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2. List of Abbreviations 

 

AIDS  Acquired Immune Deficiency Syndrome 

bp  Base Pairs 

ß-Gal  ß-Galactosidase 

BSA  Bovine Serum Albumin 

CD  Cluster Designation 

°C  Degree Celsius 

DC  Deep cavity 

dATP  Deoxyadenosine Triphosphate 

dCTP  Deoxycytidine Triphosphate 

dGTP  Deoxyguanosine Triphosphate 

dTTP  Deoxythymidine Triphosphate 

DMEM Dulbecco’s Modified Eagle Medium 

DMSO  Dimethyl Sulfoxide 

DTT  Dithiothreitol 

DNA  Deoxyribonucleic acid 

dNTP  Deoxynucleotide Triphosphate  

ds  Double strand 

E. coli  Escherichia coli  

EDTA  Ethylenediaminetetraacetic Acid 

ELISA  Enzyme-Linked Immunosorbent Assay 

Env  Envelope 

FCS  Fetal Calf Serum 

Fig  Figure 

g  Gram 

Gag  Group Specific Antigen 

GFP  Green Fluorescent Protein 

Gp  Glycoprotein 

HBS  HEPES Buffered Saline 

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid  

HIV  Human Immunodeficiency Virus 

HP  Hydrophobic pocket 
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HR-1  Heptad Repeat-1 

HR-2  Heptad Repeat-2 

HRP  Horse Radish Peroxidase 

IC50  Inhibitory Concentration 50 

IL  Interleukin 

kb  Kilobase 

kg  Kilogram 

kd  Kilodalton 

L  Liter 

LB medium Luria Bertani medium 

L-Glu  L-Glutamine 

LTR  Long Terminal Repeat 

m  milli (10-3) 

µ  micro (10-6) 

M  Molarity (mol/l) 

MA  Matrix 

Min  Minute 

MIP  Macrophage Inflammatory Protein 

n  nano (10-9) 

nm  nanometer 

nM  nanomolar 

N  Normality 

Nef  Negative Factor 

ORF  Open Reading Frame 

PAA  Polyacrylamide 

PAGE  Polyacrylamide Gel Electrophoresis 

PBMC  Peripheral Blood Mononuclear Cell 

PBS  Phosphate Buffered Saline 

PCR  Polymerase Chain Reaction 

PHA  Phytohaemagglutinin 

Pol  Polymerase 

PR  Protease 

Rev  Regulator of expression of virion proteins 
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RIPA buffer Radioimmunoprecipitation buffer 

RNA  Ribonucleic acid 

RPM  Rotation Per Minute 

RPMI  Roswell Park Memorial Institute medium 

RT  Reverse Transcriptase 

SD  Standard deviation 

SDS  Sodium dodecyl sulfate 

SIV  Simian Immunodeficiency Virus 

SOE-PCR Splice Overlap Extension-PCR 

ss  Single strand 

SV 40  Simian Virus 40 

TAT  Transactivator of transcription 

Tm  Melting temperature 

Tab  Table 

TEMED Tetramethylethylenediamine 

Tris  Trishydroxymethylaminomethane 

TM  Transmembrane Protein 

Vif  Viral Infectivity Factor 

Vol  Volume 

VPR  Viral Protein Rapid 

VPU  Viral Protein Out 

WT  Wildtype 

W/V  Weight per Volume 

Amino acids: 

 

 

 

 

 

 

 

   

Proline   pro   P 

Serine   ser   S 

Threonine  thr  T 

Tryptophan trp  W 

Tyrosine  tyr Y 

Valine   val  V 

 

Alanine   ala   A 

Arginine  arg   R 

Asparagine asn  N 

Aspartic acid  asp   D 

Cysteine  cys   C 

Glutamine gln  Q 

Glutamic acid  glu   E 

Glycine   gly  G 

Histidine his  H 

Isoleucine ile   I 

Leucine  leu   L 

Lysine  lys   K 

Methionine   met  M 

Phenylalanine  phe    F 
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3. Introduction 

 

3.1 HIV and AIDS 

In 1981, Gottlieb et al. reported five cases of Pneumocystis carinii pneumonia 

associated with severe defects of the immune system in five young men. This new disease 

of the immune system was later designated Acquired Immune Deficiency Syndrome 

(AIDS). In 1983, the causative agent of AIDS was isolated from patient blood and named 

lymphadenopathy-associated virus (Barre-Sinoussi et al., 1983). This virus was later 

designated as Human Immunodeficiency Virus-1 (HIV-1) (Coffin et al., 1986). HIV-1  

selectively infects and kills CD4+ T cells, thereby causing the destruction of the host 

immune system (Klatzmann et al., 1984).  

Currently, about 42 million people are globally infected with HIV 

(www.unaids.org). The virus was transmitted from chimpanzees infected with a Simian 

Immunodeficiency Virus (SIVcpz) to humans on at least three independent occasions 

resulting in the HIV-1 groups M, O and N (Sharp et al., 2005). Group M has spread 

worldwide and caused the global AIDS pandemic (Kandathil et al., 2005). It is divided into 

11 subtypes or clades named A through K (Requejo et al., 2006). Group N isolates have 

been detected only in a few individuals in West Africa (Kandathil et al., 2005). Group O 

accounts for less than 10% of HIV-1 infections worldwide and is mainly present in west 

central Africa (Yamaguchi et al., 2002; Requejo et al., 2006). 

 

 

 

 

 

 

 

 

The HIV-1 virion is 100 nm in diameter. HIV-1 is an enveloped virus and the lipid 

bilayer contains the viral glycoproteins, gp120 and gp41 (Fig. 1A). Matrix proteins (p17) 

line the inner surface of the viral membrane and the conical capsid core (p24) is located in 

the center of the virus. Two copies of positive single stranded genomic RNA are present 

inside the capsid (Fig. 1A). In addition, the virus particle contains three enzymes namely, 

Fig. 1: HIV-1 structure. (A) Morphology and 

(B) Genome organization of HIV-1  

A B
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protease, reverse transcriptase and integrase (Turner et al., 1999). The HIV-1 genome 

(9.2kb in size) contains three major genes gag, pol and env which encode core proteins, 

enzymes and envelope glycoproteins, respectively. In addition to the flanking Long 

Terminal Repeats (LTR) which act as promotor, the genome also contains accessory genes 

nef, vif, vpr, vpu, tat and rev that are important for viral replication and pathogenesis (Fig. 

1B; Wang et al., 2000). 

 

3.2 AIDS therapy and HIV-1 drug resistance 

Currently, about 20 antiretroviral drugs targeting HIV-1 entry, reverse transcription 

and maturation are approved by the U.S. Food and Drug Administration (FDA) for AIDS 

therapy (www.fda.gov). Protease inhibitors target the aspartyl protease which is 

responsible for the gag and gag-pol cleavage during viral maturation (Flexner et al., 1998). 

Nucleoside Reverse-Transcriptase Inhibitors (NRTI) lead to premature chain termination 

when they are incorporated into reverse transcripts. Non-Nucleoside Reverse-Transcriptase 

Inhibitors (NNRTI) bind to the pocket in reverse transcriptase, thereby inhibiting 

enzymatic activity (Richmann et al., 2001). Fusion inhibitors are another class of drugs 

that prevent viral entry into the host cell (Moore et al., 2003). 

Highly Active Anti-Retroviral Therapy (HAART) includes combinations of 

different antiretroviral drugs and has greatly increased the life expectancy of individuals 

with HIV-1 infection, at least in developed countries (Palella et al., 1998). Current 

HAART regimens comprise three to five antiretroviral drugs, usually two NRTI and either 

a protease inhibitor or a NNRTI (Yeni et al., 2006). Although effective, HAART regimens 

are complicated and exert significant toxicity (Barbaro et al., 2006). In addition, HIV-1 

mutates rapidly and resistance poses a growing threat to continued success of HAART 

regimens (Hogg et al., 2006). Some patients died of AIDS with multi-resistant viruses 

(Markowitz et al., 2005) and the incidence of primary HIV resistance is increasing in 

various parts of the world (Yeni et al., 2006). Moreover, HIV-1 resistance to one drug 

often results in cross-resistance to others in the same class (Deeks et al., 2003). Finally, 

HIV is not eradicated because the virus persists in long-living resting memory CD4+ T 

cells and macrophages (Persaud et al. 2003).  

In summary, HAART is problematic because of high costs, severe side effects and 

viral resistance. Thus, there is an urgent need for new antiretrovirals which are active 

against HIV-1 strains that are resistant to current HAART regimens.  
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3.3 Multiple drug targets in HIV-1 entry 

 HIV-1 enters to the host cell by its trimeric envelope glycoproteins gp120 and 

gp41. CD4, the primary receptor of HIV-1, is expressed primarily on T lymphocytes and 

macrophages (Bour et al., 1995). During the first step in HIV-1 entry, gp120 binds to the 

CD4 receptor (Fig. 2; Kwong et al., 1998). CD4 engagement triggers conformational 

changes in gp120 which allow the interaction with chemokine coreceptors (Rizzuto et al., 

1998). The seven transmembrane G Protein-coupled receptors CCR5 and CXCR4 are the 

major HIV-1 coreceptors of viral entry (Dragic et al., 1996; Feng et al., 1996). The V3 

loop in gp120 is the major determinant of HIV-1 coreceptor tropism (Jensen et al., 2003). 

CCR5 using (R5 tropic) viruses are transmitted and found during the chronic phase of 

infection. In contrast, CXCR4 using (X4 tropic) viruses emerge during the later stage of 

the infection in about 50% of all AIDS patients (Connor et al., 1997).  

 

 

 

 

 

 

 

 

 

 

Binding of gp120 to CD4 and the coreceptor activates gp41 mediated membrane 

fusion. The HIV-1 gp41 ectodomain contains a hydrophobic N terminal Fusion Peptide 

(FP) followed by two leucine zipper-like motifs called Heptad Repeat 1 (HR-1) or N helix 

and Heptad Repeat 2 (HR-2) or C Helix (Weissenhorn et al., 1997). During gp41 mediated 

membrane fusion, the FP is inserted into the host cell membrane followed by the 

interaction of HR-1 with HR-2 by the process called zipping, leading to the formation of a 

stable six helix bundle or trimer of hairpins (Fig. 2). This process brings the viral and 

cellular membrane close to each other and allows lipid mixing of the two membranes. 

Upon this the viral capsid is released into the cytoplasm (Gallo et al., 2003).  

Each step of HIV-1 entry (Fig. 2) can be blocked by specific inhibitors. 

Therapeutical use of entry inhibitors are advantageous as they act extracellularly prior to 
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Fig. 2: HIV-1 entry mechanism (modified from Moore et al. 2003). The events involved in 

the HIV-1 entry, (1) CD4 binding, (2) Coreceptor interaction, (3) Fusion peptide insertion 

and (4) Six helix bundle formation, are described in the text.
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invasion of the host cell. Hence, they are not susceptible to cellular efflux transporters that 

lower the effective intracellular concentrations of other classes of antiretrovirals (Zhang et 

al., 2004). The three major classes of entry inhibitors are (1) CD4 binding inhibitors, (2) 

coreceptor binding inhibitors such as CCR5 and CXCR4 antagonists and (3) inhibitors of 

gp41 six helix bundle formation (Pierson et al., 2004).  

 

3.4 T-20, a first generation fusion inhibitor 

 T-20 (FuzeonTM, Enfuvirtide) is the first and only entry inhibitor approved for 

clinical use (Matthews et al., 2004). It is a 36 amino acid peptide derived from the gp41 

Heptad Repeat-2 (HR-2) sequence (Fig. 3B) of the HIV-1 LAI isolate (Wild et al., 1994). 

T-20 binds to the Heptad Repeat-1 (HR-1) and prevents formation of the six helix bundle 

by dominant negative fashion (Fig. 3A; Pierson et al., 2004). T-20 therapy showed safety, 

potent antiretroviral activity and immunological benefit with optimized antiretroviral 

regimens in multidrug-experienced HIV-1 patients (Kilby et al., 1998; Lalezari et al., 

2003; Lazzarin et al., 2003).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: HR-1 is the target for T-20. (A) Mechanism of T-20 mediated inhibition of six 
helix bundle formation. Prehairpin intermediate (middle), six helix bundle formation 
(right), and T-20 binding (left) are shown (modified from Koshiba et al., 2003). (B) 
Schematic diagram of gp41 HR-1 and HR-2. T-20 from HR-2 and hydrophobic or deep 
pocket region in HR-1 are shown and the GIV motif is circled (Kilby et al., 2003). 
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The peptidic nature of T-20 does not permit oral administration. Thus, 

subcutaneous injections of 90 mg twice daily are widely used (Foy et al., 2004). The mode 

of administration and the high cost of this peptide make this drug not suitable for first line 

therapy, but rather as a second- or third-line alternative in individuals who have developed 

drug-resistant viruses (Tomkowicz et al., 2004). 

Early in vitro studies showed that HIV-1 acquires T-20 resistance by mutations in 

the “GIV motif” (positions 36-38 based on reference HIV-1 HXB2 gp41 numbering) of the 

gp41 HR-1 region (Fig. 3B; Rimsky et al., 1998). Subsequent clinical results demonstrated 

that viruses from patients failing T-20 therapy also contain mutations expanding from 

amino acid 36 to 45 within HR-1 (GIVQQQNNLL domain) of gp41 (Wei et al., 2002; 

Mink et al., 2005). Although two changes within the 36-45 domain have been observed in 

some individuals failing T-20 therapy, in most cases a single mutation is selected and 

mediates resistance (Poveda et al., 2005; Greenberg et al., 2004).  

T-20 was originally designed based on a subtype B HIV-1 isolate raising the 

question whether it is also effective against group M non-B subtypes and group O viruses. 

A couple of studies reported that the gp41 HR-1 regions of different HIV-1 subtypes from 

antiretroviral-naive and -experienced patients show minimal sequence variations (Xu et al., 

2002; Villahermosa et al., 2003). Subtype C isolates are highly sensitive to T-20 and do 

not harbor naturally occurring polymorphisms that might confer resistance to T-20 (Cilliers 

et al., 2004). Although some reports suggested that non-B group M viruses are sensitive to 

T-20 therapy, no experimental evidence has been presented to support this. HIV-1 O shows 

a highly genetically diverse gp41 compared to HIV-1 M. Group O isolates contain a N42D 

change in the T-20 resistance conferring 36-45 amino acid domain (GIVQQQNNLL) in 

HR-1 (Poveda et al., 2004). Hence it has been suggested that HIV-1 group O may be 

resistant to T-20 inhibition (Poveda et al., 2004). Several studies have investigated the 

variability of the HR-1 region in untreated HIV-1 infected patients to evaluate the 

possibility of primary resistance to fusion inhibitors. Cross-sectional analysis of the 

sequence variations in the N-terminus of the HR-1 of viruses from T-20 treatment naive 

patients demonstrated that primary resistance to T-20 is a rare event (Zollner et al., 2001). 

Analysis of 150 HIV-1 HR-1 sequences worldwide indicates that there is limited resistance 

to T-20 and some mutations identified need to be evaluated by phenotypic assays (Hanna 

et al., 2002).  
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In summary, T-20 is the first fusion inhibitor successfully used in the clinic and 

showed antiviral potency in patients. T-20 resistant HIV-1 variants, containing changes in 

the “GIV motif” emerged under treatment. Further studies are needed to evaluate the 

susceptibility of highly divergent primary HIV-1 group O and M isolates to T-20 

inhibition. 

 

3.5 T-1249, a prototype second generation fusion inhibitor 

T-1249 is a 39 amino acid peptide (54% homology to T-20) based on HIV-1, HIV-

2 and SIV HR-2 sequences. It shows greater antiviral potency than T-20 (Greenberg et al., 

2002) and targets a region within HR-1 overlapping but distinct from that of T-20, called 

the hydrophobic pocket (Fig. 3B). X ray crystallographic analysis of the gp41 core 

demonstrated that there is a deep and large pocket formed by a cluster of residues in the 

HR-1 (Chan et al., 1997). This hydrophobic cavity is important for six helix bundle 

stability and considered as a potential drug target (Fig. 3B; Chan et al., 1998; Dwyer et al., 

2003). The non-overlapping residues in T-1249 include three highly conserved 

hydrophobic anchor residues predicted to project into the deep hydrophobic pocket of the 

HR-1 trimer (Fig. 4).  

 

 

 

 

 

 

 

 

 

In a Phase I clinical trial, T-1249 was generally safe, well tolerated and 

demonstrated potent dose-dependent antiretroviral activity in T-20 naive but heavy 

treatment experienced patients (Eron et al., 2004). T-1249 also demonstrated potent short-

term antiretroviral activity in patients on a failing T-20-containing treatment regimen 

(Lalezari et al., 2005). It also retains antiretroviral activity against HIV-1 envelopes 

derived from T-20 treatment failed patients (Menzo et al., 2004). In addition, T-20 

resistant viruses containing mutations in the “GIV motif” in gp41 HR-1 were inhibited by 

Fig. 4: T-20 and T-1249 sequence alignment. The HIV NL4-3 HR-2 region is aligned 

with T-20, T-1249 and C34 (T-1249 related peptide). Dots indicate identity with the NL4-

3 sequence and dashes, the gaps introduced to optimize the alignments Hydrophobic 

anchor residues (W117, W120 and I124), which are important for the six helix bundle 

structure (Chan et al., 1998), are circled. 

NL43WT  NMTWMEWDREINNYTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF 
T-20      .................................... 
C34   .................................. 
T-1249   .Q..EQK.T-------A.L.QA.I......Y..QK........E.. 

117 120 124
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T-1249 (Reeves et al., 2005). Although T-1249 is more effective than T-20, its clinical 

development is currently on hold due to drug formulation problems (Huff et al., 2003). 

Nonetheless, modified more stable and potent forms of T-1249 or related peptides that 

require fewer injections and are more appropriate for chronic administration may become 

the next generation of HIV-1 fusion inhibitors.  

The resistance mechanism of HIV-1 to T-1249 is unclear since it has been proven 

difficult to select resistant variants against this inhibitor. The lack of cross-resistance and 

the difficulty to generate T-1249 resistant HIV-1 variants in vitro suggested that the 

resistance profiles for T-20 and T-1249 might be clearly distinct and that both compounds 

can be used in combination (Reeves et al., 2005). 

In summary, T-1249 is the prototype of second generation fusion inhibitors which 

shows greater potency than T-20. The HIV-1 resistance mechanism to T-1249 needs to be 

clarified. 

 

3.6 Scientific Aims 

T-20 (Enfuvirtide, FuzeonTM) is the first HIV-1 entry inhibitor approved by the 

Food and Drug Administration. Addition of T-20 to HAART resulted in a significant 

reduction of viral load and immunological benefit. T-1249 is a second generation fusion 

inhibitor with greater antiviral potency than T-20. Both T-20 and T-1249 target an 

overlapping region of the gp41 HR-1 domain and inhibit HIV-1 entry into the host cell by 

preventing the formation of the characteristic gp41 six helix bundle. HIV-1 escapes from 

the inhibition of T-20 by acquiring mutations in the gp41 HR-1 region, particularly in the 

“GIV” motif. Although the development of T-1249 was halted due to drug formulation 

problems, peptides related to T-1249 may become the next generation of fusion inhibitors. 

Hence, it is important to further evaluate the antiviral efficacy of T-20 and T-1249 to 

diverse HIV-1 variants of different origin and to elucidate the resistance mechanism(s) of 

HIV-1 to first and second generation fusion inhibitors. Thus, the specific goals of the 

present doctoral thesis were (1) to clarify whether naturally occurring sequence variations 

in the HIV-1 group M gp41 HR-1 region affect the sensitivity to inhibition by fusion 

inhibitors; (2) to assess whether fusion inhibitors are equally active against HIV-1 group M 

and O isolates and (3) to elucidate the mechanism(s) of HIV-1 resistance to second 

generation fusion inhibitor. Altogether, the study aimed to provide a better basis for the 

assessment of the prospects of fusion inhibitors for AIDS therapy. 
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4. Materials 
 
4.1 Bacteria 

Escherichia coli XL2 blue cellsTM: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 

[F´ proAB lacIqZΔM15 Tn10 (Tetr) Amy Camr] (Stratagene; Heidelberg). 

 

4.2 Eukaryotic cells 

293T: 293T is a human renal epithelial cell line which is transformed by adenovirus E1A 

gene and express SV40 large T antigen. It allows episomal replication of plasmids 

containing the SV40 origin (Dubridge et al., 1987). 

TZM-bl: TZM-bl is a HeLa cell line expressing large amounts of CD4, CXCR4, and 

CCR5 receptors. It also contains copies of the luciferase and β-galactosidase genes under 

the control of the HIV-1 promoter (Platt et al., 1998). 

CEMx174 5.25M7: CEMx174 5.25M7 cells express CD4, CXCR4 and CCR5 receptors. 

In addition, it expresses green fluorescent protein and luciferase under the HIV-1 long 

terminal repeat (LTR) promoter (kindly provided by Dr. Nat Landau, La Jolla, USA). 

PM-1: PM-1 cells are permissive for the growth of X4 and R5 tropic HIV-1 (Lusso et al., 

1995). 

 

4.3 Nucleic acids 

4.3.1 Oligonucleotides  

Oligonucleotides (Primers for the polymerase chain reaction) were ordered from Biomers 

(Ulm; Germany). List of primers used for PCR amplifications: 

pNLNheI5'     GCAAAATGGAATGCCACTT 
pNLBamHI3'      GCTCCGCAGATCGTCCCAG 
HR-1 randomIV5’ CAGCAGCAGAACAATTTG 
HR-1 randomIV3’ CAAATTGTTCTGCTGCTGNNNNNNATCAGACAATAATTGTCT 
HR-1 randomVQ5’ CAGAACAATTTGCTGAGG 
HR-1 randomVQ3’ TCAGCAAATTGTTCTGNNNCTGNNNTATATCAGACAATAAT 
HR-1 randomLA5’ ATTGAGGCGCAACAG 
HR-1 randomLA3’ CTGTTGCGCCTCAATNNNCCTNNNCAAATTGTTCTGCTGCTG 
HR-1 randomQL5’ TTGCAACTCACAGTCTGG 
HR-1 randomQL3’  AGACTGTGAGTTGCAANNNATGNNNTTGCGCCTCAATAGCC 
HR-1 randomVG5’ ATCAAACAGCTCCAGGCA 
HR-1 randomVG3’ CTGGAGCTGTTTGATNNNCCANNNTGTGAGTTGCAACAGAT 
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HR-1 randomQR5’ ATCCTGGCTGTGGAAAGA 
HR-1 randomQR3’ TCCACAGCCAGGATNNNTGCNNNGAGCTGTTTGATGCCCCA 
HP randomLL3’  TGCCCCAGACTGTGAGTTGNNNNNNATGCTGTTGCGCCTCA 
HP randomLL5’  CAACTCACAGTCTGGGGCATC 
HP randomQL3’  TGTTTGATGCCCCAGACTGTNNNNNNCAACAGATGCTGTTGC 
HP randomQL5’ ACAGTCTGGGGCATCAAACAG       
HP randomTV3’ TGGAGCTGTTTGATGCCCCANNNNNNGAGTTGCAACAGAT 
HP randomVW3’  TGGAGCTGTTTGATGCCNNNNNNTGTGAGTTGCAACAGATG 
HP randomTVW5’  GGCATCAAACAGCTCCAGGCA 
Left L33S3’ CTGCACTATATCAGACAATGATTGTC 
Right L33S5’ TTGTCTGATATAGTGCAG 
Left L33V3’ CTGCACTATATCAGACAATACTTGTCTGG 
Left L34M3’ CTGCACTATATCAGACATTAATTGTCTGG 
Left S35F3’ CTGCTGCTGCACTATATCAAACAATAATTG 
Left Q39R3’ CAGCAAATTGTTCTGCTGCCGCACTATATC 
Right Q39R5’ CAGCAGAACAATTTGCTGAGG  
Left N42D3’ CAATAGCCCTCAGCAAATTATCCTGCTGCTGC 
Left L54M3’ CCAGACTGTGAGTTGCAACATATGCTG 
Right L54M5’  TTGCAACTCACAGTCTGGGGC 
Left L54MQ56K3’ GATGCCCCAGACTGTGAGTTTCAACATATGCTGTTG 
RightL54MQ56K5’CTCACAGTCTGGGGCATCAAACAG 
Left Q56K3’  GATGCCCCAGACTGTGAGTTTCAACAGATG 
Left Q56R3’  GATGCCCCAGACTGTGAGTCGCAACAGATG 
Left L54MQ56R3’ GATGCCCCAGACTGTGAGTCGCAACATATGCTG 
p5gp41grO  GCAGTAGGATTGGG-AATGCTATTC 
p3gp41grO  TCTTTCTAAGCCCTGTCTAATTCTTC  
 

4.3.2 Nucleotides  

Deoxynucleotide Triphosphates (dNTPs) for Polymerase chain reaction (Invitrogen; 

Karlsruhe). 

 

4.3.3 Plasmids 

PCR 2.1 Topo TA Vector: TA vector was used for the cloning of PCR fragments 

(Invitrogen; Germany) 

pBRNL43: HIV-1 NL43 subtype B (X4 tropic) molecular clone  

pLAI.2: HIV-1 LAI subtype B (X4 tropic) molecular clone.  

pYu2: Proviral DNA (R5 tropic) was cloned directly from human brain tissue, without 

intensive cell culture, from a patient who died of AIDS dementia complex (Li et al., 1992). 

  



4. MATERIALS  15 

4.3.4 DNA Ladder  

The 1 Kb DNA Ladder for agarose gel electrophoresis (Invitrogen; Karlsruhe). 

 

4.4 Enzymes 

4.4.1 Restriction Endonucleases 

All the restriction endonucleases along with the recommended buffers were purchased 

from New England Biolabs, Schwalbach; Germany. 

 

4.4.2 Others Enzymes 

Taq-DNA-Polymerase    Stratagene Europe AG (Heidelberg) 

T4-DNA-Ligase     Invitrogen/Gibco (Karlsruhe)  

RNAse A from Bovine Pancreas   Boehringer (Mannheim) 

Reverse Transcriptase    Invitrogen/Gibco (Karlsruhe) 

Trypsin from Bovine Pancreas   Stratagene Europe AG (Heidelberg) 

Alkaline Phosphatase from Calf Intestine   Boehringer (Mannheim) 

Proteinase K      Stratagene Europe AG (Heidelberg) 

 

4.5 Chemicals and Reagents 

Agarose      Invitrogen/Gibco (Karlsruhe) 

Ammoniumpersulphate    Sigma (München) 

Ampicillin      Bayer (Leverkusen) 

Bromophenol blue     Serva (Heidelberg) 

Chloroform      Fluka (Neu-Ulm) 

Dimethylsulphoxide (DMSO)   Fluka (Neu-Ulm) 

Dithiothreitol (DTT)     Amersham Pharmacia (Freiburg) 

Ethidium bromide (EtBr)    Sigma (München) 

Ethylene Diamine Tetraacetate (EDTA)  Sigma (München) 

Ficoll separating solution    Biochrom (Berlin) 

Fetal Calf Serum (FCS)    Invitrogen/Gibco (Karlsruhe) 

Glycerin      Merck (Darmstadt) 

HEPES      Sigma (München) 

Immobilon transfer membranes   Millipore (USA) 

Interleukin-2 (IL-2)     Strathmann (Dengelsberg) 
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Isopropanol      Merck (Darmstadt) 

L-Glutamine      Invitrogen/Gibco (Karlsruhe) 

LiChrosolv- H20     Merck (Darmstadt)    

N,N,N´,N´,-Tetramethylenediamine (TEMED) Sigma (München) 

Paraformaldehyde (PFA)    Sigma (München) 

Penicillin G      Sigma (München) 

Phospahate-Buffered-Saline (PBS)   Invitrogen/Gibco (Karlsruhe) 

Phytohaemagglutinin (PHA)    Remel (Lenexa, USA) 

Phenylmethylsulfonylfluorid (PMSF)   Merck (Darmstadt) 

Reaction containers     Eppendorf (Hamburg) 

Sodiumdodecylsulphate (SDS)   Sigma (München) 

Tris       Roth (Karlsruhe) 

Tris-saturated Phenol     Sigma (München) 

Triton X-100      Sigma (München) 

Tween 20      Sigma (München) 

Whatman Paper     Whatman (Maidstone, Kent; England) 

 

4.6 Peptides 

T-20       IPF Pharmaceuticals (Hannover) 

T-1249       IPF Pharmaceuticals (Hannover) 

Peptides were dissolved in 0,2 M Na2HCO3 solution and were aliquoted and stored at -

20ºC 

 

4.7 Kits   

Geneclean®II Kit     Dianova (Hamburg) 

QIAwell 8 Plasmid Kit    Qiagen (Hilden) 

TA Cloning® Kit     Invitrogen/Gibco (Karlsruhe) 

Takara DNA Ligations Kit    Böhringer Ingelheim (Heidelberg) 

Ultra Clean ™ 15     Mobio Inc. (Solana, CA; USA) 

Wizard  ™ Plus Midipreps    Promega (Madison, WI; USA) 

QIA® viral RNA mini kit    Qiagen (Hilden) 

SuperscriptTM III first strand synthesis   Invitrogen (Karlsruhe) 

NuPAGE® Novex Bis-tris gels for western blot Invitrogen (Karlsruhe) 
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Tropix Gal-screen® system    Applied Biosystems (USA)   

 

4.8 Medium 

4.8.1 Cell culture medium 

Adherent Cells: DMEM (Invitrogen/Gibco; Karlsruhe) with 350 µg/ml L-glutamine, 

120 µg/ml Streptomycinsulphate, 120 µg/ml Penicillin and 10% 

(v/v) heat inactivated FCS. 

Suspension Cells: RPMI-1640 (Invitrogen/Gibco; Karlsruhe) with 350 µg/ml L-

glutamine, 120 µg/ml Streptomycinsulphate, 120 µg/ml Penicillin 

and 10% (v/v) heat inactivated FCS. 

4.8.2 Bacterial medium 

LB-Medium: 10 g/l Bacto-Trypton, 5 g/l Yeast extract, 8 g/l NaCl, 1 g/l Glucose;     

pH 7.2 was adjusted with NaOH. 100 mg/l Ampicillin was added 

before use.  

LBAMPAgar: 15 g/l Agar in LB-Medium. 100 mg/l Ampicillin was added before 

plating. 

SOC Medium: 20 g/l Bacto-Trypton, 5 g/l Yeast extract, 2,5 mM NaCl, 10 mM 

MgCl2, 10 mM MgSO4, 20 mM Glucose. 

 

4.9 Solutions and Buffers 

4.9.1 Isolation of Plasmid DNA from Bacteria 

Resuspension buffer (P1), Lysis buffer (P2), Neutralization buffer (P3) (Qiagen, Hilden), 

70% ethanol, 90% Isopropanol, and Lichrosolv-H2O. 

 

4.9.2 Calcium Phospate Transfection 

10X HBS: 8,18% NaCl (w/v); 5,94% HEPES (w/v); 0,2% Na2HPO4 (w/v). The solution 

was sterilized by filtration and the pH was adjusted to 7,2 with 1 M NaOH. For 2X HBS 

preparation, the 10X stock was diluted with distilled water and sterilized by filtration. 

2 M CaCl2 was prepared and autoclaved. 

 

4.9.3 Buffers for Western Blot 

RIPA buffer  1% Triton X-100 (v/v), 0,15 M NaCl, 50 mM Tris 

HCl (pH 7,4), 5 mM EDTA, 1 mM PMSF 
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Cathode buffer 12,5 ml 2 M Tris base, 3,24 g 6-Aminocaproic acid, 

200ml Methanol and made upto 1liter with distilled 

water. 

Anode buffer I 15 ml 2 M Tris base, 200 ml Methanol, and made upto 

1 liter with distilled water. 

Anode buffer II 150 ml 2 M Tris base, 200 ml Methanol and made 

upto 1 liter with distilled water. 

 

4.9.4 Others 

PBS 137 mM NaCl; 7,3 mM Na2HPO4; 1,47 mM K2HPO4; 

1 mM CaCl2; 2 mM MgCl2    

50x TAE-buffer 500 mM Tris, 250 mM sodium acetate, 50 mM 

Na2EDTA. 

TE buffer    10 mM Tris-Cl, 1 mM EDTA 

 

4.10 HIV-1 p24 Capsid-Antigen-ELISA 

Lysis solution     10 ml Triton X-100 (Sigma, München), 100 ml H20 

Wash buffer 25 ml 20x wash concentrate (KPL, Maryland), 500 ml 

–double distilled H20 

ELISA plates     p24 antibody coated plates (AIDS Repository; USA) 

Primary antiboy   Rabbit anti-HIV-1 p24 

Secondary antibody   Goat anti-rabbit IgG (H+L) HRP 

Sample diluent 89,8 ml RPMI-1640, 10ml 10% BSA diluent (KPL; 

Maryland), 200 μl Tween 20 (Sigma; München). 

Primary antibody diluent 10% FCS and 2% normal mouse serum in RPMI-

1640. 

Secondary antibody diluent 2% normal mouse serum, 5% normal goat serum, 

0,01% Tween 20 in RPMI-1640 

Substrate    TMB Peroxidase Substrate System (KPL, Maryland) 

Stop solution    4 N H2SO4 
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4.11 Antibodies for Western Blot 

HIV-1gp120 rabbit antiserum   Advanced biotechnologies; USA 

hmAb5F3      NIH AIDS Reagents Program; USA 

Rabbit anti-HIV-1 p24    AIDS Repository; Fredrick; USA 

Phosphatase conjugated goat anti-human IgG Jackson immuoresearch; USA 

Phosphatase conjugated goat anti-rabbit IgG  Jackson immuoresearch; USA 

 

4.12 Primary HIV-1 Isolates 

HIV-1 group M non-B 92UG029, 98IN022, 92UG024 and 93BR020 isolates were 

obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, 

NIAID, NIH from Drs. Beatrice Hahn, George Shaw and Keith Peden. HIV-1 group O 

isolates 9435R5, 8913R5, 8161X4, 2901R5, 13127R5, 13470R5 were obtained from Dr. 

Mattias Dittmar, Heidelberg. 
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5. Methods 

 

5.1 DNA Methods 

5.1.1 General methods 

• Agarose gel electrophoresis  (Maniatis et al., 1989). 

• Restriction digestion - According to manufacturer’s instructions (New England 

Biolabs). 

• Dephosphorylation of DNA with alkaline phospahtase - According to 

manufacturer’s instructions (New England Biolabs). 

• Ethanol and Isopropanal precipitation of DNA (Maniatis et al., 1989). 

• Determination of the concentration and the quality of the DNA using 

spectrophotometer (Eppendorf; Hamburg). 

 

5.1.2 Plasmid DNA Preparation 

Proviral plasmids for transfection were prepared using Wizard™ Plus Midipreps 

Kit (Promega; Madison, USA). PCR 2.1 TopoTM (Invitrogen; Karlsruhe) plasmids were 

prepared using QIAwell 8 Plasmid Kit (Qiagen; Hilden). The concentration of DNA was 

determined using spectrophotometer (Eppendorf; Hamburg). 

 

5.1.3 Cellular Chromosomal DNA Preparation 

Cell pellet was resuspended in a solution of SDS detergent and proteinase K, and 

the mixture was incubated at 37°C overnight. The digest was deproteinized by successive 

phenol/chloroform/isoamyl alcohol extractions, recovered by ethanol precipitation, dried 

and resuspended in TE buffer (Maniatis et al., 1989). 

 

5.1.4 Isolation of DNA from Agarose Gel 

Eletrophoretically separated DNA fragments were visualized in UV screen 

(Syngene; USA). The visible DNA band containing gel block was detached from the gel 

using scalpel. Subsequently the DNA was isolated and purified from the gel using 

UltracleanTM 15 kit (Mobio; USA), according to the manufacturer’s instructions. 
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5.1.5 Polymerase Chain Reaction 

All PCR reactions were performed in Eppendorf Mastercycler gradient (Eppendorf; 

Hamburg) with the PCR reagents from Promega; USA. The following PCR conditions 

were used in the thermocycler (1) Initial denaturation: 94ºC for 4 min (2) Denaturation: 

94ºC for 1 min (3) Annealing: Tm-5ºC (based on primer Tm) for 1 min (4) Extension: 

72ºC (1 min/kb) (5) 30-33 cycles (6) Final extension: 72ºC for 5 min. 

 

5.1.6 DNA Ligation 

Vector and inserts were mixed in the ratio of 1:3 and then ligated using Takara 

DNA-Ligation kit (Takara Bio Inc; Japan) according to the manufacturer´s instructions.  

 

5.1.7 DNA Sequencing 

2 µg of the DNA sample was heat dried in a tube at 58°C and sequencing was 

performed at  MWG-Biotech; Munich.   

 

5.2 RNA Methods 

5.2.1 Viral RNA Extraction 

Viral RNA was extracted from the samples using QIA® viral RNA mini kit 

(Qiagen; Hilden) according to the manufacturer’s protocol. The prepared RNA was 

aliquoted and stored at -20ºC. 

 

5.2.2. Reverse Transcription PCR 

Viral RNA was reverse transcribed to generate cDNA by gene specific primer using 

superscriptTM III first strand synthesis system (Invitrogen; Karlsruhe), according to the 

manufacturer’s protocol. The prepared cDNA was then used for the PCR amplification. 

 

5.3 Bacterial Methods 

5.3.1 Bacterial Culture  

Bacterial cultures were grown at 37°C incubator for 12-16 hours in LB media or 

LB agar plates containing ampicillin. 
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5.3.2 Bacterial Transformation 

 15µl of XL2 blue cells were incubated with the ligated DNA in ice for 20 minutes 

and heat shock was given for 30 seconds in 42ºC water bath. After two minutes incubation 

in ice, 200ul of SOC medium was added. The transformed cells were then incubated in 

37ºC heating block for 40 minutes and plated on the LB agar plates. For the random 

mutants, 4/5 of the transformed mixture was inoculated directly on the LB medium and 1/5 

was plated on the agar plates. The number of colonies were counted to confirm the cloning 

efficiency. 

 

5.4 Cell Culture 

5.4.1 Adherent Cell Culture 

The adherent cells were maintained in 25cm2 cell culture flask containing DMEM 

supplemented with 1% L-glutamine (Biochrom; Berlin), 1% Penicillin-streptomycin 

(Gibson; Karlsruhe) and 10% heat inactivated Fetal Calf Serum (Gibco; Karlsruhe) at 37ºC 

incubator with 5% CO2. The cells were splitted 1:10 or 1:20 regularly twice a week. 

 

5.4.2 Suspension Cell Culture 

The suspension cells were maintained in 25cm2
 cell culture flask containing RPMI-

1640 supplemented with 1% L-glutamine (Biochrom AG; Berlin), 1% Penicillin-

streptomycin (Gibco; Karlsruhe) and 10% heat inactivated Fetal Calf Serum (Gibco; 

Karlsruhe) at 37ºC incubator with 5% CO2. The cells were splitted 1:10 or 1:20 regularly 

twice a week. 

 

5.4.3 Isolation of Peripheral Blood Mononuclear Cells  

 Buffy coat obtained from the blood bank (Ulm) was diluted 1:3 with phosphate 

buffered saline. The diluted blood was overlayed carefully on the Ficoll separating solution 

(Biochrom; Berlin) and centrifuged at 2500 rpm for 30minutes. The layer formed by 

PBMCs was aspirated into a fresh tube and washed with PBS three times by centrifugation. 

2X106 cells/ml were cultured in RPMI1640 with 10%FCS, 1% Penicillin-streptomycin and 

1% L-glutamine. PBMCs were stimulated with 3 μg/ml of Phytohaemagglutinin and 10 

ng/ml Interleukin-2. 3 days post stimulation, the PBMCs were used for viral infection. 
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5.5 Protein and Enzyme Methods 

5.5.1 p24 Antigen Capture ELISA 

Viruses were quantified based on their p24 core antigen content by ``sandwich´´ 

ELISA method using HIV-1 p24 antigen capture ELISA system (AIDS Repository; 

Fredrick; USA). Virus stocks were lysed using the lysis solution (10% TritonX-100) that 

releases the p24 capsid antigen from the virus particles. Diluted antigens were incubated in 

the p24 antibody coated microwell plates with proper standards and incubated at 37°C for 

2 hours. After incubation, the unbound proteins were washed away by automatic ELISA 

washer. The plates were incubated with primary rabbit anti-HIV-1 p24 polyclonal antibody 

for one hour at 37°C and then unbound antibodies were removed by washing. The plates 

were again incubated with secondary goat anti-rabbit IgG (H+L) HRP for 1hour at 37°C. 

After washing, TMB substrate was added which reacts with the peroxidase to develope 

blue colour. The reaction was stopped using 4 N H2S04. The colour intensity, which is 

proportional to the amount of p24 capsid protein, was measured at 450 nm and 650 nm 

with thermomax ELISA reader (Molecular devices; UK).      

 

5.5.2 Western blot 

Viral lysates were prepared with RIPA buffer and the proteins were separated by 

SDS-Poly acrylamide gel electrophoresis using NuPAGE® Novex Bis-tris gels 

(Invitrogen; Karlsruhe), as recommended by the manufacturer. The proteins in the gel were 

transfered into the nitrocellulose membrane using Trans-Blot SD Semi-Dry electrophoretic 

Transfer Cell (Bio rad; USA). The transfered membranes were blocked with 10% BSA 

solution overnight and then incubated for one hour with respective primary antibodies. 

Unbound antibodies were washed with PBS containing 0.05% Tween. Secondary 

antibodies conjugated with phosphatase were added to the membrane and incubated for 

one hour at room temperature. After washing the membrane, BCIP/NBT phosphatase 

substrate (KPL; USA) was added to develope the colour. 

 

5.5.3 β-galactosidase assay 

 Three days post infection of TZM-bl cells, the supernatants were removed. 40 μl of 

1:1 diluted Gal-screen® substrate (Applied Biosystems; USA) with phosphate buffer saline 
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was added to each well. After 30 minutes incubation at room temperature, the cell lysates 

were transferred into lumiplates (NuncTM; Denmark) and the light emission was monitored 

with Luminometer (Orion microplate luminometer; Germany). The enzyme activity was 

measured as Relative Light units /second using “simplicity” computer program. 

 

5.6 Site Directed Mutagenesis 

5.6.1 Generation of HIV-1 gp41 random mutants.  

Site specific random mutagenesis of HIV-1 NL4-3 molecular clone was performed 

by splice-overlap extension PCR using degenerate primers. PCR fragments were gel 

purified, ligated into the full-length NL4-3 molecular clone by using the NheI and BamHI 

restriction sites flanking the HR-1 region and transformed into supercompetent E. coli XL2 

Blue cells (Stratagene, La Jolla, Calif.). 80% of the transformation mixture was directly 

inoculated into LB medium for expansion while 20% was plated on agar plates to check 

the number of transformants. High cloning efficiencies (>1000 transformants per HR-1 

variant pool) and the presence of wobble codons at the desired position were verified by 

sequence analysis of the obtained plasmid populations. 

 

5.6.2 Generation of specific HIV-1 gp41 mutants 

Splice-overlap extension PCR was used to introduce point mutations in the gp41 

HR-1 region of the HIV-1 NL4-3 molecular clone (pBRNL43). PCR fragments were gel 

purified and cloned into NL4-3 by using the NheI and BamHI restriction sites flanking the 

HR-1 region. Sequence analysis confirmed the presence of the mutations and the absence 

of undesired changes. 

 

5.7 Viral Methods 

5.7.1 Virus stock preparation by transfection 

Virus stocks were generated by transient transfection of 293T cells. Transfections 

were performed using calcium-phosphate precipitation method. One day before 

transfection, 0,2 x 106 293T cells were sown in 6-well plates and incubated overnight at 

37°C and 5% CO2.  The cells were used for transfection when it reaches 50-75% 

confluence. 5 µg of working solution of DNA was mixed with 13 µl of 2 M CaCl2 and the 
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total volume was made up to 100µl with H20. This solution was mixed with 100 µl of 2X 

HBS. The transfection cocktail was added in drops onto the cells. The transfected cells 

were incubated overnight at 37°C. 12 hours post transfection, medium was replaced with 

fresh DMEM supplemented with 10% FCS. 48 hours post transfection, virus stocks were 

prepared by centrifuging the supernatant at 1200 rpm for 5 min. Virus stocks were 

aliquoted and stored at -80ºC. 

 

5.7.2 Expansion of primary isolates 

 Primary isolates were expanded in CEMx174 5.25M7 cells. The cells were infected 

with the virus stocks and 12 hour post infection the inoculum was removed. Infected cells 

were maintained by adding fresh RPMI-1640 medium containing antibiotics and 10% FCS. 

Supernatants were collected when approximately 70-80% of the cells express GFP. The 

collected supernatants were aliquoted and stored at -80ºC. 

 

5.7.3 Genotyping of HIV-1 group O viruses 

 Genomic DNA was extracted from HIV-1 O-infected cells and the HR-1 and HR-2 

regions were PCR-amplified using primers p5gp41grO and p3gp41grO. DNA fragments of 

the expected size were purified from agarose gel and directly sequenced on both strands 

with the primers used for PCR amplification.   

 

5.7.4 Infectivity assay 

TZM-bl cells were sowed (5000cells/well) in flat-bottomed 96-well plates and 

cultured overnight. Wildtype and mutant virus stocks were normalized based on their p24 

content and infections were performed with various concentrations. The infected cells were 

maintained at 37ºC incubator with 5% CO2. Two days post infection the infectivity was 

measured by β-galactosidase assay as described in 5.5.3. 

 

5.7.5 Drug sensitivity assay 

TZM-bl cells were sowed (5000cells/well) in flat-bottomed 96-well plates and 

cultured overnight. Infections were performed in the absence of inhibitor (control) or in the 

presence of various concentrations of T-20 and T-1249, in triplicate with virus containing 
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normalized p24. Two days post infection, the infectivity was measured by β-galactosidase 

assay as described in 5.5.3. Virus infectivity was calculated by dividing the ß-Gal activity 

(relative light units per second; RLU/s) produced at each concentration of the inhibitor by 

the RLU measured in the absence of inhibitor. The mean 50% inhibitory concentrations 

(IC50) were calculated using prism software and compared by using Student’s t test to 

determine whether the observed differences were statistically significant. 

 

5.7.6 Selection and genotyping of T-1249 resistant viruses 

CEMx174 5.25M7 cells were infected in the presence of 50nM of T-1249 with 

virus containing 10ng of p24 core antigen derived from transfected 293T cells. At 12 hours 

post infection the cells were centrifuged and the supernatant was discarded to remove the 

inoculum. The infected cells were maintained in RPMI 1640 supplemented with 10% FCS 

and inhibitor. The cells were splitted regularly and fresh cells were added when required. 

Supernatant aliquots were collected periodically and the GFP expression was monitored to 

detect the emergence of drug resistant variants. Finally, the cells were centrifuged and the 

supernatant was used to extract viral RNA (5.2.1). RT-PCR was performed using the 

Invitrogen RT-PCR System as recommended by the manufacturer (5.2.2) and the gel 

purified RT-PCR fragments were sequenced (5.1.7) directly for genotypic analysis.  

 

5.7.7 Viral fitness 

To analyze the fitness of resistant viruses, PM1 and PHA-stimulated PBMC and 

cells were challenged with viruses containing 2ng of p24 core antigen. 12 hour post 

infection the inoculum was removed and fresh RPMI was added. Supernatants were 

collected at regular intervals (1, 3, 6, 9, 12 and 15 days post-infection) and the cells (PM1) 

were splitted regularly. Virus production was quantified by p24 ELISA. 

 

5.7.8 Envelope expression analysis 

Viral particles containing normalized p24 antigen produced by transfected 293T 

cells were pelleted and analyzed for gp120, gp41 and p24 expression by immunoblot 

(Refer: western blot; 5.5.2) using HIV-1 gp120 rabbit antiserum (Advanced 
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biotechnologies; USA), hmAb5F3 (NIH AIDS Reagents Program; USA) and Rabbit anti-

HIV-1 p24 (AIDS Repository; Fredrick; USA). 

 

5.8 Computer Programs and Data Analysis 

• HIV sequences were obtained from http://www.hiv.lanl.gov. 

• HIV sequences were handled with the computer program, Gene construction Kit.  

• Sequence alignments were performed with multiple sequence alignment by 

Florence Corpet (http://bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html). 

• Translation of nucleic acid into protein was performed with expasy translate tool 

(http://us.expasy.org/tools/dna.html). 

• Reverse complement of the nucleic acid sequence was done with 

(http://bioinformatics.org/sms/rev_comp.html). 

• Sequencing reactions were analyzed using the program, chormas version 1.62. 

• IC50 values and other statistical analysis were performed with Prism software and 

Microsoft Excel. 
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6. Results 

 

6.1 Sensitivity of HIV-1 mutants containing naturally occurring gp41 HR-1 variations 

to fusion inhibitors 

 Seven naturally occurring HIV-1 gp41 HR-1 mutations located near the “GIV” 

motif (L33V, L34M, S35F and Q39R) and in the hydrophobic pocket (L54M, Q56K and 

Q56R) were introduced into the HIV-1 NL4-3 molecular clone (Fig. 5). These variations 

were observed in treatment-naive patients infected with diverse HIV-1 M subtypes 

(Zollner et al., 2001; Hanna et al., 2002; Xu et al 2002; Roman et al., 2003; Villahermosa 

et al., 2003). Their effect on HIV-1 infectivity and sensitivity to fusion inhibitors remained 

elusive. HIV-1 variants containing combined mutations were also constructed to assess 

whether they might affect drug sensitivity more severely than the individual changes (Fig. 

5). To generate a control HIV-1 variant insensitive to fusion inhibitors, the L33S mutation 

was introduced into the gp41 HR-1 region(Fig. 5). This mutation confers resistance to C-

34 (Armand-Ugon et al., 2003), which is related to T-1249 and also targets the 

hydrophobic cavity (Fig. 4). However, it was not known whether L33S confers cross 

resistance to T-20 and T-1249. Mutations were introduced by splice overlap extension 

PCR (SOE-PCR) and the individual clones were sequenced to confirm the absence of 

unwanted changes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Amino acid changes introduced into the gp41 HR-1 region. The wildtype HIV-1  
NL4-3 sequence is shown in the upper lane. The GIV motif (DIV in NL4-3) and the 
sequence of the hydrophobic pocket (HP) are underlined and mutated amino acids are in 
bold. The T-20 and T-1249 binding region is shown. 
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TZM-bl reporter cells which express β-galactosidase upon HIV-1 entry were 

infected with virus stocks containing normalized amounts of p24 core antigen. The results 

demonstrated that most substitutions in the HR-1 region do not impair viral infectivity 

(Fig. 6). However, S35F and Q56R mutations reduced HIV-1 NL4-3 infectivity by five 

fold compared to wildtype. The disruptive effect of Q56R was unexpected because an 

arginine is present at this position in the majority of HIV-1 group O gp41 sequences (Tab. 

1). However, the Q56R substitution did not impair HIV-1 infectivity in the presence of an 

additional L54M change (Fig. 6). Thus, its effect on gp41 function is context dependent 

and it might not impair the fitness of group O strains. 

 

 

 

 

 

 

 

 

 

 

 

 

To assess the sensitivity of these HR-1 variants to T-20 and T-1249, infections were 

performed in the presence and absence of inhibitors. Several changes altered HIV-1 

sensitivity to T-20 inhibition (Fig. 7; Tab.1). However all variants, except L33S, were 

efficiently blocked by T-1249 (Fig. 7; Tab.1). The L33V change reduced HIV-1 sensitivity 

to T-20 about 5-fold (P= 0.0007; Tab. 1). Nonetheless, its effect was less dramatic than 

that of L33S. In addition, L33V did not show reduced sensitivity to T-1249, while L33S 

conferred cross resistance to both T-20 and T-1249 (Fig. 7). The L34M mutation reduced 

the viral susceptibility to T-20 only two fold (Tab. 1). The S35F and Q39R changes 

slightly enhanced the viral sensitivity to T-20 (Tab. 1). Thus, only two of 5 mutations near 

the “GIV” motif (L33S, L33V) reduced viral sensitivity to T-20 and only one (L33S) to T-

1249 (Fig. 7; Tab. 1). 

 

Fig. 6: Infectivity of HIV-1 NL4-3 gp41 HR-1 variants containing naturally occurring 
changes. TZM-bl indicator cells were infected in triplicate with 293T cell derived virus 
stocks containing 1 ng p24 antigen. Infectivities were measured 3 days post infection. 
Average infectivities +SD are shown relative to wild type NL4-3. 
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Table 1: Sensitivity of HIV-1 gp41 HR-1 variants to fusion inhibitors. Data represent 
average values obtained from three independent experiments each with triplicate infections 
per inhibitor dose. * The letters indicate the subtype or group, respectively and the numbers 
indicate the frequency of the amino acid changes and the total number of sequences derived 
from the Los Alamos HIV database analyzed. # M54 is also present in a minor fraction of 
gp41 sequences of non-C HIV-1 subtypes.  

Fig.  7: Effect of naturally occurring gp41 HR-1 variations on HIV-1 sensitivity to 
inhibition by T-20 and T-1249. TZM-bl indicator cells were infected in triplicate with 
293T cell derived virus stocks containing 1 ng p24 antigen in the presence and absence 
of inhibitors.  Shown are average values +SD of triplicate measurements for each drug 
concentration. Similar results were obtained in two independent experiments. 

T-1249(nM) T-20(nM)
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Next, the sensitivity of the viruses containing individual changes (L54M, Q56R and 

Q56K) in the hydrophobic pocket to T-20 and T-1249 was analyzed (Fig. 7). The results 

demonstrated that none of these naturally occurring changes in the hydrophobic pocket 

region conferred resistance to fusion inhibitors (Tab. 1; Fig. 7). In contrast, combined 

mutations of L54M/Q56K and L34M/L54M/Q56R reduced the susceptibility of HIV-1 to 

inhibition by T-20 about four to five fold (Tab. 1). All HIV-1 mutants containing combined 

changes in the HR1 region were efficiently blocked by T-1249 (Tab. 1). Thus, some 

combined mutations in the hydrophobic pocket or the HR-1 region reduced viral sensitivity 

to T-20 but not to T-1249.  

In summary, most naturally occurring sequence variations in the HR-1 domain of 

HIV-1 gp41 did not impair viral infectivity. Out of ten HIV-1 variants analysed, three 

mutants containing a single substitution of L33V, which is frequently present in subtype D 

isolates, or combined changes of L54M/Q56K or L34M/L54M/Q56R showed about 5-fold 

reduced sensitivity to inhibition by T-20. In comparison, none of these HR-1 sequence 

variations, except L33S, conferred resistance to T-1249. 

 

6.2 Inhibition of HIV-1 group O isolates by fusion inhibitors 

It is well established that fusion inhibitors are effective against HIV-1 group M 

isolates but it remained to be determined whether they also block highly divergent group O 

strains. Thus, HIV-1 group M and O isolates were analyzed to determine the (1) sequence 

diversity in HR-1 and HR-2 and (2) sensitivity to T-20 and T-1249. Sequence alignments 

of the HR-1 region from group M and group O viruses revealed that all of them contain the 

“GIV” motif (Fig. 8A). Notably, all group O viruses contain a N42D substitution in the 36 

to 45 amino acid domain (GIVQQQNNLL) in gp41 HR-1, which plays a key role in 

sensitivity to fusion inhibitors (Poveda et al., 2004; Fig. 8A). Analysis of the hydrophobic 

pocket in HR-1 revealed that group M and O gp41 sequences differ by changes of Q56R 

and T58L (Fig. 8A). Altogether, the HR-1 region was well conserved within each group 

but varied considerably between HIV-1 group M and O isolates (Fig. 8A). Compared to 

HR-1, the HR-2 amino acid sequences showed a higher degree of sequence diversity (Fig. 

8B). Alignment of the HR-2 region of group O with the peptide sequence of T-20 and T-

1249 shows that only 20 of 36 (56%) and 21 of 39 (54%) of the T-20 and T-1249 amino 

acid residues, respectively, were preserved in the HIV-1 O HR-2 consensus sequence (Fig. 



6. RESULTS  32 

8B). However, the three hydrophobic anchor residues in HR-2 (Fig 4; W117, W120 and 

I124) are well conserved among both groups (Fig. 8B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Next, the sensitivities of group M viruses to T-20 and T-1249 were analyzed. The 

Group M panel included three molecular clones of subtype B namely, NL4-3, LAI.2, YU-2 

and four primary isolates (non-B clades), namely A (92UG029), C (98IN022), D 

(92UG024) and F (93BR020). The Group O panel included six primary isolates 9435R5, 

Fig. 8: Sequence diversity within the HR-1 and HR-2 regions of HIV-1 group M and O. 
Alignment of the HR-1 (A) and HR-2 (B) gp41 sequences of HIV-1 M and O. Dots indicate 
identity with the NL4-3 sequence and dashes the gaps introduced to optimize the alignments. 
The “GIV” motif (“DIV” in NL4-3) and the sequence of the hydrophobic pocket in HR-1 and 
the hydrophobic anchor residues in HR-2 are boxed. The HIV-1 group M sequences were 
derived from the genbank database (accession numbers AAF69304, AAK31042, AAT67532 
and AAT67533). Group O sequences were amplified and sequenced from the genomic DNA 
of the infected cells. Numbering refers to the HXB2 gp41 sequence. The letters and numbers 
following the names of the HIV-1 isolates or molecular clones specify the subtype or group, 
respectively, and the coreceptor tropism. 
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8913R5, 8161X4, 2901R5, 13127R5 and 13470R5 (Dittmar et al., 1999). All HIV-1 

variants were inhibited by T-20 and T-1249, albeit with differential efficiency (Fig. 9B, C). 

The IC50 of LAI.2 (13.2+2.6 nM) for T-20 was 4-fold lower than that of NL4-3 (53.0+19.9 

nM; Fig. 9A, B) indicating that the G36D change in the “GIV” motif reduces the 

susceptibility of NL4-3 to inhibition by T-20. However, NL43 was highly sensitive to T-

1249 (Fig. 9A). Thus, in agreement with previous results (Nameki et al., 2005), the G36D 

change in the “GIV” motif reduces the susceptibility of NL4-3 to inhibition by T-20 but 

not by T-1249.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Inhibition of divergent HIV-1 variants by T-20 and T-1249.  TZM-bl indicator cells 
were infected in triplicate with (A) the NL4-3 molecular clone and the N42D mutant virus; 
(B) a variety of HIV-1 group M variants and (C) with primary group O virus isolates in the 
presence of the indicated concentrations of T-20 (left) or T-1249 (middle). Shown are average 
values of triplicate measurements for each drug concentration. The IC50 values (right) were 
derived from two independent experiments each done in triplicate. 
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Based on sequence data, it has been suggested that group O viruses might be 

naturally resistant to T-20 but not to T-1249 (Poveda et al., 2004). However, as shown in 

Fig. 9, group O isolates were even more sensitive to T-20 inhibiton (IC50 of 23.2+12.1 nM) 

than group M strains (IC50 of 28.8+21.3 nM). It has also been proposed that the N42D 

substitution, which is present in the HR-1 region of group O isolates (Fig. 9A), might 

reduce the sensitivity of HIV-1 to inhibition by T-20 (Poveda et al., 2004). However, no 

experimental evidence has been provided. The results of the present thesis showed that this 

change did not significantly reduce the susceptibility of HIV-1 to T-20 and T-1249 (Fig. 

9A). On average, HIV-1 M isolates were about three-fold more sensitive to T-1249 than to 

T-20 (p<0.05), (Fig. 9B). In contrast to HIV-1 M, the group O isolates showed no 

significant differences in their susceptibility to T-20 and T-1249. The T-1249 IC50 values 

of the HIV-1 O isolates ranged from 7.7+1.5 to 48.7+15.1 nM and were on average 2.2-

fold higher than those of HIV-1 M variants (Fig. 9C). Notably, HIV-1 O MVP9435 and 

MVP13127 isolates were less sensitive to T-20 and T-1249 than the remaining group O 

isolates (Fig. 9C), although they did not contain any HR-1 sequence variations (Fig. 8A). 

In summary, comparison of group O and group M gp41 sequences demonstrated 

that the HR-1 region is more conserved than HR-2. Group M and O isolates are highly 

sensitive to T-20. Unexpectedly, however, group O viruses are frequently less sensitive to 

T-1249 than group M isolates. 

 
6.3 Rapid selection and characterization of T-1249 resistant viruses  

Mutations in the “GIV” motif that rendered the virus resistant to T-20 did not 

confer cross-resistance to 2nd generation fusion inhibitors (Greenberg et al., 2002). 

Moreover, the standard approach – cell culture passage of HIV-1 in the presence of 

increasing drug concentrations – did not allow to generate T-1249 resistant virus variants. 

Thus, it has been proposed that the mechanisms of HIV-1 resistance to 1st and 2nd 

generation fusion inhibitors might be fundamentally different but experimental evidence 

for this hypothesis is missing. In the present thesis, a site-specific PCR random 

mutagenesis approach was used to select T-1249 resistant viruses in cell culture and to 

evaluate where changes in the HR-1 are tolerated.  
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6.3.1 Generation of site-specific HIV-1 gp41 random mutants 

A comprehensive set of HIV-1 mutants containing changes in the following 

residues was generated: (1) “e” and “g” positions of the HR-1 (N helix), which interact 

with HR-2 to form the six helix bundle (Fig. 10A); (2) hydrophobic pocket or deep cavity  

forming residues in HR-1, which are important for the formation of six helix bundle and 

are targeted by T-1249 (Fig. 10B); (3) I37 and V38 residues in the “GIV” motif (NL4-3 

contains a “DIV” motif), involved in T-20 resistance (Fig. 10B).  
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Fig. 10: Random mutagenesis of the HIV-1 gp41 HR1 region. (A) Helical wheel diagram of 
the six-helix bundle (modified from Lu et al., 2001). The left panel shows the position of 
heptad repeat residues in a cross-section of the helices in the gp41 core. The residues at the “g” 
and “e” position in the N-helices (N) or HR-1 and the “a” and “d” position in the C helices (C) 
or HR-2 that are important for the interaction between the coiled-coil domain and the 
antiparallel external helices are highlighted in yellow and green, respectively. The right panel 
shows the amino acid residues at positions “g” and “e” of the N-helix subjected to random 
mutagenesis. (B) Target residues for random mutagenesis in HR-1. The amino acid sequence of 
the N-helical region and the position of the randomized residues are indicated. The “GIV” 
motif and deep cavity (DC) region are underlined.
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Only two amino acids were targeted per mutant (Fig. 10B) and the randomly 

mutagenized env alleles were cloned into the NL4-3 proviral construct as a pool to ensure 

that all mutant HIV-1 stocks contained a complex mixture of amino acid changes at the 

desired locations. Direct sequencing of the proviral mixture showed that the gp41 HR-1 

sequences contained a complex mixture of nucleotide changes in the codons corresponding 

to the targeted amino acid positions (Fig. 11).  

 

 

 

 

 

 

 

 

 

 

 

6.3.2 Large parts of the HIV-1 gp41 HR-1 region do not tolerate mutations 

 The HIV-1 gp41 random mutants were used to investigate at which positions in the 

HR-1 and deep cavity, the amino acid changes are tolerated or not. The infectivity results 

demonstrated that HIV-1 variants containing changes at positions 37/38 and 38/40 in or 

near the “GIV” motif were highly infectious suggesting that changes in these amino acid 

positions are frequently tolerated. In contrast, the infectivity of all remaining virus stocks 

was >100-fold lower than that of HIV-1, demonstrating that changes at these positions are 

not tolerated (Fig. 12). In many cases, the infectivity of all remaining virus stocks was 

reduced to the same extent as the expected frequency of the two wildtype codons in the 

proviral pools (Fig. 12). Thus, in agreement with the high conservation of these residues 

between HIV-1 and SIV strains (Leitner et al., 2003) and an important role for gp41 

function, alterations were hardly or not at all tolerated at the “e” and “g” positions of the N 

helices and in the residues forming the hydrophobic pocket. In summary, the present 

results demonstrate that only changes at positions 37, 38 and 40 near the N-terminus of the 

HR-1 region are well tolerated. 

 

Fig. 11: Sequence analysis of the HR-1-IV/XX mutant mix. Proviral DNA encompassing 
the mutated positions was subjected to direct sequence analysis. The nucleotide and deduced 
amino acid sequences for the mutated residues and the flanking region are shown. Similar 
results were obtained for the remaining nine HR-1 and HP mutants except that complex 
nucleotide mixtures were observed at different positions. 
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6.3.3 Changes in the “GIV” motif confer T-1249 resistance  

To test the effect of random changes in the HR1 region and the role of I37, V38 and 

Q40 residues on HIV-1 fusion inhibitor sensitivity, the following four virus stocks were 

used: (1) the HR-1 pool containing alterations at a total of 11 positions in the N helix; (2) 

the DC pool containing alterations at eight positions in the residues forming the deep 

cavity; (3) the IV/XX-VQ/XX pool targeting residues in or near the “GIV” motif; (4) all 

HR-1 mutants except for those two containing changes in the IV residues (Fig. 10B; 13A). 

Infectivity results demonstrated that the HR-1 pool and IV/XX-VQ/XX pool 

showed slightly reduced infectivities compared to wild type, while the HR-1 pool without 

IV-VQ pool and DC pool showed greatly impaired infectivity (Fig. 13A). Thus, the 

infectivities of these mixed pools in combination are in agreement with the results obtained 

using the individual pools (Fig. 12). Drug sensitivity assays demonstrated that infection by 

viruses containing random changes in HR-1 was moderately inhibited by T-1249 and not at 

all by T-20, while the wildtype virus was efficiently blocked by both inhibitors (Fig. 13B). 

Altogether, these results suggested that the HR-1 and IV/XX-VQ/XX pools contain a 

significant proportion of resistant viruses. 

 

 

Fig. 12: Infectivity of HIV-1 NL4-3 gp41 variants containing randomized codons in 
the HR-1 region. Viral infectivity was measured by infection of TZM-bl cells with virus 
stocks containing normalized amounts (1 ng) of p24 core antigen and represent average 
values+SD derived from triplicate infections. The numbers behind the infectivity bars 
indicate n-fold reduction of infectivity compared to the wildtype virus. Similar results 
were obtained in an independent experiment. 



6. RESULTS  38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To select T-1249 resistant viruses, CEM-M7 cells were infected with wildtype and 

respective random pools in the presence of 50 nM T-1249 (Fig. 14). Six days post 

infection, viral replication was observed with the HIV-1 IV/XX-VQ/XX pool while the 

HR-1 pool showed delayed replication. However, no significant replication was observed 

with wild type, DC-pool and HR-1 pool without IV-VQ in the presence of T-1249. These 

data suggest that T-1249 resistant viruses may contain changes in the “GIV” motif of HR-1 

(Fig. 14). To select for the most resistant viruses, the T-1249 concentration was increased 

to 100 nM after 15 days of culture. At day 24 after infection, viral RNA was extracted 

from the cell free supernatant of cultures infected with IV/XX-VQ/XX pool and HR-1 pool 

(Fig. 14). HIV-1 gp41 HR-1 region was amplified by reverse transcription PCR. Direct 

sequencing of the PCR product, revealed that replicating T-1249 resistant viruses contain 

changes exclusively in residues I37 and V38 (Fig. 15). 

 

 

A B 

Fig. 13: HR-1 pool and IV/XX-VQ/XX pool show reduced sensitivity to fusion inhibitors 
(A) Infectivity of the HR-1 and IV/XX-VQ/XX pool stocks. Viral infectivity was measured by 
infection of TZM-bl cells with virus stocks containing normalized amounts (1 ng) of p24 core 
antigen and represent average values + SD derived from triplicate infections. (B) Changes in 
the HR-1 region reduce the susceptibity of HIV-1 to fusion inhibitors. TZM-bl indicator cells 
were infected with wildtype NL4-3, the HR-1 Pool or the IV/XX-VQ/XX virus stocks 
respectively, in the presence of the indicated concentrations of T-1249 or T-20. Shown are 
average values derived from triplicate infections. 
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6.3.4 Functional characterization of T-1249 resistant viruses 

To analyze which specific HIV-1 gp41 mutants emerged in the presence of  

inhibitor, 21 individual PCR clones were sequenced (Tab. 2). As expected from the results 

of the bulk sequence analysis, all of them contained changes in the IV residues. Notably, 

the selected HIV-1 mutants differed from NL4-3 wildtype by an average of five and a 

minimum of three nucleotide changes that always changed both codons (Tab. 2). This 

might explain the difficulty to select T-1249 resistant forms by the conventional cell 

Fig. 15: Selected T-1249 resistant HIV-1 mutants contain mainly or exclusively alterations 
in residues I37 and V38. Shown is the result of direct sequence analysis of the RT- PCR 
product obtained from the cell-free supernatant of CEM-M7 cells infected with the HR-1 pool 
in the presence of T-1249. Codons that were subjected to random PCR mutagenesis are 
underlined in the indicated nucleotide sequence. 

Fig. 14: Changes in the gp41 HR-1 region allow efficient viral replication in the 
presence of T-1249. CEM-M7 cells were infected in triplicate with the indicated virus 
stocks in the presence of 50 nM T-1249. At day 15, the concentration of the inhibitor was 
increased to 100 nM. The arrow indicates the point at which the gp41 region was amplified 
by RT-PCR from the cell-free culture supernatants. The replication curves indicate average 
values of p24 derived from triplicate infections. 
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culture passage of NL4-3 wildtype virus. Next, the effect of the gp41 HR-1 sequence 

variations on viral infectivity, expression of envelope proteins and susceptibility to fusion 

inhibitors was investigated. All changes observed from the selection were introduced into 

the replication-competent HIV-1 NL4-3 proviral clone. Infection analysis revealed that all 

nine HIV-1 gp41 mutants were less infectious than NL4-3 wildtype (Tab. 2). Most 

substitutions in the IV residues reduced viral infectivity by more than 5-fold and only one 

mutant virus containing changes of IV/VT was almost as infectious as the parental NL4-3 

clone (Tab. 2) . 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

To assess the expression levels of gp41 mutant envelope proteins, immunoblot 

analysis was performed with the viral particles. In addition to the gp41 mutants selected by 

the random PCR mutagenesis approach, two gp41 clones containing changes of L33V and 

L33S, which show resistance against T-20 and T-1249 respectively, were also used as 

control. Immunoblot results showed that all the gp41 mutants were efficiently expressed 

(Fig. 16). The external gp120 env glycoprotein was readily detected in the cell free 

supernatants of all cultures transfected with the proviral HIV-1 constructs (Fig. 16). Thus, 

Table 2: Properties of HIV-1 variants selected in the presence of T-1249. 1 The 
localization of randomly mutagenized amino acid position in the HIV-1 HR-1 and IV+VQ 
viral stocks is indicated in Figure 12. 2 Infectivity was measured using TZM-bl cells and 
represents mean values +SD derived from triple infections, each with three different virus 
stocks. 3 Results shown are means +SD of three independent experiments. 
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the greatly reduced infectivity of the majority of mutant HIV-1 clones was obviously not 

due to the altered envelope expression.  
Next, the susceptibility of the nine HIV-1 gp41 mutants to fusion inhibitors was 

investigated. All gp41 mutants were largely resistant to T-20 (Tab. 2). Moreover, they 

showed greatly reduced susceptibility to inhibition by T-1249. Notably, changes of IV to 

SN, SQ, HE and AT rendered HIV-1 largely insensitive to this 2nd generation fusion 

inhibitor (Tab. 2). The highly infectious clone IV/VT showed about 8-fold reduced 

sensitivity to T-1249 and complete resistance to T-20 (Tab. 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In summary, all selected clones, except the variant VT, showed reduced infectivity 

compared to HIV-1 wildtype. None of these mutations within gp41 affected envelope 

expression. Finally, the gp41 mutants showed either complete resistance and/or reduced 

sensitivity to T-20 and T-1249. 

 

6.3.5 Fitness of T-1249 resistant viruses in vitro 

Since reduced viral fitness contributes to the continued benefit of antiretroviral 

therapy despite the presence of high-level drug resistance (Deeks et al., 2001), the fitness 

of T-1249 resistant viruses was investigated in human peripheral blood mononuclear cells 

(PBMC) and PM1 cells. In agreement with the results of the infectivity assays (Tab. 2), all 

variants, except clone IV/VT, replicated with substantially reduced efficiency compared to 

Fig. 16: Expression of wt and gp41 mutant Env proteins. Cell-free supernatants from 
transfected 293T cells were centrifuged to pellet viral particles, and the pellets were probed 
with antibodies against gp120, gp41 and p24. Similar results were obtained in an 
independent experiment. 
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NL4-3 wildtype in the absence of inhibitor (Fig. 17A). Statistical analysis demonstrated 

that the efficiency of replication in PBMC and PM1 cells correlated among one another 

and with the infectivity of the HIV-1 gp41 mutants (Fig. 17B). Notably, an inverse 

correlation was observed between the replicative capacity and infectivity of the mutant 

viruses and their degree of resistance against T-1249 (Fig. 17B). Thus, mutations that 

confer resistance to T-1249 are usually associated with substantially reduced viral fitness. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, the fitness of IV/VT was analyzed both in the presence and absence of T-

1249 in PM1 cells. NL4-3 wildtype showed replication only in the absence of inhibitor. In 

contrast, clone IV/VT replicated both in the presence and absence of T-1249 (Fig. 18). 

 

Fig. 17: Replication of T-1249-resistant HIV-1 mutants. (A) Cumulative production of 
p24 by infected PBMC or PM1 cells. Values were measured at 3, 6, 9, 12 and 15 days after 
infection. Shown are representative levels of p24 production expressed as percentages of 
those measured in cultures infected with the wildtype virus. Similar results were obtained in 
independent experiments. (B) Correlation between the replicative capacity, infectivity and T-
1249 resistance of HIV-1 gp41 mutants. Correlation between (left) p24 production in PBMC 
and PM1 cells; (middle left) viral infectivity for TZM-bl cells and virus production by 
PBMC; (middle right) virus infectivity and IC50 for T-1249 inhibition and (right) viral 
replication in PBMC and IC50. 
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In summary, the results demonstrated that T-1249 resistant viruses, except clone 

VT, showed reduced fitness. Altogether, an inverse correlation was observed between viral 

fitness and the degree of T-1249 resistance. 
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Fig. 18: Replication of Clone IV/VT in the presence of T-1249. PM1 cells were infected 

with p24 normalized IV/VT and wildtype virus stocks in the presence (10nM) and absence 

of T-1249. Replication was monitored by p24 ELISA using supernatants collected at 

regular intervals. 
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7. Discussion 

 

 The present doctoral thesis demonstrates that (1) some naturally occurring sequence 

variations in the gp41 HR-1 region reduce the sensitivity of HIV-1 to inhibition by T-20 

but not T-1249; (2) both HIV-1 group O and M isolates are susceptibile to inhibition by T-

20; and (3) HIV-1 resistance profiles to first and second generation fusion inhibitors are 

similar.  

 

7.1 Naturally occurring mutations in the gp41 HR-1 region reduce HIV-1 sensitivity 

to T-20 but not to T-1249 

The effect of sequence variations in the gp41 HR-1 region, previously observed in 

treatment-naive patients infected with different subtypes of HIV-1 group M (Zollner et al., 

2001; Hanna et al., 2002; Xu et al., 2002; Roman et al., 2003; Villahermosa et al., 2003), 

on viral infectivity and sensitivity to fusion inhibitors was analyzed. The results 

demonstrated that some natural polymorphic mutations affect HIV-1 sensitivity to T-20 but 

not to T-1249. 

A previous study identified a L33S mutation in the gp41 HR-1 region that mediates 

resistance to C34, a HR-2 derived inhibitor (Fig. 4; Armand-Ugon et al., 2003). The 

present results demonstrated that the L33S change confers cross-resistance to both T-20 

and T-1249 (Tab. 1). It will be of interest to further clarify whether the L33S change 

mediates resistance to most or all HR-2 derived peptidic inhibitors (Heil et al., 2004; 

Lohrengel et al., 2005). In agreement with the finding that position 33 in gp41 is critical 

for inhibition (Trivedi et al., 2003), the naturally occurring L33V change also conferred 

resistance to T-20 (Tab. 1). However, in contrast to the L33S mutation that was selected in 

vitro (Armand-Ugon et al., 2003), L33V change did not allow to overcome T-1249 

inhibition. 

T-20 was generated based on the HIV-1LAI subtype B gp41 sequence (Wild et al., 

1994), suggesting that non-B subtypes might be less susceptible to inhibition by T-20 or 

related fusion inhibitors. The L33V change, which conferred about 5-fold resistance to T-

20, is frequently observed in HIV-1 M subtype D isolates (Tab. 1). Such a reduction in 

drug sensitivity might affect the efficiency of viral suppression and hence the response to 

treatment. Accordingly, some subtype D strains, which are present in Central and East 

Africa, might be partially resistant to T-20. However, this can only be confirmed by 
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phenotypic and genotypic assays with a large panel of subtype D clinical isolates. In 

addition, it needs to be considered that the effect of these HR-1 variations on drug 

sensitivity might depend on the specific envelope backbone. For example, substitution of 

L54M slightly reduced the susceptibility to T-20 inhibition (Tab. 1) and has also been 

detected in several HIV-1-infected individuals who did not respond to T-20 treatment 

(Menzo et al., 2004; Heil et al., 2004). This change is present in the majority of subtype C 

strains (Tab. 1). However, it was reported that subtype C isolates are even more susceptible 

to T-20 than subtype B isolates (Cilliers et al., 2004). Hence, both subtypes need to be 

tested under the same experimental conditions to evaluate possible differences in 

susceptibility to fusion inhibitors.  

Notably, changes in the hydrophobic pocket altered the sensitivity of HIV-1 to T-20, 

although this inhibitor does not bind directly to this region (Fig. 7; Tab. 1). L54 is at a “g” 

position in the coiled coil structure of HR-1 and might potentially affect the interaction 

with the antiparallel HR-2 helix (Fig. 10A; Chan et al., 1997; Weissenhorn et al., 1997). 

Similarly, changes at Q56 in the hydrophobic pocket could impact the interaction of the 

HR-1 and HR-2 domains and the formation of the fusogenic six helix bundle (Chan et al., 

1998). Structural changes in the trimeric gp41 complex induced by the L54M and Q56K 

changes might alter the accessibility of the HR-1 region to T-20, thereby reducing the 

sensitivity to inhibition. 

T-1249 contains hydrophobic anchor residues that target the hydrophobic pocket in 

HR-1 (Fig. 4). Surprisingly, the present results demonstrated that changes in the 

hydrophobic cavity do not modulate HIV-1 sensitivity to T-1249 (Fig. 7; Tab. 1). 

Consistent with previous reports (Chan et al., 1998; Mo et al., 2004), this further proves 

that the hydrophobic pocket is a useful drug target. Based on computational molecular 

docking and screening experiments, a number of small molecular compounds were 

identified that bind in the hydrophobic cavity and prevent the six helix bundle formation 

(Debnath et al., 2006; Jiang et al., 2004). Further studies will be interesting to elucidate the 

sensitivity of these HIV-1 hydrophobic cavity variants to small molecular inhibitors. 

The data presented were obtained using the HIV-1 NL4-3 clone, which uses 

CXCR4 as entry cofactor. The coreceptor tropism might impact the susceptibility of HIV-1 

to fusion inhibitors. Therefore, changes in the gp41 HR-1 region were also introduced in a 

CCR5-tropic derivative of NL43 containing the 005pf135 V3 loop region (Papkalla et al., 
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2002). Further analysis revealed that some naturally occurring polymorphisms in the gp41 

HR-1 region also affected the sensitivity of the CCR5-tropic HIV-1 variants to T-20 (data 

not shown). Altogether, variations in the gp41 HR-1 region can modulate the sensitivity of 

HIV-1 to fusion inhibitors independently of the coreceptor tropism. 

The infectivity results demonstrated that most individual and combined mutations 

in the gp41 HR-1 region do not reduce the viral infectivity (Fig. 6). In addition, the 

disruptive effect of one mutation (Q56R) is compensated by another change (L54M) in the 

same HR-1 region (Fig. 6). Thus in vivo, the virus may acquire simultaneous changes in 

the HR-1 to compensate the detrimental mutations and hence preserve the functional 

envelope proteins.  

In conclusion, the present results show that some natural variations detected in the 

HIV-1 gp41 region of treatment-naive patients affect the sensitivity to inhibition by T-20 

but not T-1249. The impact of some subtype-specific variations on the susceptibility of 

HIV-1 to fusion inhibitors needs further evaluation.  

 

7.2 Group O viruses are highly susceptible to T-20 inhibition 

The present study demonstrated that HIV-1 group M and O clinical isolates are 

efficiently inhibited by T-20. Based on sequence alignments, it has been previously 

proposed that HIV-1 O isolates might be naturally resistant against T-20 (Poveda et al., 

2004). The present investigation using phenotypic drug sensitivity assays showed that T-20 

efficiently inhibits HIV-1 O entry (Fig. 9C). In addition, this thesis demonstrated that the 

N42D variation in the HIV-1 group O gp41 does not confer resistance to T-20 and T-1249 

(Fig. 9A).  This suggests that T-20 would be effective in individuals infected with highly 

divergent group O strains. The finding that T-20 inhibited HIV-1 M and O isolates with 

similar efficiency was unexpected because the subtype B HR-2 region used to design T-20 

differs considerably from the consensus group O sequence (Fig. 8B).  

It has been suggested that CCR5-tropic HIV-1 M isolates might be less sensitive to 

T-20 than CXCR4-using viruses (Derdeyn et al., 2000). It is noteworthy that, with the 

exception of the 8161 variant, all HIV-1 O isolates investigated use CCR5 as entry 

cofactor (Dittmar et al., 1999). Thus, their high susceptibility to inhibition by T-20 is even 

more intriguing and indicates that this inhibitor might have broader antiretroviral potency 

than anticipated. 
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In agreement to a previous study (Greenberg et al., 2002), the present results 

showed that T-1249 is more effective than T-20 against HIV-1 M (Fig. 9B). The X4-tropic 

HIV-1 NL43 clone was highly susceptible and the R5-tropic YU-2 clone was partially 

resistant to T-1249 (Fig. 9A; 9B). On average, group O isolates were less efficiently 

inhibited by T-1249 than HIV-1 M isolates (Fig. 9C). This result was unexpected because 

T-1249 is composed of sequences derived from HIV-1, HIV-2 and SIV (Greenberg et al., 

2002) and targets the conserved deep pocket region in HR-1. The HIV-1 M and O deep 

pocket regions differ by changes of Q56R and T58S (Fig. 8A). The Q56R change does not 

reduce HIV-1 sensitivity to T-20 and T-1249 (Tab. 1). So the combined changes of Q56R 

and T58S in HIV-O isolates might impact the sensitivity to T-1249.  

It is noteworthy that the susceptibility of the six HIV-1 O isolates analyzed to both 

T-20 and T-1249 inhibition, correlated significantly (R2=0.96; P=0.001). The HIV-1 O 

9435 and 13127 isolates were less sensitive to T-20 and T-1249 than the remaining group 

O isolates (Fig. 9C), but do not contain any HR-1 sequence variations. The hydrophobic 

anchor residues (W117, W120 and I124) in HR-2 are highly conserved among group M 

and O viruses (Fig. 8B). These anchor residues project into the hydrophobic cavity and are 

important for the six helix bundle formation (Chan et al., 1997, Mo et al., 2004). However, 

other residues in HR-2 of group M and O vary considerably (Fig. 8B). It has been reported 

that variations in HR-2 might impact the sensitivity of HIV-1 to entry inhibitors targeting 

the HR-1 (Heil et al., 2004). So the present study further indicates that changes outside of 

the HR-1 region might also modulate the sensitivity of HIV-1 to fusion inhibitors. 

In summary, the results suggest that T-20 can be used to treat patients infected with 

HIV-1 group O viruses. On average, group O isolates were less efficiently inhibited by T-

1249 than HIV-1 M isolates. Polymorphisms in gp41 might affect the sensitivity of HIV-1 

O to second generation fusion inhibitors. Further studies on the impact of sequence 

variations in the HR-1 and HR-2 of group M and O on the susceptibility of HIV-1 to 

second generation fusion inhibitors are warranted.  

 

7.3 HIV-1 shows similar resistance mechanism(s) to T-20 and T-1249 

The present results demonstrate that (1) the site-specific PCR random mutagenesis 

approach is a powerful tool to select T-1249 resistant variants and (2) HIV-1 shows a 

similar resistance mechanism(s) to first and second generation fusion inhibitors.  
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In agreement to previous results (Rimsky et al., 1998), T-20 resistant HIV-1 

variants were selected efficiently by the standard passaging approach (data not shown). 

However, attempts to select T-1249 resistant HIV-1 mutants consistently failed. The 

present results demonstrated that the site-specific PCR random mutagenesis approach is a 

much faster and more effective method to select resistant viruses to fusion inhibitors in 

vitro than “standard” cell culture passage of wildtype virus in the presence of inhibitor.  

In the conventional passaging method, it may not be possible to select large number 

of resistant variants. However, this novel approach allowed to select nine resistant HIV-1 

variants in a short time frame (Tab. 2). In addition, all T-1249 resistant viruses identified 

by the random PCR mutagenesis approach, contained at least three nucleotide mutations 

resulting in two amino acid changes (Tab. 2). Thus, a greater number of changes in the 

gp41 HR-1 region is required for HIV-1 resistance to T-1249 compared to T-20, which 

likely explains why it has been proven difficult to select such HIV-1 variants by standard 

cell culture passage. 

It is well documented that single nucleotide changes altering the “GIV” motif in the 

gp41 HR-1 region render HIV-1 resistance to T-20 (Briz et al., 2006; Lu et al., 2006; 

Reeves et al., 2005; Rimsky et al., 1998). It has been suggested that T-20 and T-1249, 

blocking the same step during viral entry, can be employed in combination because 

alterations in HR-1 conferring resistance to T-20 have little, if any effect on virus 

sensitivity to T-1249 (Reeves et al., 2005). The results of this thesis demonstrated that 

HIV-1 gp41 variants containing randomized codons at positions corresponding to the I37, 

V38 residues (“GIV” motif) replicated in the presence of high concentrations of T-1249 

(Fig. 14). The present study clearly shows that the mechanism of HIV-1 resistance to first 

and second generation fusion inhibitors is not fundamentally different and involves 

alterations in the “GIV” motif. Notably, some of the changes contributing to T-1249 

resistance, such as V38 to A, M or E (Tab. 2), were the most commonly detected resistance 

mutations in HIV-1 infected patients receiving T-20 treatment (Aquaro et al., 2006; Lu et 

al., 2006). Thus, while these alterations alone seem to be insufficient to confer significant 

resistance to T-1249 (Reeves et al., 2005) they might “prime” the virus for easier 

development of resistance to second generation fusion inhibitors targeting the hydrophobic 

pocket. Moreover, all mutations identified in the I37, V38 residues, conferred resistance to 

both T-20 and T-1249, suggesting that both should not be used in combination.  
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The selection of resistant HIV-1 variants depends on the levels of viral replication, 

the number of target cells, time and selection pressure. Given that HIV-1 infected 

individuals contain an enormous number of target cells and need to be treated for many 

years, it is conceivable that whatever is observed in vitro will most likely also occur in vivo. 

Thus, the present results are relevant and similar HIV-1 variants would most likely also 

emerge during long-term treatment with second generation fusion inhibitors. The available 

library of HIV-1 gp41 random variants will allow to rapidly assess whether changes in HR-

1 also mediate resistance to other fusion inhibitors and to predict possible resistance 

profiles in vivo.  

Of the 16 amino acid positions targeted by the present random mutagenesis 

approach only changes at positions I37 or V38 were well tolerated and selected in the 

presence of T-1249. The results of the infectivity assays suggest that the vast majority of 

changes at the remaining positions in the HP and in the “e” or “g” residues involved in the 

six helix bundle formation disrupted Env function (Fig. 12). These findings agree with 

those of previous studies, in which several of these residues were analyzed by alanine-

scanning mutagenesis (Lu et al., 2001; Menzo et al., 2004; Weng et al., 1998). The present 

results show that randomization of all amino acid residues in the hydrophobic cavity 

dramatically reduced HIV-1 infectivity further demonstrating that this region is an 

excellent target for novel antiretroviral drugs (Chan et al., 1998). Further development of 

small molecule inhibitors targeting this region (Debnath et al., 1999) seems of high interest 

because any resistance conferring mutations in these residues might severely impair viral 

fitness and hence lead to an attenuated phenotype in vivo in HIV-1 infected patients. In 

addition, further studies are required to evaluate the presently described double resistant 

viruses to various fusion inhibitors targeting the HR-1 and hydrophobic pocket region. 

Although effective, some limitations associated with the site-specific PCR random 

mutagenesis are; (1) to perform site-specific random mutagenesis, the drug binding region 

must be known; (2) the target region should be small and (3) unexpected novel resistance 

pathways may not be detected. 

Most of the T-1249 resistant viruses showed attenuated levels of replication, except 
clone IV/VT, compared to wildtype (Fig. 17). The reason for reduced viral fitness is not 
due to the altered envelope expression and incorporation into the virion particles (Fig. 16). 
Hence, these mutations in the HR-1 might affect the interaction with HR-2 and the six 
helix bundle formation. In addition, HR-1 region also contains the Rev-Responsive 
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Element (RRE) and mutations in “GIV” motif might affect the secondary structure of this 
element (Nameki et al., 2005). HIV-1 Rev protein interaction with RRE is implicated in 
the regulation of the export of unspliced or singly spliced mRNA from the nucleus to the 
cytoplasm (Kjems et al., 1991). Hence, further studies are warranted to investigate the 
structure of RRE in T-1249 resistant variants.  

Altogether, the results indicate that changes in the “GIV” motif, at positions 36 to 
38 of gp41 play a key role in HIV-1 resistance to both first and second generation fusion 
inhibitors. Individual changes at position 38, which are commonly observed in patients 
treated with T-20 (Briz et al., 2006; Lu et al., 2006; Reeves et al., 2005; Rimsky et al., 
1998), do not confer cross-resistance to T-1249. Combined with a second mutation at 
position 37, however, the virus can become highly resistant to T-1249. In addition, the 
present results suggest that second generation fusion inhibitors should not be used in 
combination with T-20 or as salvage therapy in pretreated patients, although clearly more 
clinical data are required to make definitive treatment recommendations. Some parts of 
HR-1, particularly the hydrophobic pocket represent excellent targets for HIV-1 fusion 
inhibitors because changes are hardly tolerated. Finally, HIV-1 gp41 random HR-1 mutant 
collections should be useful to readily assess the possible mechanisms of resistance against 
novel entry inhibitors in future studies. 

 
7.4 Conclusion 

The results of this doctoral thesis demonstrate that fusion inhibitors show potent 
antiviral efficacy to most of the tested HIV-1 variants and clinical isolates of different 
origin. Some mutations in the gp41 HR-1 region confer resistance to first and second 
generation fusion inhibitors. The impact of these HR-1 variations on the clinical response 
in patients treated with T-20 or second generation fusion inhibitors needs further 
evaluation. Notably, some HIV-1-infected individuals on HAART show increasing CD4+ 
T cell counts in the presence of virus variants resistant against protease inhibitors and 
ongoing viral replication (Perrin et al., 1998). Some variations in the HR-1 region reducing 
the sensitivity of HIV-1 to fusion inhibitors might allow immune recovery. Altogether, the 
usage of fusion inhibitors for AIDS therapy is a promising approach. 
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8. Summary 

 

HIV-1 entry into the host cell involves a cascade of events. The HIV-1 envelope 

glycoprotein 120 (gp120) makes the initial contact and the gp41 transmembrane protein 

mediates membrane fusion. The trimeric Heptad Repeat-1 (HR-1) and Heptad Repeat-2 

(HR-2) region of gp41 interact with each other to form a six helix bundle which is critical 

for membrane fusion. HIV-1 fusion inhibitors blocking viral entry by binding to the gp41 

HR-1 region offer great promise for antiretroviral therapy and the first of them, T-20 

(FuzeonTM, Enfuvirtide), is successfully used in the clinic. HIV-1 escapes from T-20 

inhibition by acquiring mutations in the “GIV” motif of the gp41 HR-1 region. Prototype 

second generation fusion inhibitors, for example T-1249, target an overlapping but distinct 

region in HR1 including a conserved hydrophobic pocket (HP) and showed improved 

antiviral potency in clinical trials. The present study analyzed the susceptibility of highly 

divergent HIV-1 strains to T-20 and T-1249 inhibition and the mechanism(s) mediating 

resistance to these fusion inhibitors.  

The first aim of this thesis was to assess the effect of naturally-occurring sequence 

variations in the gp41 HR-1 region on HIV-1 infectivity and susceptibility to fusion 

inhibitors. The results demonstrated that most of the variations did not significantly reduce 

viral infectivity. Three of the ten HIV-1 variants showed about 5-fold reduced sensitivity to 

inhibition by T-20. Notably, one of them contained a single substitution of L33V, which is 

frequently present in subtype D isolates. Thus, primary resistance to T-20 may be 

relatively common among subtype D HIV-1 strains. In comparison, none of the HR-1 

sequence variations investigated conferred resistance to T-1249. Thus, some naturally 

occurring sequence variations in the gp41 HR-1 region reduce the sensitivity of HIV-1 to 

T-20 but not T-1249 inhibition. 

The second aim was to clarify whether fusion inhibitors are not only active against 

HIV-1 group M strains but also against highly diverse group O clinical isolates. The results 

showed that HIV-1 O isolates were as sensitive as group M viruses to inhibition by T-20 

but frequently less susceptible to T-1249. Accordingly, T-20 can be used to treat 

individuals with HIV-1 O infection. However, polymorphisms in gp41 can affect the 

sensitivity of HIV-1 O to second generation fusion inhibitors. 

The third aim of the thesis was to understand the HIV-1 resistance mechanism(s) to 

a prototype second generation fusion inhibitor. Site-specific random PCR mutagenesis was 
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used as a tool to select T-1249 resistant forms and to evaluate where changes in HR-1 

might be tolerated or not. Infectivity assays demonstrated that only changes at positions 

37I, 38V and 40Q near the N-terminus of HR-1 were tolerated. Propagation of randomly 

mutagenized HIV-1 gp41 variants in the presence of high concentrations of T-1249 

allowed the effective selection of highly resistant variants. Unexpectedly, all of them 

contained changes in the “GIV” motif. Interestingly, the extent of T-1249 resistance was 

inversely correlated to viral fitness. Although most variants show reduced fitness, only one 

HIV-1 mutant, clone IV/VT, which showed about 10-fold reduced susceptibility to T-1249 

inhibition, replicated with wildtype-like efficiency. Thus, these results show that large 

parts of the HR-1 and HP in gp41 represent excellent targets for HIV-1 fusion inhibitors 

because changes are hardly tolerated. Moreover, the data demonstrate that the “GIV” motif 

also plays a key role in resistance to T-1249 similar to T-20.  

Altogether, the results of the present thesis further emphasize that fusion inhibitors 

hold great promise for antiretroviral therapy because they are effective against highly 

divergent HIV-1 strains and resistance usually comes at the cost of reduced viral fitness. 

The data also show, however, that changes in the “GIV” motif can mediate resistance to 

both 1st and 2nd generation fusion inhibitors suggesting that both not be used in 

combination or as salvage therapy in pretreated patients. 
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