1999).  

One defined series of NNRTIs previously described are the 

phenylethylthiazoylthiourea (PETT) derivatives that were reported to have potent activity 

against HIV-1 RT (Ahgren et al., 1995; Bell et al., 1995; Cantrell et al., 1996; Hogberg et al., 

1999). Further PETT analogues have been designed and synthesized based on structure-

activity relationships and molecular modeling (Hu et al., 2002; Ludovici et al., 2001; Mao et 

al., 1998; Ranise et al., 2003; Sahlberg et al., 1998; Vig et al., 1998) and several of them 

showed activity against HIV-1 in the low nanomolar concentration range. Interestingly, some 

members among the NNRTI PETT derivatives inhibit HIV-2 RT at ~2 µM (Ren et al., 2000). 

Kinetic analysis of a member of the PETT series (PETT-2) with both HIV-1 and HIV-2 RT 

indicated non-competitive inhibition modes with respect to dNTP. PETT-2 also showed non-

competitive inhibition of HIV-2 RT with respect to either template/primer or substrate. Such 

kinetic results are consistent with PETT-2 binding to HIV-2 RT at a site equivalent to the 

HIV-1 RT NNRTI-binding site but do not eliminate the possibility that the inhibitor binds at a 

distinctive allosteric site. 
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In the present study we investigated the anti-HIV-1 and -HIV-2 activity of MSK-076 

(Fig 4.1) and selected for PETT-resistant HIV-1 and HIV-2 strains in cell culture. The nature 

of the amino acid mutations that appeared in the HIV-2 RT were found to be the novel 

mutations at amino acid positions 112 and 101, resulting in full resistance of mutant HIV-2 in 

cell culture and recombinant mutant HIV-2 RT to MSK-076. The significance of these 

findings will be discussed from a structural viewpoint as based on the available coordinates of 

the HIV-2 RT structure. 

 

MATERIALS AND METHODS 
 

Viruses 

HIV-1 (IIIB) and HIV-2 (ROD) were kindly provided by Dr. R.C. Gallo (at that time at 

the National Cancer Institute, NIH, Bethesda, MD, USA) and Dr. L. Montagnier (at that time 

at the Pasteur Institute, Paris, France), respectively. 

 

Cells 

CEM cells were obtained from the American Type Culture Collection (Rockville, MD) 

and cultured in RPMI-1640 medium (Invitrogen, Merelbeke, Belgium) supplemented with 

10% foetal bovine serum (Integro, Leuvenheim, The Netherlands), 2mM L-Glutamine 

(Invitrogen) and 0.075% NaHCO3 (Invitrogen). 

 

Test compounds 

The PETT derivative MSK-076 was kindly provided by Medivir AB, Huddinge, 

Sweden. Delavirdine and lamivudine were provided by Dr. Jörg-Peter Kleim 

(GlaxoSmithKline, Stevenage, UK). Nevirapine BI-RG587 was obtained from Boehringer 

Ingelheim (Ridgefield, CT). UC-781 was obtained from Uniroyal Chemical Ltd. (Middlebury, 

CT & Guelph, ON, Canada). Efavirenz was obtained from Dr. L. Bacheler (DuPont 

Pharmaceuticals, Wilmington, DE). MSK-076 was provided by Medivir (Lunastigen 7, 

Huddinge, Sweden). Foscarnet (PFA) and zidovudine were purchased from Sigma Chemicals 

(St. Louis, MO). Stavudine, didanosine and zalcitabine were provided by Dr. D. G. Johns 

(NCI, NIH, Bethesda, MD). Tenofovir was obtained from Gilead Sciences (Foster City, CA). 

The bicyclam, AMD3100, a CXCR4 antagonist, was provided by Dr. G. Henson, AnorMed 

(Langley, Canada). Ritonavir was obtained from Abbott Laboratories (Abbott Park, IL). The 
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quinolone-derivative K-37, an inhibitor of HIV mRNA synthesis (Baba et al., 1998), was 

kindly provided by Prof. M. Baba (Kagoshima, Japan). 
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Figure 4.1 Structural formula of the PETT derivatives MSK-076 and PETT-2 

 

Drug activity assay against wild-type and mutant HIV-1 and HIV-2 strains  

CEM cells were suspended at 250,000 cells/ml of RPMI 1640 cell culture medium 

(supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 0.075% NaHCO3) and 

infected with wild-type HIV-1(IIIB) and HIV-2(ROD) or mutant HIV-1 or HIV-2 strains at 

~100 CCID50 (50% cell culture infected doses) per ml. Then, 100 µl of the infected cell 

suspension was added to 200 µl-microtiter plate wells containing 100 µl of an appropriate 

concentration of the test compounds. After 4 days of incubation at 37°C, the cell cultures were 

examined for HIV-induced syncytium formation. The 50% effective concentration (EC50) was 

determined as the compound concentration required to inhibit HIV-induced syncytium 

formation by 50%. 

 

Selection of PETT-and lamivudine-resistant HIV-1 and HIV-2 strains in CEM cell 

cultures  

MSK-076 or lamivudine were exposed at fixed concentrations (indicated in the Tables 

4.1 and 4.3) to 1 ml HIV-1- or HIV-2-infected CEM cell cultures in 48-well microtiter plates. 

For each subcultivation (every 3 or 4 days), 0.1 ml of the drug-treated HIV-infected cell 

cultures was added to 900 µl of fresh CEM cells (at ~300,000 cells/well). The drug 

concentrations were not increased during ~14 subsequent subcultivations and the drug-

exposed HIV-infected CEM cell culture supernatants were frozen in aliquots at –70°C after 

abundant syncytium formation became evident. Those cell cultures that did not show visible 

giant cell formation after 12 subcultivations were further passaged for at least an additional 3 

subcultivations in the absence of the test compounds. Then, p24-determinations were 

performed on the culture supernatant fluids by a p24 enzyme-linked immunosorbent assay 
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(ELISA) (DuPont, Brussels, Belgium) according to the manufacturer’s instructions, to confirm 

lack of virus production in the cell cultures. 

 

Time-of-drugaddition experiments in CEM cells  

CEM cell cultures (5 x 105 cells/ml) were infected with HIV-2(ROD) at approximately 

100 times the 50% cell culture infectious dose (CCID50) per ml. Following a 2 h adsorption 

period, cells were washed 3 times and incubated at 37 °C. The following test compounds were 

added at ≥100-fold their EC50 values at different time points (0, 1, 3, 5, 7, 9, 12, 18, 24, 36 h) 

after virus infection: the CXCR4 antagonist AMD3100 at 10 µM, the NRTI lamivudine at 90 

µM, the NtRTI tenofovir at 700 µM, MSK-076 at 50 µM, the HIV protease inhibitor ritonavir 

at 15 µM and the HIV transcription inhibitor K-37 at 5 µM. Viral p24 antigen production was 

determined at 72 hours post infection by a HIV-2 p24 ELISA (Innogenetics, Ghent, Belgium). 

 

Inhibitory effect of test compounds against recombinant HIV-1 and HIV-2 reverse 

transcriptase and kinetic assays  

The assay procedure for measuring the inhibitory effect of the test compounds against 

HIV RT and steady-state kinetic assays have been described previously (Balzarini et al., 1992) 

and were performed as described in chapter 2. To determine the Ki value of PETT (MSK-076) 

(Ki, PETT) and its kinetic mechanism of RT inhibition (competitive/non-

competitive/uncompetitive), the assays (using [8-³H]dGTP and poly(rC).oligo(dG12-18)) were 

performed in the presence of different concentrations of MSK-076 [26 and 52 µM for HIV-2 

RT and 0.013, 0.026 and 0.052 µM for HIV-1 RT]. 

 

Site-directed mutagenesis of amino acids A101P and G112E in HIV-2(ROD) RT 

Mutant enzymes used in this study were translated from the HIV-2(ROD) RT sequence 

which was cloned into pET21RT2p68. The NcoI-HindIII fragment from this plasmid, which 

contains the HIV-2 RT gene, was ligated into NcoI-HindIII-digested pKRT2His (Pelemans et 

al., 1998) to create pKRT68His which contains a (His)6 tag with the purpose of easy 

purification. Site-directed mutagenesis was performed using the QuickChange Site-Directed 

Mutagenesis Kit (Stratagene). Briefly, supercoiled double-stranded pKRT68His DNA and two 

synthetic oligonucleotide primers containing the desired mutation were used. For the mutation 

of Ala to Pro at position 101 primer JA7 (5’CAGTTAGGAATACCACACCCAGCAGG-

ATTGCCCAAG-AAGAG) and the complement primer JA8 were used that contained the 

desired mutation at position 101 and a silent mutation that alters an EcoRI site (underlined). 
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For the G112E mutation primer JA9 (5’GAATTACTGTTCTAGATGTAGAGGATGCT-

TACTTTTCCATAC) and the complement primer JA10 were used that contained the desired 

mutation and a silent mutation creating a unique XbaI restriction site (underlined). The 

procedure is further performed as described by Pelemans et al. (1998). Final confirmation of 

the presence of the mutation was done by sequencing the complete RT gene on an ABI Prism 

3100 sequencer (Perkin Elmer) using the dRhodamine terminator cycle sequencing reaction 

kit (Perkin Elmer). 

 

Preparation of HIV-2 RT-containing Escherichia coli extracts 

Expression of recombinant RT and lysis of the bacterial pellet was performed as 

described in Chapter 3.  

 

Location of resistance mutations in HIV reverse transcriptase structures 

The position of the resistance mutations selected by MSK-076 in relation to ligand 

binding sites on RT was assessed in the program O  (Jones et al., 1991) using structures of 

HIV-1 and HIV-2 RTs. PETT-2, an analogue of MSK-076 which differs by a substituted 

phenyl ring instead of a substituted pyridine ring, and a cyclopropyl bridge instead of an 

ethylene bridge (see Fig 4.1), was modeled with the program SHP (Stuart et al., 1979) into 

HIV-2 RT using an overlap of the 110 residues around the NNRTI site of the HIV-1 RT-

PETT-2 structure (Ren et al., 2000) with the corresponding residues of HIV-2 RT (Ren et al., 

2002). The structure of the catalytic complex of HIV-1 RT (Huang et al., 1998) was used to 

map the relationship of G112 to the RT active site including the template-primer and dTTP 

ligands.  

 

RESULTS 
 

4.1. Antiviral activity of MSK-076 

MSK-076 was evaluated for its inhibitory activity against HIV-1(IIIB) and HIV-

2(ROD) replication in CEM cell cultures. The compound inhibited HIV-1-induced 

cytopathicity at a 50% effective concentration (EC50) of 0.0018 µM. The HIV-2-induced 

cytopathicity was inhibited at an EC50 of 0.63 µM (Table 4.6), that is at a ~300- fold higher 

concentration than the concentration required to inhibit HIV-l. The compound was not 

markedly cytotoxic to the cell cultures at 50 µM. 
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Table 4.1 Appearance of HIV-2(ROD)-induced cytopathicity in CEM cell cultures in the 

presence of fixed concentrations of MSK-076 and lamivudine 
Compound Conc (µM) Passage number 

  1 2 3 4 5 6 7 8 // 12 

MSK-076 1.0 12 100 100 100 100 100 100* -  - 

MSK-076 2.1 3 25 75 100 100 100 100* -  - 

MSK-076 4.2 0 0 3 12 100 100 100* -  - 

MSK-076 8.3 0 0 0 0 0 6 25 100  100* 

Lamivudine 1.7 0 0 12 100 100 100 100* -  - 

Lamivudine 3.5 0 0 6 100 100 100 100* -  - 

Lamivudine 4.2 0 0 25 100 100 100 100* -  - 

Lamivudine 14 0 0 50 100 100 100 100* -  - 

Lamivudine 28 0 0 25 100 100 100 100* -  - 

*Asterisk denotes the supernatants of the virus passage that has been prepared for PCR and sequence analysis of 

proviral DNA. 

 

Table 4.2 Mutations in HIV-2(ROD) RT that appeared in HIV-2-infected CEM cell cultures 

under MSK-076 drug pressure 
Concentration (µM) Mutation in the HIV-2 RT Codon change 

First experiment   

1.0 Wild-type - 

2.1 Wild-type - 

4.2 G112E GGG → GAG 

8.3 G112E GGG → GAG 

Second experiment   

8.3 A101A/P GCC → CCC/GCC 

 

4.2. Time (site) of intervention 

Time-of-drugaddition experiments were performed to pinpoint the possible step(s) of 

the replication cycle of HIV-2 that could be inhibited by MSK-076 (Fig. 4.2). The CEM cell 

cultures were infected at a high multiplicity of infection by HIV-2(ROD). The p24 antigen 

production was measured as the parameter of viral replication. The test compounds were 

added at different time points after infection. The experiments revealed that the antiviral 

potential of MSK-076 in the virus-infected cell cultures could be preserved as long as drug 

addition was delayed for no longer than 5 hours post infection. Longer delay of drug 

administration resulted in diminished suppression of virus production by MSK-076. This is 

comparable with earlier findings for NNRTIs in HIV-1-infected cell cultures (Pauwels et al., 
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1990). NRTIs and NtRTIs, such as lamivudine and tenofovir, loose their antiviral activity 

when added later than 4 hours after infection, thus approximately 0.5 to 1 hour, before the 

NNRTIs (including MSK-076) loose their antiviral potential. The time-of-addition studies 

performed in the same experiment clearly confirmed that the bicyclam entry-inhibitor 

AMD3100 interacted with an early replication step (virus entry) and the protease inhibitor 

ritonavir with a late stage of the HIV replication cycle. Also, administration of K-37, a 

compound that inhibits mRNA transcription, could be markedly delayed before its antiviral 

activity was lost (Fig 4.2). Our findings indicate that MSK-076 most likely interacts at the 

reverse transcription process during HIV-2 infection, and thus might act as an “NNRTI” 

against HIV-2 in cell culture.  
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Figure 4.2 Time-of-drugaddition experiment. CEM cells were infected with HIV-2(ROD) at 

approximately 100 times the 50% cell culture infectious dose (CCID50) per ml.  
Test compounds were added at different times post infection. Viral p24 antigen production was determined at 72 

h post infection. The drug concentrations were as follows: ■, AMD3100 at 10 µM; ▬,lamivudine at 90 µM; x, 

tenofovir at 700 µM; ▲,MSK-076 at 50 µM; *, ritonavir at 15 µM; +, K-37 at 5 µM; ♦, nontreated control. 
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4.3. Selection of mutant HIV-2(ROD) and HIV-1(IIIB) strains in the presence of MSK-
076 

Mutant HIV-2 strains resistant to MSK-076 were selected in CEM cell cultures by 

passaging the virus in the presence of a variety of fixed concentrations of MSK-076 (Table 

4.1). HIV-2(ROD) was able to fully replicate in the continuous presence of 4.2 µM MSK-076 

after 5 passages (designated HIV-2/MSK-076a) or after 8 passages in the presence of 8.2 µM 

MSK-076 (designated HIV-2/MSK-076b). Proviral DNA of these virus isolates was harvested 

at passage 7 and 12, respectively, and sequenced. Genotypic analysis of the RT-coding gene 

of the MSK-076-resistant viruses HIV-2/MSK-076a and HIV-2/MSK-076b revealed the 

amino acid mutation G112E (Table 4.2). In a second independent experiment, another MSK-

076-exposed HIV-2 resistant strain selected in presence of 8.2 µM MSK-076 was isolated and 

shown to contain the amino acid mutation A101A/P in its RT. 

Under similar experimental conditions the selection of HIV-2(ROD) strains was 

carried out in the presence of fixed concentrations of lamivudine (Table 4.1). Virus was able 

to afford full cytopathogenicity grow after 4 passages in the presence of lamivudine 

concentrations between 1.7 and 28 µM. Analyzing the genotype of the virus strains selected in 

the presence of lamivudine, showed that the Met184Ile was invariably present in the RTs of 

all virus isolates recovered at passage 7.  

 

Table 4.4 Mutations in HIV-1(IIIB) RT that appeared in HIV-1-infected CEM cell cultures 

under MSK-076 drug escalating concentrations 
Concentration (µM)a Mutation in the HIV-1 RT Codon change 

0.002 wild-type - 

  - 

0.01 K101E AAA→GAA 

 Y181C/Y TAT→TGT/TAT 

↓   

0.05 K101E AAA→GAA 

 Y181C TAT→TGT 

↓   

0.26 K101E AAA→GAA 

 Y181C TAT→TGT 

 G190R GGA→AGA 
a The virus isolate that appeared in the presence of a fixed concentration of 0.01 µM was exposed to 0.05 µM 

MSK-076 for 5 subcultivations. The resulting virus isolate was then further exposed to 0.26 µM MSK-076 for an 

additional 10 subcultivations. 
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HIV-1(IIIB) was also exposed to a variety of fixed concentrations MSK-076 (in 

duplicate) (Table 4.3). Full breakthrough of virus-induced cytopathicity replication occurred 

in the presence of a fixed MSK-076-concentration of 0.01 µM after 6 passages. Higher fixed 

concentrations of MSK-076 (i.e. 0.05, 0.26 and 1.3 µM) prevented breakthrough of virus. 

Genotypic analysis of the proviral DNA of the virus isolates grown in the presence of 0.01 µM 

revealed the K101E mutation and a mixture of Y181C/Y in HIV-1 RT (Table 4.4), which have 

already been described earlier as HIV-1 RT resistance mutations appearing in the presence of 

NNRTIs (for a review of NNRTI-specific mutations in RT, see Balzarini (1999)). When the 

mutant HIV-1 strain that emerged in the presence of 0.01 µM MSK-076 was exposed to 

escalating MSK-076 concentrations, additional mutations appeared. At a concentration of 0.05 

µM MSK-076, a pure Y181C mutation was observed in combination with K101E, whereas, 

further increasing of the drug concentration to 0.26 µM resulted in the appearance of an 

additional (third) mutation (G190R) in the RT of the HIV-1 isolate (Table 4.4). 

Selection of HIV-1 virus strains under lamivudine pressure showed that mutant virus 

strains emerged at different (fixed) drug concentrations that ranged between 0.44 and 7 µM. 

At 14 µM lamivudine, no virus breakthrough was observed. Analysis of the HIV-1 proviral 

DNA of the several isolates showed that the virus strains contained the Met184Ile mutation in 

their RT. 

 

4.4. Inhibitory activities of NNRTIs, ddGTP and PFA against wild-type and mutant 

HIV-2 RT 

By site-directed mutagenesis, we constructed mutant HIV-2 RTs with single amino 

acid replacements (A101P and G112E) and a double mutant containing both amino acid 

mutations in the same RT. The recombinant wild-type, mutant A101P, mutant G112E and 

double mutant A101P+G112E RTs were evaluated for their sensitivities to a variety of 

NNRTIs, ddGTP and PFA (with [³H]dGTP as the radiolabeled substrate and 

poly(rC).oligo(dG) as the template/primer) (Table 4.5). The single and double mutant HIV-2 

RTs retained their insensitivity to the NNRTIs efavirenz, delavirdine and UC-781, as being 

also the case for wild-type HIV-2 RT. However, in contrast to wild-type HIV-2 RT, which 

showed pronounced sensitivity to the inhibitory activity of MSK-076 (IC50= 22.9 µM), none 

of the mutant HIV-2 RT enzymes showed sensitivity towards MSK-076 at a drug 

concentration as high as 300 µM. Thus, the single mutant A101P and G112E RTs and the 

double mutant RT bearing the two mutations together in one enzyme molecule showed a >15-
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fold degree of resistance to MSK-076. The inhibition values obtained for ddGTP and PFA for 

the wild-type and mutant HIV-2 RTs were very similar. 

 

Table 4.5 Inhibitory activity of test compounds against wild-type and mutant recombinant 

HIV-2 reverse transcriptase 
Compound IC50

a (µM) 

 wild-type A101P G112E A101P+G112E 

MSK-076 22.9 ± 0.1 > 300 > 300 > 300 

Delavirdine > 300 > 300 > 300 > 300 

Efavirenz > 300 > 300 > 300 > 300 

UC-781 > 300 > 300 > 300 > 300 

DdGTP 0.25 ± 0.20 0.23 ± 0.19 0.28 ± 0.01 0.22 ± 0.01 

PFA 3.36 ± 1.25 2.58 ± 0.60 1.77 ± 0.13 0.56 ± 0.14 
a 50% inhibitory concentration or compound concentration required to inhibit the HIV-2 RT activity by 50%. 

Poly(rC).oligo(dG) was used as template/primer and 1.4 µM [8-³H]dGTP was used as the radiolabeled substrate.  

 

Table 4.6 Sensitivity of mutant HIV-2 strains containing the mutations G112E and Met184Ile 

in their RT to the inhibitory effect of NRTIs, NtRTIs and NNRTIs 
Compound EC50

a (µM) 

 HIV-1 wild-type HIV-2 wild-type HIV-2/MSK-076ab HIV-2/MSK-076bc HIV-2/Met184Iled 

Zidovudine 0.0036 ± 0.0021 0.0071 ± 0.0037 0.01 ± 0.0 0.01 ± 0.002 0.005 ± 0.002 

Stavudine 0.41 ± 0.32 0.42 ± 0.27 0.65 ± 0.21 0.48 ± 0.45 0.40 ± 0.14 

Zalcitabine 0.030 ± 0.023 0.024 ± 0.014 0.06 ± 0.03 0.04 ± 0.02 0.08 ± 0.0 

Didanosine 6.33 ± 3.21 13.8 ± 6.3 9.5 ± 3.5 10 ± 4.9 16 ± 5.7 

Lamivudine 0.057 ± 0.026 0.11 ± 0.03 0.22 ± 0.13 0.31 ± 0.22 > 400 

Adefovir 8.0 ± 3.6 7.9 ± 3.9 21 ± 13 26 ± 20 12 ± 0.0 

PFA 44.4 ± 11.0 32.3 ± 13.0 20.8 ± 14.6 10.4 ± 7.3 78.1 ± 0.0 

Nevirapine 0.029 ± 0.016 > 70 > 70 > 70 > 70 

Delavirdine 0.019 ± 0.012 > 40 > 40 > 40 ≥ 40 

UC-781 0.0045 ± 0.0012 > 10 > 10 > 10 > 10 

MSK-076 0.0018 ± 0.0003 0.63 ± 0.21 > 50 > 50 1.69 ± 0.18 
a50% Effective concentration or compound concentration required to inhibit virus-induced cytopathicity by 50%. 
b selected in the presence of 4.2 µM MSK-076 
c selected in the presence of 8.3 µM MSK-076 
d selected in the presence of 28 µM lamivudine 
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4.5. Inhibitory activity of NNRTIs, N(t)RTIs and PFA against wild-type and mutant 
HIV-2/MSK-076a and HIV-2/MSK-076b strains in CEM cell cultures 

To reveal to what extent the novel mutation (G112E) found in two PETT-treated HIV-

2 strains affected the sensitivity of these virus strains to MSK-076 and a variety of NNRTIs, 

NRTIs and the NtRTI adefovir, the two virus isolates together with a lamivudine resistant 

HIV-2 strain were evaluated for their sensitivity to these drugs (Table 4.6). Interestingly, the 

NtRTI and the NRTIs listed in Table 4.6 showed similar suppressive activity against the wild-

type and the mutant HIV-2 strains except for lamivudine that had completely lost antiviral 

activity against the Met184Ile RT-mutated virus strain. However, MSK-076 completely lost 

(>80-fold) antiviral activity against the G112E RT mutated virus isolates, keeping full activity 

against the wild-type (EC50= 0.63 µM) and Met184Ile RT mutated virus (EC50= 1.69 µM). 

 

4.6. Kinetic analysis of the nature of inhibition of HIV-2 and HIV-1 RT by MSK-076 

The Ki values for MSK-076 (Ki, PETT) against HIV-1 and HIV-2 RT using substrate 

(dGTP) and template/primer poly(rC).oligo(dG) are shown in Table 4.7. The Ki, PETT value for 

HIV-2 RT was 14.6 µM (against dGTP) and 26.1 µM [against template/primer 

poly(rC).oligo(dG)]. These values are in agreement with the corresponding IC50 values for 

drug-exposed RT (IC50= 22.9 µM) in the presence of dGTP (2.5 µM). For HIV-1 RT we 

found Ki, PETT values as low as 0.0052 µM when using dGTP as variable substrate and 0.0044 

µM using poly(rC).oligo(dG) at variable template/primer concentrations. When the Ki, PETT/KM 

ratio for HIV-1 RT [0.0003 for poly(rC).oligo(dG) and 0.0023 for dGTP] was compared with 

that of HIV-2 RT [0.73 for poly(rC).oligo(dG) and 8.1 for dGTP], could be concluded that 

MSK-076 binds with a much higher affinity to HIV-1 RT than to HIV-2 RT. This is in line 

with the markedly higher (> 100-fold) inhibitory activity of MSK-076 against HIV-1 than 

HIV-2 replication in CEM cell cultures. 

 

Table 4.7 Kinetic analysis of HIV-1 and HIV-2 RT enzymes with poly(rC).oligo(dG) as 

template/primer and dGTP as variable substrate 
 HIV-1 RT HIV-2 RT 

 poly(rC).oligo(dG) dGTP poly(rC).oligo(dG) dGTP 

Ki, PETT (µM) 0.0044 0.0052 26.1 14.6 

Ki, PETT/KM 0.0003 0.0023 0.73 8.1 
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To investigate the kinetic mechanism of inhibition of HIV-2 RT by MSK-076, we 

analyzed the mode of inhibition of HIV-2 RT, in comparison with that of HIV-1 RT in the 

presence of various concentrations of MSK-076 (Fig 4.3). Double-reciprocal Lineweaver-

Burk plots for the inhibition of the HIV-2 and HIV-1 RTs by MSK-076 with respect to dGTP 

as variable substrate, or poly(rC).oligo(dG) as variable template/primer, revealed in both cases 

a noncompetitive inhibition, indicating binding of the drug to the enzyme being independent 

from prior binding of the substrate or template/primer to the HIV-1 or HIV-2 RTs. 

  

4.7. Structural context for the role of amino acid mutations G112E and A101P in HIV-2 

RT 

The position of PETT-2, an analogue of MSK-076 determined from the crystal 

structure of the complex with HIV-1 RT is shown in relation to the HIV-2 RT active site and 

putative NNRTI-binding pocket (Fig 4.4a). It is clear that the PETT compound is in close 

juxtaposition to the A101P mutation, whilst the separation between the NNRTI and G112E is 

much larger (>12 Å). The location of Gly112 in relation to the active site in the HIV-1 RT 

catalytic complex is shown in Fig. 4.4b. Gly112 is two residues away from one of the key 

catalytic aspartates, Asp110. The introduction of a bulky negatively charged side-chain 

adjacent to the polymerase active site, however, does not appear to compromise HIV-2 RT 

enzyme activity.  

 

DISCUSSION 
 

We have shown that MSK-076 is a potent inhibitor of HIV-1 in cell culture. This is in line 

with reports for other members of the PETT-series (Ahgren et al., 1995; Cantrell et al., 1996). 

However, the PETT compound reported here has also the ability to markedly inhibit HIV-2, 

albeit at a much higher concentration than required for HIV-1. Only recently the inhibitory 

activity of other related members of the PETT series against HIV-2 have been reported (Ren 

et al., 2000). Also, a modest activity of the NNRTIs delavirdine and emivirine (MKC442) 

against the HIV-2(EHO) strain, but not the HIV-2(ROD) strain, has been reported (Witvrouw 

et al., 1999). The possibility that the remarkable activity of MSK-076 against HIV-2 

compared to the inactivity of other NNRTIs is due to interaction with a different target or, 

alternatively, that it inhibits RT but binds to an entirely different site of the enzyme than the 

“classical” NNRTIs, was considered. First, time-of-addition experiments reported here show 

that the  
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Figure 4.3 Double-reciprocal plots for inhibition of wild-type HIV-2 RT (A and B) and HIV-

1 RT (C and D) by MSK-076.  
MSK-076 concentrations were: ■, 52 µM; ▲, 26 µM; X, 0.052 µM, ○, 0.026 µM; +, 0.013 µM and ♦, 0 µM 

(control). In panels A and C, template/primer [0.1 mM poly(rC).oligo(dG)] and variable concentrations of 

[³H]dGTP were used. In panels B and D, 1.4 µM [8-3H] dGTP and variable concentrations of template/primer 

poly(rC).oligo(dG) were used. 
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molecular site of action of MSK-076 is most likely the HIV-2 RT. Compared to the NRTIs, 

which loose approximately one hour earlier their antiviral activity than MSK-076 when drug 

administration is delayed after the time of virus infection, the time of interaction with its target 

after infection is in agreement with that found for all other NNRTIs against HIV-1. Second, 

the MSK-076 has been found inhibitory to HIV-2 RT in contrast with the other “classical” 

NNRTIs such as efavirenz, UC-781, delavirdine and nevirapine. Moreover, the decreased 

affinity of HIV-2 RT versus HIV-1 RT for the MSK-076 compound correlated well with the 

decreased antiviral activity of MSK-076 against HIV-2 versus HIV-1 in cell culture. This 

observation is in agreement with the view that the HIV-2 target for MSK-076 inhibition is the 

virus-encoded RT. Third, kinetic studies, performed in an attempt to elucidate the mode of 

HIV-2 RT inhibition by MSK-076 in comparison with HIV-1 RT inhibition, showed that 

MSK-076 behaves noncompetitively with respect to both the substrate dGTP and the 

template/primer poly(rC).oligo(dG). This indicates that MSK-076 does not interfere with 

HIV-2 RT by binding at the dNTP site, or at the DNA-binding site, but binds at another 

allosteric site of the enzyme. These data also reveal that MSK-076 neither competes with the 

dNTP substrate nor with the template/primer, making it likely that MSK-076 interacts with a 

presumable NNRTI-pocket in HIV-2 RT similar or closely resembling the NNRTI-binding 

site in HIV-1 RT. Fourth, another important observation that points to RT as the target for the 

inhibitory effect of MSK-076 is the selection of a 101-A (GCC) to P (CCC) mutation and a 

112-G (GGG) to E (GAG) mutation in the RT gene of HIV-2(ROD) under MSK-076 pressure. 

In fact, in HIV-1-infected cell cultures, MSK-076 also selects for an amino acid mutation at 

position 101 (K to E), but also at position 181 (Y to C) and position 190 (G to R). The latter 

amino acid mutations are already described to appear in the presence of NNRTIs (Balzarini, 

1999; Schinazi et al., 2001). Interestingly, in HIV-1 RT, the K101 plays an important role in 

binding of PETT derivatives through a hydrogen bond between the peptide main chain in the 

NNRTI-pocket and the thiourea moiety of PETT (Ren et al., 2000). Emergence of this 

homologous amino acid mutation in HIV-2 RT may indicate that this amino acid may affect 

the binding of MSK-076 in HIV-2 RT as well. However, it should be noticed that the amino 

acid at position 101 in HIV-2 RT (A) is different from the corresponding amino acid in HIV-1 

RT (K) and that mutation to a proline in HIV-2 RT has never been observed in HIV-1 RT at 

this amino acid site. Proline at residue 101 in HIV-2 RT may give rise to a more profound 

structural effect on the putative NNRTI pocket than the more classical mutations at residue 

101 found in HIV-1 RT (i.e. E, I or Q), due to lower conformational flexibility and the 

replacement of the main-chain NH by an NC link. Indeed it is likely that P101 can distort the 
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key hydrogen bonding interaction from the inhibitor to the main-chain carbonyl observed for 

many NNRTIs in HIV-1 RT including PETT-2. The G112E mutation, on the other hand, also 

found to appear under MSK-076 pressure in HIV-2 RT, has never previously been described 

in relation to NNRTI resistance in HIV-1 RT (including PETT analogues). The location of this 

mutation is adjacent to the dNTP binding site in the RT (D110, D185, D186). Indeed it is 

interesting that the introduction of a bulky negatively charged side-chain can be tolerated at a 

position that is relatively close to the key catalytic machinery of the polymerase active site. 

Kinetic data indicate that MSK-076 is not competing at the dNTP site and thus the occurrence 

of G112E as a resistance mutation is somewhat surprising given that this mutation is distal to 

the putative NNRTI site. Generally mutations giving resistance to NNRTIs are in direct 

contact with the inhibitor in HIV-1 RT. There are exceptions, however, such as K103N and 

V108I, which do not necessarily interact directly with the NNRTIs but nevertheless are still 

situated close to the inhibitor binding site.  

Figure 4.4 Positions of MSK-076 resistance mutations A101P and G112E in HIV RT a) 

A101P and G112E mutations relative to the polymerase active site and the putative NNRTI 

site in HIV-2 RT. The protein backbone is shown as blue ribbons and coils, and protein side-chains are shown 

as ball-and-sticks with carbon, oxygen and nitrogen atoms coloured in orange, red and blue, respectively. The 

thicker ball-and-sticks with carbon atoms coloured grey show the PETT-2 molecule to mark the putative NNRTI 

site. The possible orientations of 101P and 112E were shown.  

b) Position of residue G112 (green sphere) relative to the polymerase active site of HIV-1 RT. 
The blue ribbons and coils represent the protein backbones. The protein side-chains and the substrate dTTP are 

shown as thinner and thicker ball-and-sticks, respectively. The two purple spheres represent manganese ions, and 

the yellow and green coloured ladder shows the bound oligo-nucleotide with the template and primer strands 

labeled with letters T and P, respectively. Figure generated with the programs O and SHP. 
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The kinetic data and the presence of the A101P mutation are consistent with MSK-076 

binding to HIV-2 RT at the equivalent site as in the HIV-1 RT NNRTI-binding site, however 

the possibility of a different additional binding site for this inhibitor cannot be discounted. 

However, although RNase H binding, or both DNA polymerase and RNase H binding like the 

compounds described by (Borkow et al., 1997) cannot be excluded, such a site of drug 

interaction may be unlikely due to the fact that resistance mutations in the RT of MSK-076-

resistant virus strains are on a marked distance from the RNase H binding site. The structural 

basis for the mechanism of resistance to MSK-076 induced by G112E is not clear. It is known 

that the mechanism of inhibition of NNRTIs in HIV-1 RT is via a distortion of the active site 

aspartates (Esnouf et al., 1995). It is conceivable that displacement of the active site aspartates 

presumed to be caused by the NNRTI-binding to HIV-2 RT can be prevented by the G112E 

mutation. However, another role of G112E in the resistance to MSK-076 cannot be excluded.  

If we compared the speed of selection of resistant viruses between HIV-1 and HIV-2 in 

the presence of MSK-076, we observed a faster emergence of MSK-076-resistant virus in 

HIV-2, compared to the much slower breakthrough of drug-resistant virus for HIV-1 under 

MSK-076 pressure. Therefore, MSK-076 seems to behave more as a second-generation 

NNRTI against HIV-1 and rather as a first-generation NNRTI against HIV-2, probably due to 

its lesser potency as an anti-HIV-2 RT agent. 

In this respect, it should also be noticed that the Ki value of MSK-076 and its EC50 

value for HIV-1 in cell culture are close (0.0052 µM and 0.0018 µM, respectively) while the 

Ki value of MSK-076 for HIV-2 RT and its EC50 value for HIV-2 in cell culture differ by ~20 

fold (14.6 µM and 0.63 µM, respectively). It has previously been observed for the first-

generation NNRTIs that RT enzyme inhibition values (IC50) can be considerably higher than 

the corresponding EC50 values in cell culture. This phenomenon has been ascribed to the 

rather artificial testing conditions in the enzyme assays (i.e. use of homopolymeric 

template/primer). Such a difference between Ki and EC50 values is usually less pronounced for 

second generation NNRTIs. 

In conclusion, despite its inhibitory activity against HIV-2 RT, MSK-076 represents 

another member of the NNRTI class of compounds that act non-competitively at a specific site 

in both HIV-1 and HIV-2 RT. We could now show that the specificity of NNRTIs (including 

most PETT compounds) to solely inhibit HIV-1 RT could be broadened to a significant 

inhibition of HIV-2 (and HIV-2 RT) as well. Our kinetic, mutational and structural analysis 

revealed that the mode of binding of MSK-076 to HIV-2 RT might occur in a comparable 

manner as that for HIV-1 RT. These observations may have important implications for the 
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further development of novel NNRTIs with activity against HIV-2 because of the increasing 

prevalence and incidence of HIV-2 infections in developing countries. Furthermore, the 

rational design of potent drugs with a broad activity spectrum against a wider range of 

lentiviruses can be important for the treatment of (drug-resistant) HIV strains. The availability 

of the crystallographic HIV-2 RT structure coordinates may become instrumental in the design 

of more potent NNRTI (i.e. PETT) inhibitors with a broader antiretroviral spectrum. 
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SUMMARY 
 

The highly conserved N136, N137 and P140 in the p51 subunit of HIV-1 RT are part 

of the β7-β8-loop that contributes to the formation of the base of the NNRTI-specific pocket 

and makes up a substantial part of the dimerisation interface. Amino acid P95 in p66 also 

markedly contributes to the dimerisation binding energy. Site-directed mutagenesis has 

revealed that the RNA-dependent DNA polymerase activity of RT mutated at positions N136 

or N137 (and also mutant P95A or P140A RT) is heavily compromised. The detrimental effect 

of the N136 mutations occurred when the mutated amino acid was present in the p51 subunit, 

but not in the p66 subunit of the p66/p51 RT heterodimer. None of the mutant N136 and N137 

RT enzymes showed marked resistance against any of the clinically used NNRTIs. Mutant 

N137 RTs surprisingly lost significant sensitivity for NRTIs such as ddGTP and d4TTP. Most 

mutant enzymes were also markedly more sensitive to the inactivating (denaturing) effect of 

urea (and acetonitrile) than wild-type RT, and the degree of increased urea sensitivity was 

highly correlated with the degree of (lower) catalytic activity of the mutant enzymes. 

Replacing wild-type N136 in HIV-1 RT by other amino acids resulted in notably increased 

amounts of free p51 and p66 monomers in the RT preparation. Our findings identify a 

structural/functional role for N136 (and N137) in stabilization of the RT p66/p51 heterodimer 

and provide clues for the rational design of novel NNRTIs or drugs targeting either N136 or 

N137 in the β7-β8 loop of p51 or its anchoring points on p66 (the peptide backbone of H96 or 

the stretch comprising L92-G93-I94). Such drugs would disturb the RT dimerisation process 

and/or the structural support that the p51 subunit provides to the p66 subunit and which is 

essential for catalytic activity of the enzyme. 

 

INTRODUCTION 
 

The NNRTI-specific pocket mainly consists of amino acids that belong to the p66 

subunit, but the bottom of the pocket is closely located to a peptide stretch that is contributed 

by the p51 subunit and better known as the β7-β8 loop (Ding et al., 1995b; Esnouf et al., 

1995; Hopkins et al., 1996; Kohlstaedt et al., 1992; Ren et al., 1995). Indeed, E138 and T139, 

but also S134, I135, N136 and N137 from the p51 subunit line the outer part of the NNRTI 

binding pocket in the p66 subunit, and also provide a portion of the dimerisation interface 

(Fig. 5.1).  
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Figure 5.1 Location of the β7-β8 loop in a ribbon representation of the HIV-1 RT.  
p66 and p51 are colored in cyan and pink, respectively. The 133-140 stretch (PSINNETP) in both subunits has 

been colored orange, and side chains are displayed as sticks. Figure generated using ViewerLite 5.0 software 

(Accelrys Inc.; http://www.accelrys.com) 

 

To date, two NNRTIs are known to select for amino acid mutations outside the NNRTI 

pocket that are located at the p66/p51 interface. One is TSAO-m3T, which selects for E138K 

(Balzarini et al., 1993; Balzarini et al., 1994; Boyer et al., 1994; Jonckheere et al., 1994), and 

the other one is (+)-calanolide A, which selects for the T139I mutation in HIV-1 RT (Buckheit 

et al., 1995). For TSAO-m3T and its derivatives, modelling studies, as well as experimental 

results, have provided evidence that these drugs may interact with the association of p66 and 

p51 subunits, thereby destabilizing the HIV-1 RT heterodimeric enzyme (Arion et al., 1996; 

Rodriguez-Barrios et al., 2001; Sluis-Cremer et al., 2000). The fact that both N136 and N137 

are highly conserved among the RTs of all HIV-1 strains, but also of HIV-2, SIV, FIV and 

several other lentiviruses that have been characterized so far (Table 5.1) points to a defined, 

but as yet unidentified, functional and/or structural role for these residues. Both N136 and 

N137 are exposed to the solvent in the p66 subunit, but the side-chain carboxamide group of 



  ROLE OF AMINO ACIDS IN THE β7-β8-LOOP 

 129 

N136 on the p51 subunit is engaged in two hydrogen bonds with the peptide backbone of H96 

in the p66 subunit. 

 

Table 5.1 Alignment of amino acids S134 to G141 in reverse transcriptase enzymes from 

different lentivirus strains 
Lentivirus Amino acid position in the RT 
 134 135 136 137 138 139 140 141 
HIV-1 (HXB2) S I N N E T P G 
HIV-2 (ROD) S V N N A E P G 
SIV(Rhesusmac) S V N N A E P G 
SIV (Sun tailed) S V N N Q A P G 
FIV (Petaluma) R K N N A G P G 
BIV (Cl 127) P V N R E G P I 
EIAV (Cl 22) S I N H Q E P D 
Visna (Evi) S P N N L G P C 
CAEV (CORK) S P N N L G P C 

 

Interestingly, no mutations at amino acid position 136 or 137 of RT have ever been 

detected in NNRTI-exposed HIV-1-infected cell cultures. In HIV-1-infected individuals, naïve 

for antiretroviral drugs, the presence of mutations at these positions was completely absent (0 

out of 457 patients) and less than 1% in HIV-1-infected individuals that were HAART-treated 

with NRTIs/NNRTIs (Table 5.2). Due to their highly conserved nature, N136 and N137 seem 

to play a crucial role in the integrity of HIV RT and/or its catalytic function. Therefore, we 

decided to perform an in-depth site-directed mutagenesis study on the N136 and N137 

positions of HIV-1 RT to gain detailed information on their effect in the catalytic activity of 

HIV-1 RT, their role in the potential interaction of RT with existing NNRTIs, and their role in 

the stabilization of the dimer interface of the p66/p51 RT heterodimer. 

Our studies revealed that N136 and N137 are essential to preserve the catalytic activity 

of HIV RT and play a crucial role in the stabilization of the enzyme heterodimer. We also 

provide evidence that the area in the NNRTI pocket of p66 where these amino acids from p51 

are located can be a potential target in the design of novel NNRTIs endowed with higher 

antiviral potency and/or a more favourable resistance profile than the current NNRTIs in 

clinical use. 
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Table 5.2 Mutation profile of the amino acids in the β7-β8 loop of the p51 subunit in HIV-1 

RT for drug-naïve patients (n = 457) and NRTI/NNRTI-treated patients (n = 1779).  

Naïve  Treated 
n % Mutation Wild-

type  
Mutation % n 

1 0.22 S1 P133  0.00 0 
3 0.66 R1C2 S134 T1R1 0.13 2 
200 43.76 P1Q2K3M5L5R14V27T143 I135 T572V108L92M38R14K10A2 52.89 823 
0 0.0  N136 T12I2K1 0.96 15 
0 0.0  N137 S4H2 0.39 6 
21 4.6 R1K2G2A16 E138 A79G22Q17K14T3S2D2R2 8.42 131 
10 2.2 V1M1A1R2I2P3 T139 K19R18A13Q9M6I3S2V1P1 4.37 68 
1 0.22 L1 P140 Q2T2 0.26 4 

n represents the number of patients with a mutation at a particular amino acid position. The individual number of 

patients with a specific amino acid mutation is indicated in subscript. The wild-type consensus amino acid is 

represented in bold. 

 

MATERIALS AND METHODS 
 

Compounds 

[2’,5’-Bis-O-(tert-butyldimethylsilyl)-β-D-ribofuranosyl]-3’-spiro-5”-(4”-amino-

1”,2”-oxathiole-2”,2”-dioxide) derivatives of N3-methylthymine (TSAO-m3T) and thymine 

(TSAO-T) were synthesized as previous described (Perez-Perez et al., 1992). (+)-Calanolide 

A was delivered by Sarawak MediChem Pharmaceuticals Inc. (Sarawak, Malaysia). 2',3'-

didehydro-2’,3’-dideoxythymidine-5'-triphosphate (d4TTP) was obtained from Sigma 

Chemical Ltd. (St. Louis, MO). Other compounds were obtained as described in Chapter 2 and 

3. 

 

Site-directed mutagenesis of HIV-1 RT 

Mutant RT-enzymes containing the N136X, N137X, P95A or P140A mutations were 

derived from the RT sequence cloned in pKRT2His (D'Aquila and Summers, 1989; Pelemans 

et al., 1998). Site-directed mutagenesis was performed using the QuickChange Site-Directed 

Mutagenesis Kit (Stratagene) and as described in Chapter 3. The presence of the desired 

mutation was confirmed by sequencing of the RT gene on an ABI Prism 3100 sequencer 

(Applied Biosystems, Foster City, CA), using the ABI Prism Big Dye Terminator Cycle 

Sequencing Ready Reaction Kit (Applied Biosystems). 
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Construction of mutant recombinant HIV-1 reverse transcriptases 

Recombinant HIV-1 RT enzymes were expressed from a two-plasmid coexpression 

system previously described by (Jonckheere et al., 1996). The p66 subunit of RT was 

expressed from pACYC66His and the p51 subunit from pKRT51. To construct wild-type and 

136-mutated pACYC66His, wild-type and 136-mutated pKRT2His were digested with EcoRI 

and AviII and the RT-containing fragments were ligated into pACYC184 digested with EcoRI 

and ScaI. To construct wild-type and 136-mutated pKRT51, wild-type and 136-mutated 

pKRT2His were digested with NcoI and KpnI and the RT-containing fragment was ligated 

into pKRT51 digested with NcoI and KpnI. For all mutant enzymes, the mutation was 

introduced in both p66 and p51 subunits. Only for the mutant N136T RT, the mutation was 

introduced solely in p66, solely in p51 or in both p66 and p51 subunits. 

 

Expression and purification of wild-type and mutant recombinant HIV-1 RT  

Expression and purification of recombinant RT was performed as described in Chapter 

3.  

 

Construction and expression of wild-type and mutant HIV-1 RT fusion plasmids in 

bacterial expression vectors  

Glutathione S-transferase-tagged p51 mutant subunits (GST-p51) containing either the 

N136Q, N136T, N136Y or N136K substitutions were constructed by subcloning a NsiI–KpnI 

restricted fragment from the p51-encoding portion of the above described pKRT51 containing 

the desired mutation (Q, T, Y or K) at position 136 into the NsiI–KpnI digested pGEX51H 

(see Chapter 2). Since the N136 amino acid in the p66 subunit is located in the finger domain 

of the RT and, therefore, has no influence on dimerisation of the RT, we used wild-type p66-

encoding pKRT2His, described above. Expression and purification of the wild-type and 

mutant N-terminal GST-tagged p51 subunits and N-terminal (His)6-tagged p66 (His-p66) were 

performed as described in Chapter 2. 

 

Reverse transcriptase assay 

For determination of the 50% inhibitory concentration (IC50) of the test compounds 

against HIV-1 RT, the RNA-dependent DNA polymerase assay was performed as described in 

Chapter 2. In case where d4TTP (or PFA) has been evaluated for its inhibitory activity, 0.15 

mM poly(rA).oligo dT12-18 had been used as the template/primer, and 1.6 µM [3H]dTTP as the 

radiolabeled substrate.  
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For determination of the Km value of the template/primer against HIV-1 RT in the 

presence of different concentrations of urea, the RT activity was measured as described above 

in the presence of variable concentrations poly rC.oligo dG. The amounts of urea varied 

between 0.3 and 1.5 M. 

 

Catalytic activity of wild-type and mutant heterodimer HIV-1 RTs in the presence of 

urea and acetonitrile 

Denaturation curves were plotted by preincubation of RT with different concentrations 

of urea ranging from 0.0625 M up to 2.0 M or acetonitrile ranging from 2% up to 14% for 30 

min at 37°C in 50-µl reaction buffer [containing 50 mM Tris-HCl (pH 7.8), 0.06% Triton 

X100, 5 mM DTT, 150 mM, 0.3 mM glutathione, 1.25 mg/ml BSA, 0.5 mM EDTA, 5 mM 

MgCl2 and 1.4 mM poly(rC).oligo(dG) (Amersham Biosciences)]. The polymerase reaction 

was initiated by adding [8-³H]dGTP (0.1 mM, 1 mCi/ml) (Amersham Biosciences) substrate. 

After incubating for 10 min at 37 °C the reactions were terminated, precipitated, washed and 

analyzed as described in Chapter 2. Polymerase activity was determined as the amount of 

nucleotide incorporated at each urea concentration relative to the amount of nucleotide 

incorporation in the absence of denaturant. The percentage polymerase activity was plotted 

versus the urea concentration and the data were fitted to a curve using the program SigmaPlot 

Version 8.0 (SPSS Inc.) to determine the concentration of urea at the midpoint of the 

denaturation curve. 

 

FPLC Size exclusion chromatography 

 Size exclusion chromatography was performed using a 10 x 300 mm Superdex 200 HR 

10/30 column (Amersham Biosciences). Freshly prepared RT samples or RT samples that 

were left in elution buffer for 24 hrs, 72 hrs or 336 hrs after elution from a Ni NTA column, 

and that contain 5-10 µg protein were applied on the size exclusion column and eluted with 

200 mM potassium phosphate pH 7.0 at the flow rate of 0.5 ml as previously described (Restle 

et al., 1990). 

 

Circular dichroism (CD) spectroscopy 

CD spectra of wild-type and mutant N136T and N136L RTs in the far-UV region 

(190-260 nm) were acquired at 25°C on a Jasco J-600A spectropolarimeter using a cuvette of 

1 ml. Protein solutions were 0.17 and 0.25 µM in 0.75 mM EDTA, 0.75 mM DDT, 2% 
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glycerol and 7.5 mM Tris at pH 7.8. The data were expressed as residual ellipticity [Θ] (deg 

cm2 dmol-1), using 114.75 as the mean residue weight for HIV-1 RT. The spectra were 

obtained with a 1 nm bandwidth, a 1 s time constant and a data density of 10 points/nm. In 

order to estimate the fractions of the different types of secondary structure, analysis of CD 

data was performed with the CDNN-program (Bohm et al., 1992). 

 

Three-dimensional structure visualization 

The RT structure was visualized using the ViewerLite 5.0 software (Accelrys Inc.; 

http://www.accelrys.com) and the X-ray coordinates of a covalently-trapped catalytic complex 

with a DNA template:primer deposited in the Protein Data Bank (PDB, 

http://www.rcsb.org/PDB/) with code 1RTD (Huang et al., 1998). 

 

RESULTS 
 

5.1. Catalytic DNA polymerase activity of mutant and wild-type HIV-1 RT 

To investigate the influence of changes at the amino acid residue N136 or N137 of 

HIV-1 RT activity, we constructed different recombinant mutant RTs by site-directed 

mutagenesis. Different types of amino acid side chains were represented: an aliphatic side 

chain in alanine and leucine, an aromatic side chain in tyrosine, a protonated amino group in 

the positively charged lysine and histidine, a carboxylate in the negatively charged aspartic 

and glutamic acid, and a polar uncharged group in serine, threonine and glutamine. The 

mutations were introduced in both p66 and p51 subunits of the RT heterodimer, and all mutant 

recombinant RTs were purified to ≥ 98% homogeneity through the Ni-NTA- and heparin-

containing affinity columns. 

As a rule, the RNA-dependent DNA polymerase (RdDp) activities of all mutant 

enzymes were severely impaired (Fig. 5.2). The catalytic activity ranged between 0.07 and 36 

percent of wild-type. The catalytically most active mutant N136 RT contained the N136T 

mutation (2.1% activity of wild-type) and the presence of the N136Y, N136L and N136D 

amino acid mutations in HIV-1 RT resulted in mutant enzymes endowed with the poorest 

catalytic activity (≤ 0.1%). The mutant N136T RT had the highest catalytic activity among all 

mutant N136 RTs. In this enzyme, the N136T mutation was present in both p66 and p51 

subunits. To assess the role of the subunit location of the N136T mutation in the decreased 

catalytic activity of the mutant RT, two additional mutant RTs were constructed in which the 
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N136T mutation was introduced in either solely the p66 or solely the p51 subunit of the 

heterodimeric RT enzyme. Whereas the mutant RT enzyme in which N136T was solely 

present in the p51 subunit had a catalytic activity that was 8.4 ± 3.7% of wild-type enzyme, 

the heterodimeric enzyme at which N136T was solely present in p66 had a catalytic activity of 

71 ± 23% of wild-type enzyme. Thus, the exclusive presence of the N136T mutation in p51 

had a much more deleterious effect on the catalytic activity of the mutant enzyme than when it 

was solely present in p66.  
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Figure 5.2 Catalytic RNA-dependent DNA polymerase activity of mutant N136 HIV-1 RT 

enzymes. Poly(rC).oligo(dG) was used as the template/primer and [3H]dGTP as the 

radiolabeled substrate.  

 

The mutant N137H RT was the most active N137 mutant RT and retained 64% of the 

catalytic activity. The N137S, N137A and N137Q RTs showed markedly compromised 

catalytic activity (11-14% of that of wild-type RT) among the mutated N137X RTs. Seriously 

impaired catalytic activities were noted for the other five mutant N137X RTs. They only 

retained 3% (for N137D) to less than 0.1% (for N137T and N137K) catalytic activity. The 

proline to alanine mutations at position 95 and 140 of HIV-1 RT also resulted in markedly 

decreased DNA polymerase activity (4% for mutant P95A RT enzyme and 0.3% for mutant 

P140A RT enzyme) (Fig. 5.2). 

 

5.2. Inhibitory activity of NNRTIs, PFA, d4TTP and ddGTP against wild-type and 

mutant N136, N137, P95A and P140A recombinant HIV-1 RTs 

The mutant enzymes were evaluated for their sensitivity to the inhibitory activity of a 

variety of NNRTIs, PFA and the NRTIs d4TTP and ddGTP (Table 5.3 and Table 5.4). The 
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N136T RT mutant that was endowed with the highest catalytic activity among the N136 

mutant RTs virtually kept pronounced sensitivity to all NNRTIs and ddGTP. The inhibitory 

activity of both NNRTIs and ddGTP against wild-type RT ranged between an IC50 of 0.022 

and 3.8 µM depending on the nature of the compound. Also, the mutant N136D RT 

reasonably kept its sensitivity to the drugs (decrease of the inhibitory activity of the NNRTIs 

ranged between 1.4- to 5-fold). In contrast to their susceptibility to the inhibitory effect of the 

NNRTIs, the other mutant N136 RT enzymes substantially lost between 10- to >25-fold 

sensitivity to some of the evaluated drugs depending on the nature of the drug and the 

introduced amino acid mutation. Interestingly, efavirenz, which was among the most potent 

inhibitors of the wild-type RT enzyme, only lost its inhibitory potential by 8-fold at most. It is 

remarkable that the NRTI derivative ddGTP in most cases lost at least 10-fold and in some 

cases even 50- to 100-fold its inhibitory potential against one or several of the mutant RT 

enzymes (Table 5.3). 

 

Table 5.3 Inhibitory activity of test compounds against mutant N136X and wild-type HIV-1 

RTs 
 IC50

a 

RT mutation nevirapine delavirdine efavirenz GW420867X ddGTP  

WT 1.1 ± 0.1 0.5 ± 0.3 0.011 ± 0.003 0.011 ± 0.000 0.05 ± 0.02 

N136Y > 10 > 10 0.12 ± 0.01 ≥ 1 1.6 ± 0.32 
N136K > 10 ≥ 10 0.16 ± 0.021 ≥ 1 0.93 ± 0.64 
N136T 1.0 ± 0.29 0.90 ± 0.16 0.035 ± 0.006 0.033 ± 0.004 0.065 ± 0.007 
N136D 2.7 ± 2.3 1.3 ± 1.2 0.036 ± 0.000 0.037 ± 0.002 0.19 ± 0.021 
N136A > 10 6.6 ± 2.4 0.21 ± 0.20 0.28 ± 0.01 0.28 ± 0.48 
N136Q ≥ 10 4.5 ± 1.7 0.051 ± 0.018 0.39 ± 0.21 1.4 ± 0.20 
N136S 5.1 ± 2.6 3.1 ± 1.7 0.052 ± 0.044 0.35 ± 0.32 0.58 ± 0.51 
N136L > 10 9.1 ± 1.3 0.13 ± 0.014 0.80 ± 0.021 6.1 ± 1.0 

a 50% inhibitory concentration, or compound concentration required to inhibit RT activity with 50%.  

Template/primer: 0.1 mM poly(rC).oligo(dG); substrate: 1.6 µM [³H]dGTP.  

Data are the means of 2 to 3 independent experiments ± S.D. 

 
Most of the mutant N137 RTs kept full sensitivity to the NNRTIs tested. Only the 

mutant N137K RT showed moderate resistance to (+)-calanolide A (5-fold), but other 

NNRTIs retained their inhibitory activity against this enzyme. Interestingly, all mutant N137 

RTs significantly gained sensitivity against the thiocarboxanilide UC-781 (Table 5.4). Also, 
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the P95A and P140A RTs were 3- to 10-fold more sensitive to the inhibitory effect of UC-

781. In contrast, substantial resistance to (+)-calanolide A was observed for mutant P95A RT 

enzyme (30-fold). Surprisingly, all mutant RT enzymes showed less susceptibility and often 

even relatively high resistance towards the nucleotide RT inhibitor ddGTP (up to 130-fold for 

the mutant N137K RT), and, to a lesser extent, also to d4TTP (Table 5.4). Also, the mutant 

enzymes showed several degrees of resistance (up to 15-fold) against the pyrophosphate 

analogue PFA depending on the nature of the mutation in RT. 

 

5.3. Effects of exposure of urea and acetonitrile on mutant N136X and N137X RT 

activity 

 Wild-type and four mutant N136 HIV-1 RTs (i.e. N136T, N136K, N136Y, N136L) 

were exposed to a wide variety of urea (or acetonitrile for N136T and N136L) concentrations, 

and the catalytic activity of the urea- (and acetonitrile)-exposed enzymes was measured (Fig. 

5.3 panel A, C). For the wild-type enzyme, the RT activity gradually decreased in the presence 

of increasing urea concentrations (Fig. 5.3, panel A). A urea concentration as low as 0.20 M 

slightly decreased the catalytic activity of wild-type RT, and 2.0 M urea abolished its catalytic 

activity almost completely. Half of the RT catalytic activity was retained at around 1.0 M 

urea. However, when the mutant N136 RT enzymes were exposed to the different 

concentrations of urea, the enzymes invariably had gained a markedly higher sensitivity to the 

denaturing activity of urea. Whereas the urea IC50 shifted from 1 M for wild-type enzyme to 

0.6 M for the N136T mutant RT, the urea IC50 was further decreased to 0.25 M and 0.20 M for 

the mutant N136Y and N136K RT, respectively. The N136Q RT mutant showed an 

intermediate sensitivity to urea (IC50 ∼ 0.4 M). An equally increased sensitivity to urea was 

observed for mutant N136T RT when the N136T mutation was solely introduced in p51 but 

not in p66 (the open-square curve compared with the closed-square curve in Fig. 5.3, panel 

A). 

When mutant N137A, N137D and N137E RTs were exposed to different 

concentrations of urea, the enzymes had gained increased sensitivity towards the denaturing 

effect of urea (Fig. 5.3, panel B). Whereas the urea-IC50 shifted from 0.75 M to 0.55 M for the 

mutant N137A and N137D RTs, the urea-IC50 was further decreased to 0.35 M for the mutant 

N137E RT enzyme. 
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Figure 5.3 Effect of urea on the catalytic activity of mutant N136 (panel A) and N137 HIV-1 

RTs (panel B). In panel C the effect of acetonitrile on the catalytic activity of N136 mutant 

HIV-1 RTs is presented.  
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Figure 5.4 Correlation between the catalytic activity of mutant N136 HIV-1 RT enzymes and 

the 50% inhibitory concentration of urea against these mutated enzymes.  
The log percent RT activity was taken from Fig. 5.2 and the midpoint of the urea concentration at which urea 

resulted in 50% inhibition of enzyme activity was calculated from the curves depicted in Fig. 5.3. 

 

Table 5.5 Affinity constant (Km) of wild-type and mutant N136RT enzymes for 

poly(rC).oligo(dG) in the presence of varying concentrations of urea 

RT Enzyme Concentration of urea (M) Km of template/primera (µM) 
poly(rC).oligo(dG) 

Wild-type 0 10 
 1.0 15 
 1.5 47 
N136T 0 15 
 0.6 22 
 0.9 38 
N136L 0 33 
 0.3 68 
 0.45 98 
aData are the mean of 3 to 4 independent experiments.  

 

5.4. Determination of the affinity constant (Km) values of template/primer for wild-type 

and mutant N136X HIV-1 RTs in the presence or absence of urea 

 The Km values of the template/primer poly(rC).oligo(dG) for wild-type and mutant 

N136T and N136L HIV-1 RTs were determined in the presence or absence of different urea 

concentrations (Table 5.5). The Km of template/primer was lowest for wild-type RT (10 µM) 

and increased for the mutant enzymes as a function of their more pronounced compromised 
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catalytic activity; thus, the Km was 1.5-fold higher than wild-type for mutant N136T RT (15 

µM) and highest for mutant N136L RT (33 µM). Interestingly, in all cases (wild-type, N136T 

RT and N136L RT), the presence of urea further dose-dependently increased the Km of the 

enzymes for the template/primer (4.7-, 2.5- and 3-fold, respectively) at the highest urea 

concentrations tested (1.5 M for WT RT, 0.9 M for N136T RT and 0.45 M for N136L RT, 

respectively). The different urea concentrations chosen for the individual (wild-type and 

mutant) enzymes corresponded to comparably inactivating effects of these urea concentrations 

on the wild-type and (mutant) enzymes. 

 

5.5. Analysis of monomer content of wild-type and mutant N136X heterodimer RTs at 

different time points after isolation 

 Wild-type and mutant N136T and N136Y HIV-1 RT heterodimers (consisting of p66-

His and p51-GST) were isolated using Glutathione Sepharose 4B beads and a HiTrap heparin 

column as described in Chaper 2. The fraction that corresponded to the p66/p51 heterodimer 

(as ascertained by subsequent gel electrophoresis) was then left in the elution solution at 4°C 

and analysed on a size exclusion FPLC column after 24 hrs, 72 hrs and 336 hrs (14 days). 

Whereas >99% wild-type RT enzyme still existed as a p66/p51 heterodimer at all time points 

measured, the mutant N136T RT heterodimer consisted of a mixture of p66/p51 heterodimer 

plus p66 and p51 monomers after 24 hrs. After 72 hrs, the formation of monomers in the 

mixture had proceeded still further (Fig. 5.5). The ratio of monomer/heterodimer content of 

the mutant N136Y RT was even higher than that observed for the mutant N136T RT after 24 

and 72 hrs (Fig. 5.5). Thus, the lower the catalytic activity of the enzyme, the higher the ratio 

of free monomer/heterodimer in the enzyme preparation at ≥24 hrs after isolation of the 

enzyme. 
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Figure 5.5 Determination of p66/p51 heterodimer and free p66 and p51 monomers in wild-

type and mutant N136T and N136Y RT heterodimer enzyme preparations by size exclusion 

chromatography as a function of incubation time and based on size exclusion 

chromotography.  
Freshly prepared RT samples were left in elution buffer for 24 hrs (top), 72 hrs (middle) or 336 hrs (14 days) 

(bottom) after elution from a HiTrap heparin column. Left peaks eluting between 8 to 11 ml represent 

heterodimer; right peaks eluting between 12 and 14 ml represent a mixture of monomers. 
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5.6. Circular dichroism (CD) spectra of wild-type and mutant N136X HIV-1 RTs 

 To reveal whether the mutations at amino acid position 136 had an effect on the 

general structure and conformation of the HIV reverse transcriptase, the circular dichroism 

spectra of wild-type and the mutant N136T and N136L RTs were determined and compared 

(Fig. 5.6). 

The CD spectrum of wild-type HIV-1 RT exhibits a broad and prominent band of 

negative ellipticity between 260 nm and 202 nm with a peak at 212 nm and a shoulder at 226 

nm. The ellipticity becomes positive in the region 202-190 nm. The CD spectrum of the 

mutant N136T RT is also dominated by a negative ellipticity band but compared with the WT 

HIV-1 RT it is considerably blue-shifted with a peak at 204 nm, a shoulder at 220 nm and a 

crossover at 196 nm. The overall shape of the spectrum of the mutant N136L RT is similar to 

that of the mutant N136T RT but with a slightly increased negative and positive ellipticity and 

a crossover at 198 nm (Fig 5.6). Both mutant RTs display CD spectra typical for a 

considerable amount of α-helical structures with a positive band at 190 nm and a double 

minimum in the region of 205-220 nm. These spectra, therefore, show a similar secondary 

structure that, however, is clearly different from that of the wild-type RT. In order to quantify 

the observed spectral changes, the contribution of the various secondary structure elements to 

the measured CD spectra was determined using the CDNN program of Böhm et al. The results 

obtained with this deconvolution program are listed in Table 5.6 and confirm the increased α-

helical content in the mutants. Thus, the substitution of N136 by T or L induces structural 

effects in HIV-1 RT that are observed as an increase in the amount of α-helices (11-13%) and 

a slight decrease of both random coil (8%) and β-sheet (3%). 

 

Table 5.6 Secondary structure analysis of the circular dichroism of wild-type and mutant 

N136 L/T RTs 

 Helix 
(%) 

Anti-parallel 
(%) 

Parallel 
(%) 

Beta-turn 
(%) 

Random Coil 
(%) 

Total 
(%)  

HIV1-RT 50.4 5.9 5.3 14.2 24.2 100 
N136L 62.7 2.3 4.7 14 16.3 100 
N136T 63.6 3.6 3.6 12.8 16.6 100.1 
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Figure 5.6 Circular dichroism spectra of wild-type and mutant N136T and N136L RTs. 
Solid line: wild-type HIV-1 RT; dotted line: N136L HIV-1 RT; broken line: N136T HIV-1 RT. 

 

5.7. Structural role of amino acids N137, P140 and P95 in HIV-1 RT 

Accordingly, whereas the side chain of N137 in the p66 subunit is facing the solvent it 

is found lying on the peptide backbone of p66 in a stretch comprising L92-G93-I94. It is 

worth mentioning that the region encompassing amino acids 83-99 displays a different 

conformation in both subunits despite having identical composition (Fig. 5.10). Thus, a short 

α-helix from P97 to G99 is apparent in the larger (p66) subunit but it is absent in the smaller 

(p51) subunit. Furthermore, the backbone of these two segments can be superimposed only on 

a relatively short stretch made up of G93, I94, P95, H96, and P97, which presents a highly 

invariant amino acid region even in the presence of NNRTI (i.e. nevirapine, delavirdine and 

efavirenz) drug pressure (Ceccherini-Silberstein et al., 2004). 

 

DISCUSSION 
 

X-ray crystallographic analyses have revealed subtle structural differences in a large 

number of complexes of HIV-1 RT with different NNRTIs including details of amino acid 

arrangements in and around the hydrophobic NNRTI-binding pocket as well as the amino acid 

interactions at the interface between the p66 and p51 subunits (Ding et al., 1995a; Esnouf et 

al., 1995; Hopkins et al., 1996; Kohlstaedt et al., 1992; Ren et al., 1995). The energetics of 

dimerisation have also been computationally studied and the contributions of individual 
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residues to the surface area that is buried upon dimer association have been dissected 

(Rodriguez-Barrios et al., 2001). The segment from I135 to P140 in p51, which is part of the 

β7−β8 loop and essential for the catalytic activity of the p66 subunit (Pandey et al., 2002; 

Pandey et al., 2001), has been identified as a “hot spot” of binding energy (Rodriguez-Barrios 

et al., 2001) (Fig. 5.7). Of these amino acids, N136 is the most buried (Rodriguez-Barrios et 

al., 2001) and engages its side-chain carboxamide group in two hydrogen bonds to the 

backbone of H96 in the p66 subunit (Fig. 5.8). Interestingly, N136 and also N137 are highly 

conserved among all known lentiviral RTs (Table 5.1), and our site-directed mutagenesis 

studies now reveal that none of the mutant N136 and N137 RT enzymes shows significant 

catalytic RT activity except for the N137H. The marginal RNA-dependent DNA polymerase 

activity of HIV-1 RT ranged between 0.08 and 64% of control (wild-type) depending on the 

nature of the amino acid replacing the asparagine at position 136 or 137. It is noteworthy that 

the N136T and N136S and N137S and N137H RT mutants, which were endowed with the 

highest catalytic activity among all HIV-1 RT mutants tested in this study, are the most 

prevalent mutant enzymes found in HIV-1-infected patients treated with NNRTIs, with a 

prevalence of <1% (Table 5.2). However, it should be mentioned that these mutations at 

amino acid position 136 or 137 are not the sole amino acid mutations present in the RT of 

these drug-treated HIV-1-infected individuals, but are accompanied by several other amino 

acid changes that may affect not only drug resistance but also fitness (by increasing replication 

competence) of these mutant virus strains. N136 and N137 in the p66 subunit are located in 

the solvent-exposed β7-β8 loop structure markedly distant from both the substrate active site 

and the NNRTI-binding pocket. Instead, N136 and N137 in the p51 subunit are located right 

at the interface between p66 and p51, and contribute to the formation of the base of the 

NNRTI pocket (Fig. 5.1). Therefore, it is obvious that the heavily compromised catalytic 

activity of the N136- and N137-mutated HIV-1 RT is predominantly due to the effect of the 

mutated amino acid in the p51 subunit rather than in the p66 unit. Indeed, when the N136T 

mutation was solely introduced in the p66 subunit, the RdDp activity was substantially 

restored (71% of wild-type) whereas the mutation solely in p51 resulted in only 8% of wild-

type RT activity. It is unclear, however, why the catalytic competence of the mutant p66 

N136T/p51 enzyme remained lower than that of wild-type RT. 



  ROLE OF AMINO ACIDS IN THE β7-β8-LOOP 

 145 

-20

-15

-10

-5

0

5

Ser 134 Ile 135 Asn 136 Asn 137 Glu 138 Thr 139 Pro 140 Gly  141 Ile 142 Arg 143

En
er

gy
 (K

ca
l/m

ol)

electrostatic vdW
 

Figure 5.7 Van der Waals (hatched) and electrostatic (blanc) contributions of the residues 

making up the tip of the p51 β7-β8 loop to the dimerisation energy of HIV-1 RT (Rodriguez-

Barrios et al., 2001). 

 

The observed effect of the mutated amino acid at position 136 and 137 in p51 of the 

HIV-1 RT on the catalytic activity is in full agreement with the findings of Pandey et al., 

(2001) who demonstrated that the β7-β8 loop of p51 is a key structural element for RT 

dimerisation, and also that duplication of the six amino acids from the β7-β8 loop in p51, but 

not in p66, results in a substantial loss of both DNA binding and catalytic efficiency (Pandey 

et al., 2002). It is thus clear that N136 and N137 in HIV-1 RT must fulfil a crucial structural 

function in the p51 β7-β8 loop to preserve the catalytic activity of the heterodimer. The 

observed decreased affinity of the (mutant) enzymes for the template/primer (the lower the 

catalytic activity of the mutant RT, the higher the Km for the template/primer), and the further 

decreased apparent affinity for the template/primer in the presence of urea is in full agreement 

with the requirement of an intact β7-β8 loop of p51 for loading the p66 subunit on the 

template primer (Harris et al., 1998). 

There are three major contact areas between the p66 and the p51 subunits of RT 

(Becerra et al., 1991; Wang et al., 1994). The most intensively studied interface area between 

p66 and p51 is the tryptophan-rich amino acid stretch in the connection subdomain of both RT 

subunits consisting of six tryptophan residues at codons 398, 401, 402, 406, 410, and 414. 

These amino acids are also highly conserved amongst all primate lentiviral RTs. Mutagenesis 

studies at these amino acid locations revealed an important role in RT dimerisation 

(Tachedjian et al., 2003). Interestingly, the effect of these amino acids on dimerisation proved 

to be mediated mainly through the p66 subunit. Thus, mutations at W401 and W414 in p66 
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resulted in a complete lack of RT activity. Such mutations impaired RT subunit dimerisation 

by altering the proper positioning of these structural elements against those residues in p51, 

which make important contacts with p66. A second stretch suggested to be involved in 

dimerisation contains a leucine hepta-repeat motif (L282-L310) (Baillon et al., 1991). Goel et 

al. (1993) demonstrated that mutant L289K p66 was unable to dimerise with (either mutant 

L289K or wild-type) p51 but not vice versa (dimerisation of wild-type p66 with mutant p51) 

suggesting a critical role for the leucine repeat motif of p66 (but not of p51) in heterodimeric 

formation. From the crystallographic analyses of HIV-1 RT both in the apo form and in 

complex with inhibitors, it is apparent that N136 and N137 are located in the middle of the 

third major contact area at the interface between p66 and p51. Likewise, we believe that N136 

and N137 in the β7-β8 loop of HIV-1 RT p51 may also fulfil a function in p66/p51 

dimerisation comparable to that of the tryptophans in the 398-414 amino acid stretch of p66 

and that of L289 in the leucine hepta-repeat stretch of p66. Indeed, it was found by FPLC size 

exclusion chromatography that, after mixing equal amounts of p66 and p51 subunits, mutant 

N136T and N136Y RT consisted of markedly less intact p66/p51 heterodimer and much more 

free p66 and p51 subunits than wild-type after 24 hrs (Fig. 5.5). In this respect, the mutant 

N136Y RT enzyme, which also showed the lowest catalytic activity (0.08% of wild-type), 

contained the highest amounts of monomeric p66 and p51. The N136T RT enzyme (catalytic 

activity: 2.1% of wild-type) contained lower amounts of monomeric p66 and p51 than the 

N136Y RT whereas the wild-type RT contained virtually no free monomer. These 

observations are strongly suggestive for a less optimal binding of the p66 and p51 subunits in 

the mutated enzymes than in the wild-type RT. This disturbed binding efficiency between p66 

and p51 can be related to the structural changes the mutations at N136 afford on RT (increased 

amount of α helices and less random coil according to CD analysis of the mutant RT enzymes) 

(Fig. 5.6 and Table 5.5). The pronounced effect of the N136 mutation on the RT p66/p51 

interface also has a clear effect on the efficiency of DNA binding, since the Km of the mutant 

enzymes for template/primer is higher than the Km for wild-type enzyme. This observation is 

in full agreement with the instrumental role of the p51 subunit in the loading of DNA onto the 

heterodimeric enzyme. 
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Figure 5.8 Inverse correlation between the catalytic DNA polymerase activity of the mutant 

N137X RT enzymes and their resistance to the inhibitory activity of the NRTI ddGTP.  
Poly(rC).oligo(dG) was used as the template primer and [3H]dGTP as the radiolabeled substrate. 

 

When mutant N136 and N137 RT enzymes were exposed to a variety of urea 

concentrations, we found that the lower the catalytic activity of the mutant enzymes, the more 

easily they were denatured by urea. In fact, a very close correlation was found between the 

catalytic activity of the mutant RT enzymes and the mid-point concentration of urea at which 

the enzyme activity was reduced by 50% (Fig. 5.4). Such a phenomenon was not observed 

when HIV-1 RT enzymes mutated at other subdomain areas [i.e. at Y318 that is located near 

the thumb domain of RT and also results in compromised catalytic activity when mutated 

(Pelemans et al., 1998)] were exposed to urea. These findings may also point to a less tight 

association between both RT subunits at the dimerisation interface in the mutant N136 or 

N137 enzymes and, again, to the crucial role of this highly conserved N136 at this location in 

p51 for maintaining two hydrogen bonds with the main chain of H96 of p66 thus ensuring 

tight subunit association (Fig. 5.9). Indeed, Sluis-Cremer and co-workers reported that in the 

presence of relatively low urea concentrations (<2 M), loss of RT activity is a direct result of 

dissociation of the heterodimeric RT and not a result of a conformational change in protein 

secondary structure (Sluis-Cremer et al., 2002). Their studies also implied that no significant 

structural changes (or unfolding events) are associated with the dissociation of the RT 

heterodimer subunits at the urea concentrations used in our studies. Similar findings on the 

effect of low concentrations of urea on heterodimerisation of RT were reported earlier 

(Menendez-Arias et al., 2001). 
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Figure 5.9 Detail of the HIV-1 RT subunit interface showing the hydrogen bonding 

interaction of the side chain of N136 in p51 (pink) with the backbone of His96 in p66 (dark 

cyan). Generated using ViewerLite 5.0 software (Accelrys Inc.; http://www.accelrys.com) 

 

 When several NNRTIs and the NRTI ddGTP were evaluated for their inhibitory 

activity against the mutant N136 RT enzymes, the first-generation NNRTI compounds (i.e. 

nevirapine, delavirdine) lost in the majority of cases their inhibitory activity to a variable 

extent depending on the nature of both the amino acid mutation and the evaluated drug. 

However, the second generation NNRTIs (i.e. efavirenz, quinoxaline) kept a marked 

inhibitory potential against the mutant enzymes irrespective of the nature of the mutation at 

amino acid 136. Since the p51 subunit has been shown to be instrumental in loading the p66 

subunit onto the template/primer (Harris et al., 1998), disturbance of the p66/p51 dimerisation 

interface by the N136 RT mutations may also indirectly affect both the substrate active site 

and the NNRTI-specific binding pocket. This may explain the varying degrees of 

sensitivity/resistance of the variety of NNRTIs. Interestingly, as already mentioned earlier, the 

very potent efavirenz, which is known to enhance RT dimerisation (Tachedjian and Goff, 

2003; Tachedjian et al., 2001), and also the quinoxaline derivative GW420867X, retain 

pronounced inhibitory activity against all N136-mutated RT enzymes. Therefore, the impact 

of a mutation at N136 in the p51 of the HIV-1 p66/p51 RT heteroduplex on the sensitivity of 

the mutant enzymes to second-generation NNRTIs seems to be relatively minor. Also various 

degrees of resistance towards ddGTP were observed for the mutant N136 RTs but especially 

for the mutant N137 RT enzymes, which also revealed resistance, although to a lesser extent, 

towards d4TTP and PFA. Such dramatic change in the sensitivity of HIV-1 RT to NRTIs and 

PFA upon mutations in the neighbourhood of the distant NNRTI pocket has, to the best of our 
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knowledge, never been observed before. In fact, we observed a close inverse correlation 

between the catalytic efficiency of the mutant enzymes on the one hand, and their degree of 

resistance to the inhibitory activity of the substrate analogue ddGTP (Fig. 5.8) and d4TTP on 

the other (r = 0.77 and 0.58, respectively). Indeed, if the substrate active site has been 

compromised by the N137 (or N136) mutations in p51, it is not unlikely that also the 

efficiency of binding of ddGTP (and other NRTIs such as d4TTP) to the active site is affected.  

Thus, by identifying the importance of N136 and N137 for enzyme structure and 

functionality, our study now suggests that designing N136 and N137 mimetics, possibly 

possessing a similar carboxamide group, might become a novel strategy to develop drugs that 

interfere with the β7-β8 dimerisation interface. Another unexplored possibility, given the 

relative proximity of N136 and N137 to the NNRTI binding pocket, would be to rationally 

design modifications of existing NNRTIs to additionally target this highly conserved amino 

acid in the p51 subunit to improve their resistance profile and suppressive effect on wild-type 

HIV-1 strains. 

 In conclusion, N136 and N137 represent highly conserved amino acids among all 

known lentivirus RTs whose role in HIV-1 RT are shown here to be severely compromised 

upon mutation to other amino acids. Natural mutations at this amino acid site of RT will lead 

to a virtually inactive enzyme (and thus poorly replicating virus, if viable at all) that 

nevertheless will still be sensitive to several second-generation NNRTIs including the 

clinically used efavirenz. Therefore, it is very unlikely that mutations at position 136 or 137 in 

HIV RT will appear under selective pressure of these drugs, because they will markedly 

suppress viability of the mutant virus by heavily compromising subunit dimerisation due to 

the structurally changed interface. N136 and N137 could therefore become attractive targets 

for the design of novel NNRTIs with improved potency and increased ability to suppress virus 

drug resistance development. Such drugs would represent a completely new family of 

compounds aimed at disrupting RT subunit dimerisation by targeting a previously unexplored 

interface region. In addition, short peptides or peptidomimetics should be designed to interact 

with the β7-β8 loop in p51 to compromise efficient RT dimerisation of the enzyme. 
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Figure 5.10 Detail of the HIV-1 RT subunit interface showing as sticks the side chains of 

N137 and P140 in the β7-β8 loop of p51 (pink ribbon) and of P95 in the p66 subunit (cyan 

ribbon). Generated using ViewerLite 5.0 software (Accelrys Inc.; http://www.accelrys.com) 
Carbon atoms of the DNA template:primer are colored grey whereas those of the incoming nucleotide 

triphosphate are colored yellow. Residues Y181, Y188 and W229 making up the NNRTI binding pocket and the 

catalytic D110, D185 and D186 are shown as thick and thin sticks, respectively. 
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SUMMARY 
 

The coumarins represent a unique class of non-nucleoside reverse transcriptase 

inhibitors (NNRTIs) that were isolated from tropical plants. (+)-Calanolide A, the most potent 

compound of this class selects for the T139I resistance mutation in HIV-1 reverse 

transcriptase (RT). Seven RTs mutated at amino acid position 139 (A, K, Y, D, I, S and Q) 

were constructed by site-directed mutagenesis. The mutant T139Q enzyme retained full 

catalytic activity compared to wild-type RT, while the mutant T139I, T139S and T139A RTs 

retained only 85% to 50% of the activity. Mutant T139K, T139D and T139Y RTs had 

seriously impaired catalytic activities. (+)-Calanolide A lost inhibitory activity (up to 20-fold) 

against the mutant T139Y, T139Q, T139K and T139I enzymes. All mutant enzymes retained 

marked susceptibility towards the other NNRTIs including nevirapine, delavirdine, efavirenz, 

the thiocarboxanilide UC-781, the quinoxaline GW867420X and the TSAO derivatives, and 

the nucleotide inhibitor ddGTP. The fact that the T139I RT (i) proved resistant to (+)-

calanolide A, (ii) represents a catalytically efficient enzyme, and (iii) requires only a single 

transition point mutation (ACA →ATA) in codon 139 appears to explain why mutant T139I 

RT virus strains, but not virus strains containing other amino acid changes at this position, 

predominantly emerge in cell cultures under (+)-calanolide A pressure. Our studies also 

revealed that the T139 amino acid in HIV-1 RT would not be an appropriate target for novel 

or modified NNRTIs to increase the potency or to attenuate the drug resistance profile. 

 

INTRODUCTION 

 
Polycyclic coumarins, originally isolated as natural products from several plants of the 

genus Calophyllum, have been demonstrated to be active against HIV-1 (for a review, see Yu 

et al., 2003). (+)-Calanolide A, the most potent compound of this series has been evaluated in 

antiviral activity studies against NNRTI-resistant HIV-1 strains and related mutated RTs 

(Buckheit et al., 1999; Quan et al., 1999). Also, detailed enzyme kinetic studies on RT-

inhibition by (+)-calanolide A have been performed. Unlike NNRTIs, which non-

competitively inhibit RT with respect of the substrate and template/primer, (+)-calanolide A is 

at least partly competitive with respect to dNTP binding (Currens et al., 1996b). These 

findings suggest that (+)-calanolide A most likely interacts with RT in a manner that is 

mechanistically different from that of other NNRTIs described earlier. In this respect, (+)-
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calanolide A may represent a unique class of HIV-1-specific NNRTIs. Despite these kinetic 

differences with NNRTIs, (+)-calanolide A, like most NNRTIs, is inactive against HIV-2 

strains or other (retro)viruses (Currens et al., 1996a; Kashman et al., 1992).  

One of the major problems associated with the NNRTIs is the rapid emergence of drug 

resistant virus strains (Balzarini, 1999 and 2004; De Clercq, 1999; Vandamme et al., 1998). 

Indeed, HIV-1 resistance to regular NNRTIs is primarily associated with mutations of amino 

acids that line the lipophilic NNRTI-specific binding pocket (Balzarini, 1999). (+)-Calanolide 

A selects in cell culture for the rather unusual T139I mutation in the HIV-1 RT (Buckheit et 

al., 1999). The mutant T139I HIV-1 strains are resistant to (+)-calanolide A but retain marked 

sensitivity to many other NNRTIs as well as several nucleoside RT inhibitors (NRTIs) 

(Buckheit et al., 1999). The T139 amino acid is part of the so-called β7-β8 loop, which 

comprises a six amino acid-motif denoted as SINNET. Whereas this loop is exposed to the 

solvent in the p66 subunit, the equivalent loop in p51 is snugly lodged into a cleft on the 

surface of the p66 subunit (Kohlstaedt et al., 1992). In fact, this loop, which is close to both 

the putative entrance to the NNRTI binding pocket and the active site (Fig 6.4), is essential for 

the catalytic function of the p66 subunit as it is required to form a stable heterodimeric 

enzyme (Pandey et al., 2001 and 2002). It is also worth mentioning that resistance to the 

TSAO class of NNRTIs is achieved through mutation of E138 to lysine in the p51 β7–β8 loop 

(Balzarini et al., 1993a and 1993b). Due to the close proximity of T139 and E138 in HIV-1 

RT, it is plausible that both (+)-calanolide A and TSAO derivatives share a similar site and/or 

mode of interaction with HIV-1 RT. Extending this analogy, (+)-calanolide A-resistance must 

arise from the T139I mutation taking place in the p51 subunit rather than in the p66 subunit. 

This is in sharp contrast with the vast majority of mutations in the NNRTI-binding pocket 

conferring resistance to other NNRTIs, which are due to substitutions occurring in the p66 

subunit rather than in the p51 subunit. Recent reports on the mechanism of TSAO-resistance 

and structural modelling have suggested an influence of TSAO on RT dimerisation, which 

places this compound in a unique position amongst the NNRTIs (Rodriguez-Barrios et al., 

2001; Sluis-Cremer et al., 2000).  

In this study we constructed seven different recombinant RT enzymes bearing a 

mutation at position 139 of RT and determined their catalytic activity as well as their 

resistance profiles against a variety of NNRTIs including (+)-calanolide A and TSAO. The 

data obtained provide a rationale for the finding that it is the T139I mutation and not any other 

substitution at position 139 of HIV-1 RT that emerges under (+)-calanolide A pressure in cell 

culture. 
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MATERIALS AND METHODS 
 

Compounds 

All compounds were obtained as previously mentioned in Chapter 5.  

 

Site-directed mutagenesis of HIV-1 reverse transcriptase 

Mutant RT-enzymes containing the T139A, T139Q, T139Y, T139K, T139I, T139S or 

T139D mutations were derived from the RT sequence cloned in pKRT2His (D'Aquila and 

Summers, 1989). Site-directed mutagenesis and confimation by sequencing was performed as 

described in Chapter 2. For all mutants, the mutation was introduced in both p66 and p51 

subunits. Only for the mutant T139I and T139D RT, the mutation was introduced solely in 

p66, solely in p51 or in both p66 and p51 subunits. 

 

Construction of plasmids expressing mutant and wild-type recombinant HIV-1 reverse 

transcriptases 

Recombinant HIV-1 RTs were expressed from a two-plasmid co-expression, 

constructed as described in Chapter 5. 

 

Expression and purification of wild-type and mutant HIV-1 RT 

Expression and purification of recombinant RT were performed as described in 

Chapter 3.  

 

Reverse transcriptase assay 

The assay procedure for measuring the inhibitory effect of the test compounds against 

HIV RT and steady-state kinetic assays were performed as described in Chapter 2.  

 

Stability of wild-type and mutant heterodimer HIV-1 RTs in the presence of urea 

Denaturation curves were determined as described in Chapter 5. 

 

Molecular modeling and structure visualization 

The protein environment around T139 in HIV-1 RT was visualized and pictured using 

the PyMOL molecular graphics program (De Lano, 2004) and the X-ray coordinates of a 

covalently trapped catalytic complex between HIV-1 RT and a DNA template:primer 
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deposited in the Protein Data Bank (PDB, http://www.rcsb.org/PDB/) with code 1RTD 

(Huang et al., 1998).  

 

RESULTS 
 

6.1. RNA-dependent DNA polymerase activities of wild-type and mutant T139X HIV-1 

RTs 

To assess the influence of changes at the amino acid residue T139 on the catalytic 

activity of HIV-1 RT, seven recombinant RTs were constructed by site-directed mutagenesis: 

T139A, T139Q, T139Y, T139K, T139I, T139S and T139D. In this way, the different types of 

amino acid side chains were represented: an aliphatic side chain in alanine, an aromatic side 

chain in tyrosine, a protonated amino group in the positively charged lysine, a carboxylate 

group in the negatively charged aspartic acid, and a polar uncharged group in serine and 

glutamine. The T139I mutation was also introduced because it consistently appears in cell 

culture under (+)-calanolide A selective pressure. The mutations were introduced in both p66 

and p51 subunits of the RT heterodimer, and all mutant recombinant RTs were purified to 

≥98% homogeneity through Ni-NTA- and heparin-containing affinity columns. 

Using poly(rC).oligo(dG) as the template/primer and [8-³H]dGTP as the radiolabeled 

substrate, the RNA-dependent DNA polymerase (RdDp) activitiy was fully retained in the 

T139Q mutant and was reduced by only 15% in the mutant T139I RT compared to wild-type 

(Fig. 6.1). The polymerase activity was reduced by about 50% in the T139S and T139A RT 

mutants and was seriously impaired in the other mutants containing the negatively charged 

139D, the positively charged 139K and the aromatic amino acid mutation 139Y.  

To assess the role of the T139D and T139I mutations when separately located in the 

p66 and the p51 subunits of the RT heterodimer, 4 additional mutant RTs were constructed in 

which the T139D or T139I mutation were introduced in either solely the p66 or solely the p51 

subunit of the heterodimeric RT enzyme. Whereas the mutant RT enzyme in which T139D 

was solely present in the p51 subunit had a catalytic activity that was 21 ± 3% of wild-type 

enzyme, the heterodimeric enzyme at which T139D was solely present in p66 had a catalytic 

activity of 91 ± 3% of the wild-type enzyme. For the T139I mutation solely present in the p51 

subunit the catalytic activity was 59 ± 1% of wild-type while the presence of this mutation in 

the p66 alone was 89 ± 3% of wild-type. Thus, the exclusive presence of the T139D or T139I 

mutation in the p51 subunit of the RT heterodimer had a much more deleterious effect on the 
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catalytic activity of the mutant enzyme than when these mutations were solely present in the 

p66 subunit of the RT heterodimer. 
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Figure 6.1 Catalytic RNA dependent DNA polymerase activity of mutant T139X HIV-1 RT 

enzymes. 

 

6.2. Inhibitory activities of NNRTIs and ddGTP against wild-type and mutant T139X 

HIV-1 RTs 

The mutant T139Q/I/S/A/K/D/Y RT enzymes were evaluated for their sensitivity to 

the inhibitory activity of a variety of NNRTIs and the NRTI ddGTP (Table 6.1). Among all 

NNRTIs evaluated, (+)-calanolide A showed the most pronounced loss of inhibitory potential 

against the mutated enzymes. Indeed, the mutant T139K (20-fold), T139I (8-fold), T139Y (6-

fold) and T139Q (6-fold) HIV-1 RT enzymes displayed marked resistance towards (+)-

calanolide A compared with wild-type enzyme.  

The RT enzyme bearing the T139K mutation was 4-fold less susceptible to the 

inhibitory activity of the TSAO derivatives TSAO-T and TSAO-m³T. In contrast, most mutant 

enzymes gained significant sensitivity toward the second-generation NNRTIs such as 

thiocarboxanilide UC-781 and efavirenz. This was most noticeable for the mutant T139A and 

T139D RTs (up to 5- to 10-fold and 3- to 4-fold increases in sensitivity for UC-781 and 

efavirenz, respectively). The greater susceptibility of most mutant T139 enzymes to UC781 

and efavirenz was not a general property of second-generation NNRTIs since the quinoxaline 

GW420867X kept a virtually similar inhibitory potential against each of the mutant RTs. As 

already observed for UC-781 and efavirenz, the mutated T139D RT enzyme was 5-fold more 
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sensitive toward the inhibitory activity of the first-generation NNRTI nevirapine (Table 6.2). 

Surprisingly, ddGTP showed a markedly decreased inhibitory activity (~7-fold) against 

several mutant RTs, in particular T139Y and T139D RT. 

When (+)-calanolide A was evaluated for its inhibitory activity against the HIV-1 RT 

heterodimers that contained the T139I or T139D mutation solely in either the p66 or the p51 

subunit, marked resistance of mutant T139I RT towards (+)-calanolide A is only evident when 

the T139I mutation is solely introduced in the p51 subunit (Fig. 6.3). Thus the resistance 

against (+)-calanolide A is clearly originating from the amino acid mutation in the p51 subunit 

and not in the p66 subunit of the heterodimer. 

 

6.3. Kinetic analysis of wild-type and mutant T139I HIV-1 RTs.  

Kinetic analysis of the wild-type and mutant T139I RTs was performed with the 

substrate dGTP or the template/primer poly(rC)·oligo(dG) as variables. The kinetic parameters 

are summarized in Table 6.1. When dGTP or the template/primer poly(rC)·oligo(dG) was used 

as the variable substrate, no marked differences in Km were noted between wild-type and 

mutant T139I enzyme. The catalytic efficiency of the mutant enzyme (kcat/Km) was very 

comparable between the mutant T139I and wild-type enzyme, indicating that the T139I 

mutation has no marked influence on the positioning of the template/primer or the substrate in 

an optimal position to allow efficient catalysis.  

 

Table 6.1 Kinetic analysis of wild-type and mutant T139I RT enzymes  

Variable substrate or 

template/primer 

Kinetic 

parameters 

Reverse transcriptase 

  Wild-type T139I 

dGTP Km
 a 0.50 ± 0.05 0.8 ± 0.2 

 kcat
 b 0.015 ± 0.004 0.014 ± 0.001 

 kcat/Km
c 0.03 0.018 

poly(rC).oligo(dG) Km
  0.25 ± 0.08 0.5 ± 0.2 

 kcat
  0.15 ± 0.01 0.17 ± 0.04 

 kcat/Km 0.6 0.34 
a Km is in µM; b kcat is in s-1; c kcat/Km

 is in µM-1s-1; The data are means (± S.D.) of at least two to three independent 

experiments. 
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Figure 6.2 Inhibitory activity of (+)-calanolide A against the catalytic activity of wild-type 

and mutant HIV-1 RT enzymes that contain the T139I or T139D mutation solely in the p66, 

solely in the p51 or both in the p66 and p51 subunits. 

 
6.4. Effects of urea on wild-type and mutant T139I and T139D HIV-1 RT activity 

Wild-type and mutant T139I and T139D RTs were exposed to a variety of urea 

concentrations and their catalytic activity was determined (Fig. 6.3). For the wild-type 

enzyme, the polymerase activity gradually decreased in the presence of increasing 

concentrations of urea. A urea concentration as high as 0.5 M decreased the catalytic activity 

of wild-type RT by 20% (residual activity ~80%), while 2.0 M urea decreased its catalytic 

activity to less than 10%. Half of the wild-type RT catalytic activity was retained at ~0.75 M 

urea (i.e., the urea-IC50). When the mutant T139I and T139D RT enzymes were exposed to 

similar concentrations of urea, the enzymes showed increased sensitivity toward the 

denaturing effect of urea compared with wild-type RT. Indeed, whereas the urea-IC50 shifted 

from 0.75 M to 0.55 M for the mutant T139I RT, the urea IC50 was further decreased to 0.40 

M for the mutant T139D RT enzyme (Fig. 6.3). A similar increased sensitivity to urea was 

observed for mutant T139D RT when the T139D mutation was solely introduced in the p51 

subunit (urea-IC50= 0.60 M), whereas the sensitivity to urea was not increased (urea-IC50= 

0.95 M) when the T139D mutation was solely introduced in the p66 subunit (data not shown). 
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There was a close correlation between the catalytic activity of the mutant T139D RT with 

mutation in both subunits, p66 solely and p51 solely and the urea concentration required to 

decrease RT activity by 50%. The r-value of the regression line was as high as 0.995 (data not 

shown). 

 

6.5. Structural context of amino acid 139 in HIV-1 RT 

The protein stretch ranging from I135 to T139 makes up the tip of the so-called β7–β8 

loop that is present in both p66 and p51 subunits. An important difference, however, is that in 

p66 this loop is exposed to the solvent whereas in p51 it lies close to the dimerisation interface 

(Fig. 6.4). The importance of the structural support imparted by the β7–β8 loop is 

demonstrated by the severe impairment of the polymerase function of the heterodimeric RT 

enzyme upon deletion or alanine substitution of amino acids 136-139 (Pandey et al, 2001) and, 

more specifically, by the dramatic changes in activity taking place upon mutation of T139 

(Fig. 6.1). In the absence of direct experimental structural evidence, we would suggest that the 

presence of K, D or Y at this position is incompatible with the required loop conformation that 

is necessary for tight interaction with the p66 subunit and essential for catalytic activity. On 

the other hand, this conformation should virtually remain intact in the case of T139→Q and 

T139→I substitutions, and only slightly be perturbed in the case of T139→A or T139→S 

mutations. 
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Figure 6.3 Effect of urea on the catalytic activity of mutant T139I, T139D and wild-type 

HIV-1 RTs. 

 



CHAPTER VI   

 164

DISCUSSION 

 
(+)-Calanolide A possesses antiviral properties characteristically ascribed to NNRTIs 

(i.e., selectivity for HIV-1, but not HIV-2 strains and rapid selection of drug-resistant virus 

strains containing NNRTI-characteristic mutations in RT). Interestingly, (+)-calanolide A 

exhibits a 10-fold enhanced activity against certain drug-resistant viruses that bear the most 

prevalent NNRTI resistance mutations such as the Y181C mutation (Buckheit et al., 1999). 

(+)-Calanolide A-resistant virus strains may carry, besides T139I, also L100I, Y188H, L187F 

and N348K mutations in the RT (Buckheit et al., 1999; Currens et al., 1996a). Among these 

mutations, the single amino acid substitution T139I proved of major importance for the 

resistance against (+)-calanolide A and the effect of this mutation on drug resistance is 

engendered from its presence in the p51 subunit (Boyer et al., 1994). This p51 subunit 

dependence was also proven by the fact that resistance towards (+)-calanolide A was found in 

the mutant RT with a wild-type p66 and a mutant T139I p51 subunit and not vice versa. 

However, the occurrence of additional amino acid changes besides the T139I mutation in the 

RT of the selected virus strains must explain the pronounced resistance to (+)-calanolide A, 

since the single amino acid T139I mutation confers a relatively low level of resistance to this 

drug (up to 20-fold).  

To the best of our knowledge, no detailed site-directed mutagenesis studies of the RT 

enzyme at this amino acid position have ever been performed to assess the impact of the 

different mutations on (+)-calanolide A sensitivity, RT catalytic activity and the structural 

dynamics of HIV-1 RT. Moreover, the proximity of T139 to E138, the amino acid that is 

important for binding of TSAO derivatives to HIV-1 RT (Camarasa et al., 2004), also 

suggests that the binding sites for (+)-calanolide A and TSAO in HIV-1 RT could be in close 

proximity to each other or even overlapping. E138 is one of the amino acid residues located 

near the putative entrance to the well-defined NNRTI binding pocket (Esnouf et al., 1997). 

Although (+)-calanolide A is structurally quite distinct from TSAO it is not unfeasible that the 

predominant interaction of (+)-calanolide A with HIV-1 RT occurs with the β7-β8 loop 

located in the p51 RT subunit of RT. However, attempts to dock this drug in this region failed 

to provide a unique and distinctive binding mode (data not shown). This β7-β8 loop is 

important for heterodimerisation of the RT enzyme as shown earlier for the TSAO interaction 

with E138 of the β7-β8 loop (Pandey et al., 2001 and 2002; Rodriguez-Barrios et al., 2001). 

As found for TSAO-derivatives, (+)-calanolide A can perhaps also enhance RT heterodimer 
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dissociation, a feature that has previously not been observed for other types of NNRTIs (Sluis-

Cremer et al., 2000).  

The T139I mutation that appears under (+)-calanolide A selection, is indeed located in 

the β7-β8 loop of p51 (Fig. 6.4) that is of crucial importance for efficient dimerisation of both 

subunits. In agreement with the experimental data, molecular modelling of TSAO-m³T 

binding to this loop in wild-type RT suggests that the observed destabilisation of the 

heterodimeric RT may result from structural and conformational perturbations at the RT 

subunit interface (Rodriguez-Barrios et al., 2001; Sluis-Cremer et al., 2000). Likewise, 

mutations at the 139 position of the HIV-1 RT may destabilize the p66/p51 heterodimer in a 

similar way thus diminishing the catalytic activity of the enzyme as previously described for 

some amino acid mutations at position 138 (Pelemans et al., 2001) and recently also at 

position 136 and 137 (see Chapter 5) of HIV-1 RT. Indeed, a seriously compromised RT 

activity was observed for several amino acid mutations at position 139, especially for the 

lysine and aspartic acid residues, which resulted also in a higher susceptibility of the mutated 

RT to the inactivating (denaturating) action of urea (Fig. 6.3). It may therefore be 

hypothesized that certain mutations at position 139 such as K or D compromise the optimal 

conformation at the p66/p51 heterodimer interface, resulting in a decreased catalytic activity 

and easier separation of both subunits in the presence of urea.  

Although T139 is rather conserved in wild-type HIV-1 strains, Ceccherini-Silberstein 

and coworkers (2004) found that 3.7% of drug-treated HIV-1-infected patients were bearing 

mutations at position 139 (see also Table 5.2). These amino acid mutations appeared to be A, 

R, K, M, S, V, I and P. Absence of the aspartic acid and the tyrosine mutations at position 139 

in NNRTI-treated patients is in agreement with our site-directed mutagenesis observations, 

since viruses with highly impaired enzymes, such as the mutant T139D RT (2.5% of wild-type 

activity) and the mutant T139Y RT (0.6% of wild-type activity), would likely not be viable in 

cell culture and/or patients.  

A mutation at position 139 to either Q, I, K or Y would result in 6- to 20-fold 

resistance to this compound at the enzymatic level while the influence of the mutations Q, I, K 

or Y on the resistance/sensitivity of RT to other NNRTIs or NRTIs are very minor (Table 6.2). 

Therefore, these amino acid mutations can be theoretically expected to appear under (+)-

calanolide A pressure. However, a T to I conversion can emerge by a single transition point 

mutation (ACA→ATA), whereas double transversion point mutations (ACA→CAA) are 

required for the T to Q conversion, and even triple transversion point mutations (ACA→TAT)  
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Figure 6.4 Left. Schematic representation of the dimeric structure of HIV-1 RT in complex 

with a DNA template/primer generated by PyMOL Molecular Graphics System.  
The protein Cα trace of each subunit is shown as a ribbon, colored pink for p66 and cyan for p51, whereas the 

DNA molecule (C atoms in grey) and the incoming deoxythymidine triphosphate nucleotide (C atoms in green) 

are displayed as sticks. The Mg2+ ions at the active site are shown as yellow spheres.  
Right. Enlarged view of the framed area shown on the left providing detail of the location of 

the β7–β8 loop of p51 at the subunit interface which includes T139  
(side chain as sticks with C atoms in cyan and the OH oxygen in red). 

 

are needed for the T to Y conversion. Therefore, a T139I RT mutation would be more likely to 

appear than the T139Q or T139Y mutations in HIV-1 RT. Moreover, the (+)-calanolide A-

resistant T139K RT (which can also arise from a single point mutation) and mutant T139Y RT 

have a much lower catalytic activity than the mutant T139I RT enzyme. Thus, our site-

directed mutagenesis and kinetic analysis of mutated T139X RTs makes it obvious why the 

T139I mutation must preferentially occur under (+)-calanolide A pressure in cell culture. 

In a previous study using the Y2H RT dimerisation assay (+)-calanolide A had no 

detectable effect on RT dimerisation (Tachedjian and Goff, 2003; Tachedjian et al., 2001). 

However, failure of an effect of (+)-calanolide A on RT dimerisation can be explained by lack 

of entry of this compound in the yeast cells. Because the kinetic studies with (+)-calanolide A 

may suggest more than one site of interaction with the HIV-1 RT (Currens et al., 1996b) it 

would be very interesting to evaluate (+)-calanolide A in other p66-p51 RT dimerisation 

assays. Given the fact that it has been shown that TSAO derivatives affect RT subunit 

dimerisation, the appearance of the T139I resistance mutation under (+)-calanolide A 
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pressure, which is in close proximity to the TSAO binding amino acid E138, supports this 

view. In addition, the fact that the mutant T139D and T139I RT enzymes have increased 

sensitivity towards the denaturation activity of urea is also supportive of a role for T139 in the 

stabilization of the HIV-1 RT heterodimer. In addition, the lower catalytic efficiency that was 

observed for the mutant T139I enzyme can also be explained by ensuing 

structural/conformational differences at the dimerisation interface that critically affect proper 

positioning of the primer/template and/or the orientation of the incoming substrate molecules 

(i.e. dGTP). Additional support to this hypothesis is provided by the markedly decreased 

inhibitory activity of the NRTI ddGTP against some of the T139X mutants (Table 6.2).  

The observed hypersensitivity (up to 20-fold) towards the thiocarboxanilide UC-781 

(and efavirenz) for the majority of HIV-1 RT mutants except for T139I is intriguing. In 

particular, hypersensitivity of RT to UC-781 as a result of mutations at amino acid position 

139 in RT is rather puzzling because UC-781 makes direct contacts with K101, V106, Y181 

and F227 of p66, but not with the p51 subunit (Balzarini et al., 1998; Ren et al., 2004). One 

possible explanation is that the definite shape that the NNRTI binding pocket adopts when this 

inhibitor is lodged into it can be achieved more easily in the presence of this type of 

mutations. 

In conclusion, among the T139 RT mutants investigated, the mutant T139I RT has the 

highest resistance profile against (+)-calanolide A. It also retains a marked catalytic activity 

(85% of wild-type), which may result in a preferential replication of the mutated T139I RT 

virus in the presence of (+)-calanolide A, compared with the other mutant RT viruses. In 

addition, the single transition point mutation ACA→ATA that is necessary to convert the 

wild-type T139 into the mutant T139I can occur more readily than double or triple 

transversion base changes [that code for Q (102% of wild-type activity) or Y (0.6% of wild-

type activity) respectively]. Thus, these three kinetic properties of the mutant RTs (a 

pronounced catalytic activity of the T139I RT enzyme, a marked degree of resistance of T139I 

RT against (+)-calanolide A, and the requirement of only one (transition) point mutation in the 

139 codon to afford an amino acid substitution may likely explain why the T139I mutation in 

HIV-1 RT consistently and predominantly appears in cell culture under (+)-calanolide A 

pressure. Based on the location of the 139-mutation in the crucial β7-β8 loop of the p51 

subunit in the p66/p51 dimer interface and the more pronounced denaturating effect of urea 

against mutant T139I and T139D versus wild-type RT enzymes, it can be well possible that 

(+)-calanolide A affects dimerisation of the HIV-1 RT heterodimer and thus represents the 

prototype compound of a new class of RT dimerisation inhibitors.   
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The current treatment for HIV-infected patients is based on combination therapies of 

RT and protease (and fusion) inhibitors better known as highly active antiretroviral therapy 

(HAART) (Vandamme et al., 1998b). However, HAART is not always able to completely 

suppress HIV-1 replication, resulting in the emergence and selection of (multi)drug-resistant 

viral variants, with therapy failure a consequence (Vandamme et al., 1998a; De Clercq, 

2004a). Also, toxicity and inconvenience of the present drug regimens force many patients to 

stop or change treatment or to inappropriately take their drugs. Therefore, new and better 

drugs targeted at RT or other steps in the viral life cycle are still necessary to ensure sufficient 

options for both first-line and second-line or salvage therapy.  

RT inhibitors play a crucial role in the efficient treatment of HIV-infected individuals, 

such as the NRTIs, the NtRTI tenofovir and the NNRTIs (De Clercq, 2000). Among these 

different drug classes, NNRTIs are very potent and highly selective inhibitors as they interact 

with a molecular site of the HIV-1 RT that does not exist in cellular DNA polymerases and 

that is also absent in the RT of other lentiviruses including HIV-2, FIV and SIV. However, 

their clinical use for anti-AIDS therapy has been limited by the relatively rapid emergence of 

drug-resistant viruses. Currently the FDA has already approved the NNRTIs nevirapine, 

delavirdine and efavirenz, but several other classes of NNRTIs have been discovered and are 

currently under investigation and/or in clinical trials (Balzarini, 2004; De Clercq, 2004b).  

Due to the high specificity of the NNRTIs for HIV-1 RT there is a lack of a useful 

animal model that could account for the numerous clinical trials that are performed today with 

HIV-infected patients. The feline immunodeficiency virus (FIV) is a T-lymphotropic 

lentivirus that is associated with immunodeficiency and opportunistic infections in FIV-

infected cats. FIV is very similar to HIV-1 regarding genomic organization, biologic 

properties and the tendency to evolve as a persistent infection in the natural host. The 

immunodeficiency and (neuro)pathogenesis in FIV-infected cats are remarkably similar to 

AIDS in humans (Bendinelli et al., 1995). Thus, FIV would be a strong candidate to function 

as a relatively small animal model that is not hazardous to humans and that has already been 

used for evaluating NRTIs (such as AZT and PMEA) in the past (North et al., 1989). 

However, FIV is not susceptible for NNRTIs. Therefore, part of our study was aimed to 

investigate the molecular determinants that cause resistance of FIV RT towards NNRTIs. In 

parallel an attempt was made to sensitize FIV RT to NNRTIs by construction of RT chimeras 

to eventually obtain a useful RT enzyme that shows pronounced NNRTI sensitivity and which 

could be used in infections with molecular FIV clones. However, whereas HIV-1 RT could be 

made entirely insensitive to NNRTIs by exchanging one or several amino acid stretches of 
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HIV-1 RT by those of FIV RT, none of the FIV RT chimeras in which one or several amino 

acid stretches of FIV RT were exchanged by those of HIV-1 RT gained susceptibility to 

NNRTIs. Moreover, the majority of chimeric RTs had a strong decreased catalytic efficacy 

while their affinity for their natural substrates was comparable with that of the wild-type HIV-

1 and FIV RTs. Thus, replacing segments or substituting relevant amino acids in FIV RT by 

their HIV-1 RT counterparts did not suffice to make FIV RT sensitive towards NNRTIs and 

was often accompanied by a decrease or even total loss of polymerase activity. This was in 

sharp contrast with the results found for HIV-2 and SIV RT where only a L188Y replacement 

renders them sensitive towards the NNRTIs delavirdine and efavirenz (Isaka et al., 2001) and 

with the results of chimeric HIV-1/HIV-2 RTs that show pronounced sensitivity towards 

several NNRTIs (Hizi et al., 1993; Shih et al., 1991). In an attempt to allow NNRTI-testing in 

the in vivo (i.e., monkey) setting, hybrid SIV strains in which the entire RT gene was replaced 

by the HIV-1 RT gene (designated RT-SHIV) have already been constructed (Balzarini et al., 

1995; Uberla et al., 1995). Later, the importance of mutations at residues Y188 and Y181 in 

SIV and HIV-2 RT in resistance towards NNRTIs was also confirmed with structural data of 

HIV-2 RT (Ren et al., 2002). Intriguingly, FIV RT is an enzyme that possesses the 

corresponding Y181 and Y188 amino acids of HIV-1 RT, but is still completely insensitive to 

NNRTIs. There probably exist significant differences in the structure and/or flexibility in FIV 

RT that may prevent NNRTIs from interacting with the FIV RT and that lead to fatal 

perturbations when amino acid parts are eventually replaced. It can also not be excluded 

whether the entry of NNRTIs to reach their binding pocket in FIV RT is sterically prevented, 

or alternatively whether NNRTIs may efficiently reach their binding pocket but that binding, 

in contrast with HIV-1 RT, does not lead to significant enzyme inhibition. Biacore 

experiments to detect binding of NNRTIs to FIV RT should be conducted to reveal this issue. 

Also, the elucidation of the crystal structure of FIV RT at a high resolution is still highly 

required to gain insight in (the lack of) potential interactions of FIV RT with different 

NNRTIs.  

When we studied the influence of the p51 subunit of FIV RT on the sensitivity of HIV-

1 RT in FIV/HIV-1 RT hybrids towards NNRTIs, construction of enzymatic hybrids with 

exchanged subunits revealed that replacing the p51 subunit has no influence on the 

pronounced sensitivity of HIV-1 RT to any of the analyzed NNRTIs and, vice versa, replacing 

the p51 subunit in FIV RT did not alter the resistance to NNRTIs. In contrast, the constructed 

chimeras had a poor catalytic efficacy that suggested suboptimal interaction between the 

subunits of the different RTs. It would be worthwhile to study the interactions of HIV-1 p66 
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with FIV p51 and FIV p66 with HIV-1 p51 at their interfaces in more detail. We may learn on 

the crucial amino acid areas that are instrumental at the interface of both subunits to keep both 

the structural and functional integrity of the heterodimers. Such insights may help to design 

novel types of dimerisation inhibitors.   

Among the NNRTIs, some members of the PETT derivatives (i.e. PETT-2) have the 

unusual property to show activity towards HIV-2 (Ren et al., 2000). Our studies on resistance 

development of HIV-2 and HIV-1 against another PETT derivative (i.e. MSK-076) revealed 

that MSK-076 inhibited HIV-1 RT in the nanomolar range and HIV-2 RT in the micromolar 

range. Our kinetic analyses of MSK-076 together with data obtained with the PETT-2 

compound (Ren et al., 2000) showed non-competitive inhibition of HIV-2 RT similar to all 

other NNRTI compounds that are exclusively active against HIV-1 RT. This NNRTI-like 

mode of action was also confirmed by our time of drug addition experiments in which it was 

shown that the PETT derivative lost antiviral activity when added to virus-infected cell 

cultures at a time point after the reverse transcription process. However, to distinguish 

between the presence of an equivalent NNRTI-binding site and another allosteric site for 

PETT binding present in the HIV-2 RT, we selected for amino acid mutations in HIV-1 and 

HIV-2 RT under MSK-076 drug pressure. Data from molecular modeling suggested that 

MSK-076 resistance mutations were found in the equivalent NNRTI-binding region of HIV-2 

RT (i.e. A101P) but also distal to the NNRTI-pocket and in close proximity of the active site 

of HIV-2 RT (i.e. G112E). The latter mutation could imply a novel mechanism of drug 

interaction and enzyme inhibition. Our studies together with data from the crystal structure of 

HIV-2 RT revealed that although HIV-2 RT is insensitive to NNRTIs, some compounds still 

could interact with the enzyme and inhibit the catalytic RT activity and virus replication at a 

site that is distinct from, but closely related with the NNRTI-pocket. However, similar to HIV-

1 where treatment with NNRTIs in monotherapy rapidly selects for highly resistant HIV 

strains, treatment of HIV-2-infected cells with the NNRTI MSK-076 also leads rapidly to 

selection of mutations in HIV-2 RT that confer resistance towards the NNRTIs. It would be of 

particular interest to search for additional NNRTIs that inhibit HIV-2 RT. Resistance selection 

and in depth enzyme kinetics allows insights in other binding mechanisms that may lead to the 

development of new classes of NNRTI-like compounds with an altered resistance profile and 

broader virus-specificity than the currently available NNRTIs. 

To circumvent the problem of rapid selection of resistant HIV strains, a combination 

therapy is mostly applied where several inhibitors are administered at the same time and that 

preferentially act at different targets of the viral life cycle. Consequently, the viral load will 



CHAPTER VII   

 176

become reduced to low levels making it more difficult for the virus to produce a variety of 

mutant strains and consequently select for drug-resistant variants. Therefore, a drug for which 

resistance can only be achieved by multiple mutations will be of particular interest. If these 

mutations affect important residues that, upon change, create replication compromised virus 

strains, we believe it might be possible to avoid or at least markedly delay drug-resistance 

development when novel NNRTIs can be directed to such crucial amino acids in the NNRTI-

pocket. An additional advantage might occur when these novel NNRTIs target also, besides 

the known NNRTI-pocket, amino acids that are crucial to maintain the quaternary structure, 

i.e. the heterodimer, of the enzyme. In this respect, TSAO derivatives are one of the 

compound classes that exhibit the property to interact with amino acids on the interface of the 

heterodimer RT (i.e. E138) and disturb the interaction of the p66 and p51 subunits resulting in 

significant loss of enzymatic activity (Rodriguez-Barrios et al., 2001; Sluis-Cremer et al., 

2000). In fact, two such amino acids (i.e. W229 and Y318) lining the NNRTI binding pocket 

and compromising the RT catalytic activity once mutated have already been revealed 

(Pelemans et al., 2000; Pelemans et al., 1998). Bearing this in mind, we searched for 

additional amino acids in the NNRTI binding pocket and/or on the interface of HIV-1 RT that 

are ‘unmutatable’. Several residues, i.e. P95, N136, N137, T139 and P140, were identified 

which are part of, or directly interact with the β7-β8 loop of the p66/p51 interface and also 

form the bottom of the NNRTI-pocket. We mainly focused on the asparagines that are highly 

conserved among the lentiviral RTs and which, to date, have not been observed to mutate in 

NNRTI-exposed HIV-1-infected cell cultures (Ceccherini et al., unpublished). We could 

demonstrate that mutating N136 or N137 to other amino acids results in a severe decrease of 

catalytic activity of the mutated enzyme. Only the N137H, N137S, N137Q and N137A mutant 

enzymes retained substantial DNA polymerase activity. We hypothesized that the decreased 

catalytic activity of most mutant enzymes could be a result of the disturbance of the dimer 

interface. This has been proven by the fact that the mutant enzymes are markedly more 

sensitive to the denaturing effect of urea than wild-type RT. Also the degree of increased urea 

sensitivity was highly correlated with the degree of (lower) catalytic activity of the mutant 

enzymes. Replacing wild-type N136 in HIV-1 RT by other amino acids resulted in notably 

increased amounts of free p51 and p66 monomers in the RT preparation as found by FPLC 

size exclusion chromatography. The dramatic effect on enzyme activity of most N136 and 

N137 mutations suggest an important function and/or structural role of the carboxamide 

function in maintaining interactions with the p66 subunit through p66 H96 in the amino acid 

stretch where also P95 is located. Moreover, data from circular dichroism spectra suggested 
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that some mutations on position 136 in p51 could even have a pronounced effect on the 

tertiary structure of the RT. Interesting is the fact that almost all mutated enzymes kept 

pronounced sensitivity towards second-generation NNRTIs. Therefore, the N136 and N137 

mutations did not significantly increase the drug resistance profile of the virus. It would be 

important to further search for ‘unmutatable’ interaction points of potential drugs with HIV-1 

RT to enable the rational design of new and more efficient anti-HIV drugs. Having the 

information available for W229, Y318 and the β7-β8 loop N136, N137 and surrounding 

amino acids, computer-assisted modelling studies should now be initiated to investigate 

whether existing NNRTIs can be modified in such a way that they efficiently interact with the 

functional groups of the above described amino acids. In addition, short peptides (and in a 

later stage also peptidomimetics) should be designed to interact with the β7-β8 loop in p51 to 

affect efficient dimerisation of the enzyme. Our studies, together with studies on TSAO and 

other compounds such as the N-acyl hydrazones (Sluis-Cremer et al., 2002), revealed that the 

dimer interface might form a novel target site for anti-HIV drugs. 

The coumarines also form a special class of NNRTIs because they are the only anti-

HIV-1 RT drugs that are derived from a natural origin (Kashman et al., 1992) and they select 

for an amino acid mutation also located in the β7-β8 loop structure of p51. (+)-Calanolide A is 

the most active and most studied compound of the coumarines. Inhibition by (+)-calanolide A 

has a mode of action that is still not fully understood but it involves at least two binding sites 

including the pyrophosphate binding site (Currens et al., 1996a and 1996b). As said, they 

select for the rather unusual T139I mutation (Buckheit et al., 2000), which is on the interface 

of the p66/p51 heterodimer and thus (+)-calanolide A may interact with both subunits, a 

mechanism that is similar to the TSAO compounds that have also a binding site at the 

interface in such a way that it makes only partial use of the NNRTI binding pocket 

(Rodriguez-Barrios et al., 2001). Our studies on the T139 amino acid demonstrated that T139I 

recombinant RT was among the most catalytically active mutant recombinant RTs and proved 

also to be one with the highest degree of enzyme resistance against (+)-calanolide A. The 

T139I mutation in HIV-1 RT will eventually result in a fitter replicating virus than other T139 

mutated HIV-1 strains. Although our studies suggested that mutations at position 139 could 

have an influence on dimerisation, these effects are not as pronounced as found for those 

mutations at positions 136 and 137. We revealed that targeting T139 in p51 of HIV-1 RT 

should not necessarily lead to new drugs with better drug-resistance profile or a compromised 

catalytic activity. 
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In conclusion, much has still to be learned with regard to drug interaction on the one 

hand and the role of several amino acids to keep the structural and functional integrity of 

lentiviral RTs on the other hand. Design of new drugs based on the increased molecular 

insights of drug interaction and enzyme structure more and more becomes successful and 

helpful to optimize drug therapy of HIV-1-infected individuals. Our studies have contributed 

to gaining better insights in the interplay between drugs and the RT enzyme. 
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