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1. INTRODUCTION 

1.1 ORIGIN OF HIV-1 

The acquired immunodeficiency syndrome (AIDS) was initially described in 1981 in 

the United States following an increasing number of opportunistic infections in 

homosexual men (Gottlieb et al. 1981; Masur et al. 1981). Subsequently, a retrovirus 

now termed human immunodeficiency virus type 1 (HIV-1) was identified as the 

causative agent (Barré-Sinoussi et al. 1983) and has since caused one of the most 

serious pandemics in recent human history 

(http://www.who.int/hiv/pub/progress_report2011/en/). As an increasing number of 

HIV-1 strains has been collected around the world, it became clear that these strains 

exhibit extremely high genetic heterogeneity. Hence, the strains were divided into four 

distinct groups: the major group M has spread worldwide and is with more than 60 

million infected individuals the most prevalent. Groups N and O have been found in 

only a limited number of individuals in Cameroon and neighboring countries 

(Mauclère et al. 1997; Peeters et al. 1997; Delaugerre et al. 2011). Group P is still 

rarer with just two reported infections in Cameroon (Plantier et al. 2009; Vallari et al. 

2011). HIV-1 represents a zoonotic infection of simian immunodeficiency viruses 

(SIVs) infecting wild-living apes (Van Heuverswyn et al. 2006; Sharp and Hahn 2011) 

and each of the four groups is the result of an independent cross-species 

transmission from apes to humans. While groups M and N have both been tracked 

down to central chimpanzees (Pan troglodytes troglodytes) in Cameroon (Keele et al. 

2006), group P originates from SIVgor infecting western lowland gorillas (Gorilla 

gorilla gorilla) (Plantier et al. 2009; Vallari et al. 2011). The ape origin of group O has 

not yet been fully defined, but HIV-1 O related viruses have been found in western 

lowland gorillas (Takehisa et al. 2009). 

Currently, SIVs have been identified in about 40 African non-human primate species 

(Hahn 2000). Within the phylogenetic tree of primate lentiviruses (Fig.1), SIVcpz 

forms a deep branch implying an ancient infection (Bailes et al. 2003). However, 

infections with SIVcpz have only been found in central (Pan troglodytes troglodytes) 

and eastern (Pan troglodytes schweinfurthii) chimpanzees, whereas the other two 

subspecies of western chimpanzees (Pan troglodytes verus, Pan troglodytes ellioti ) 
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appear not to be infected (Gao et al. 1999; Hahn 2000). This suggests that 

chimpanzees most likely acquired SIV recently, after subspeciation less than a million 

years ago (Bailes et al. 2003). Sequence analyses revealed that SIVcpz is a mosaic 

virus generated by recombination. The 5’ half of the genome as well as nef and the 

3’LTR originated from SIVrcm infecting red-capped mangabeys (Cerocebus 

torquatus), while vpu, tat, rev, and env genes are most closely related to a clade of 

SIVs infecting several Ceropithecus species, such as greater spot-nosed (C. 

nictians), mustache (C. cephus)  or mona (C. mona) monkeys (Bailes et al. 2003). 

Chimpanzees are well-known for hunting and killing monkeys, so it seems likely that 

they acquired SIV in the course of predation (Sharp and Hahn 2011). To date, there is 

no evidence that chimpanzees harbor any other SIV, even though they are regularly 

exposed to SIVs through their hunting behavior (Mitani and Watts 1999; Leendertz et 

al. 2011). 

 

Figure 1. Phylogeny of primate lentiviruses  
Evolutionary relationships of HIV-1 groups M, N, O 
and P, SIVcpzPtt (upper clade) and SIVcpzPts 
(lower clade), and SIVgor Gag protein sequences, 
shown in red, blue and green, respectively. The tree 
was constructed using maximum likelihood methods 
. *Bootstrap support of greater than 80%. Scale bar: 
0.1 amino acid replacement per site. Adapted from 
Bibollet-Ruche et al. 2012.   
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1.2 HOST SPECIFIC ADAPTATION  

Both, HIV and SIV depend on the interaction with many host proteins in order to 

replicate in infected cells (Bushman et al. 2009; Ortiz et al. 2009). Many of these host 

proteins have diverged since the separation of old world monkeys and apes about 25 

million years ago. Thus, it is likely that when chimpanzees first acquired SIV, the 

divergence of the host proteins posed a barrier for efficient replication and the virus 

first had to adapt to spread in its new host (Sharp and Hahn 2010). The first hint for 

host-specific adaption of HIV-1 came from genomic analysis, revealing that similar 

changes occurred independently in each of the occasions when SIVs jumped from 

apes to humans. One well conserved site in the proteome of SIVcpz, Gag-30 within 

the gag-encoded matrix protein p17,  had changed in the same way after each of the 

four cross-species transmissions resulting in the four  HIV-1 groups (Wain et al. 

2007). It is Met in all known strains from SIVcpzPtt but changed radically to Arg or Lys 

in all lineages leading to HIV-1. Retrospective analyses showed that Gag-30 had 

reverted to Met in a previous experiment in which HIV-1 was passaged in 

chimpanzees (Mwaengo and Novembre 1998). Site-directed mutagenesis of this 

chimpanzee-adapted virus (JC16) revealed that viruses encoding Met replicated to 

higher titers in chimpanzee T cells than viruses encoding Lys, while the opposite was 

found in human T cells (Wain et al. 2007). These results identify Gag matrix as a 

major determinant of SIVcpz replication fitness in humans and suggest a critical role 

in the emergence of HIV/AIDS. 

In addition to these virus dependency factors, primates encode for a variety of host 

restriction factors, which have evolved as part of the innate immune response to 

protect against infections with different viral pathogens (reviewed by Harris, Hultquist, 

and Evans 2012; reviewed by Malim and Bieniasz 2012). These antiviral factors are 

often antagonized in a species-specific manner and thereby constitute a high 

selection pressure on viral proteins after cross-species transmissions (Sharp and 

Hahn 2010). Four major restriction factors have been described to date: APOBEC3G 

(apolipoprotein B mRNA editing  enzyme catalytic polypeptide-like 3G) can interfere 

with the reverse transcription by introducing hypermutations into the viral RNA 

genome (Harris et al. 2003; Mangeat et al. 2003; Zhang et al. 2003), but is effectively 
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antagonized by HIV-1 Vif (Yu et al. 2003). TRIM5  (tripartite motif 5  protein) acts 

following the entry of retroviral capsids into the cytoplasm probably by accelerating 

capsid fragmentation. This results in disruption of the reverse transcriptase complex 

and inhibition of viral cDNA synthesis (Stremlau et al. 2004, 2006). The most recently 

discovered restriction factor is SAMHD1 (SAM domain and HD domain-containing 

protein 1) which restricts viral infection by hydrolyzing intracellular deoxynucleotide 

triphosphates (dNTPs), thereby lowering their concentrations below those required for 

the synthesis of the viral DNA by the reverse transcriptase. In lentiviruses of the   

HIV-2 lineage, however, the accessory Vpx protein induces proteasomal degradation 

of SAMHD1 ( Laguette et al. 2011; Baldauf et al. 2012; Lahouassa et al. 2012). 

 

 

Figure 2: Host restriction factors and their viral antagonists. As schematically indicated, IFN-
stimulated major restriction factors inhibit different stages of the HIV-1 life cycle and are subverted by 
viral proteins. APOBEC3G binds Vif and is degraded in the proteosome. In the absence of Vif, 
APOBEC3G is incorporated into budding virions and causes lethal G-to-A hypermutations of the 
retroviral genome in the next round of infection. It also impairs initiation and elongation of HIV-1 
reverse transcripts. TRIM5α interacts with incoming HIV-1 capsids and may induce accelerated 
uncoating by proteosomal degradation. TRIM5α may also serve as protein-sensing PRR. Tetherin 
inhibits the release of mature virions from the cell surface and is antagonized by the Vpu protein. 
SAMDH1 restricts virus replication in noncycling myeloid cells. Adapted from Marsili et al. 2012. 
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The fourth restriction factor tetherin (BST-2, CD317, HM1.24), which tethers budding 

viruses to the infected cells (Van Damme et al. 2008; Neil et al. 2008) poses a barrier 

for cross-species transmissions of primate lentiviruses and probably had the greatest 

impact on the precursors of HIV-1 and HIV-2 (Sharp and Hahn 2011). Tetherin is an 

interferon induced type II membrane glycoprotein which comprises a short 

cytoplasmic N-terminal tail, followed by an -helical transmembrane domain, an 

extracellular domain and a C-terminal glycophosphatidylinositol (GPI) anchor (Kupzig 

et al. 2003). This double anchored topology is uncommon and only shared by an 

isoform of the prion protein (Moore et al. 1999). HIV-1 and some SIVs like SIVgsn, 

SIVmus, SIVmon, SIVden use their Vpu protein to antagonize tetherin (Sauter et al. 

2009; Schmökel et al. 2011). Vpu prevents transport of tetherin to the cell surface by 

binding to the transmembrane domain and targeting it subsequently for degradation 

(Van Damme et al. 2008; Neil et al. 2008; Goffinet et al. 2009; Gupta et al. 2009) . In 

contrast, most of the SIVs that do not encode a Vpu as well as SIVgor and SIVcpz 

from chimpanzees and gorillas that encode a Vpu use their Nef protein to antagonize 

primate tetherin through interactions with the cytoplasmic tail (Jia et al. 2009; Sauter 

et al. 2009; Zhang et al. 2009). The switches between Nef- and Vpu-mediated 

counteraction of tetherin may have occurred as a result of host-specific selection 

pressure following cross-species transmission (Sauter et al. 2009; Evans et al. 2010). 

The continuous exposure of restriction factors to viral pathogens has put them under 

selection pressure themselves (Lim et al. 2010). The human ortholog of tetherin is 

characterized by a unique five amino acid deletion in its cytoplasmic tail. These five 

amino acids are known to be required for interaction with SIV Nefs and explain, why 

Nef function against human tetherin was disrupted after cross-species transmission 

(reviewed in Lim et al. 2010). As a consequence, tetherin constitutes a significant 

barrier to effective zoonotic transmissions of SIVs from apes or monkeys to humans.  

Remarkably, this is not the case for other restriction factors like TRIM5 or 

APOBEC3G. Since humans and chimpanzees are genetically closely related, SIVcpz 

is resistant to restriction by human TRIM5 Kratovac et al. 2008  and SIVcpz Vif is 

further able to counteract the human APOBEC3G ortholog (Gaddis et al. 2004). The 

barrier imposed by tetherin, however, is not insurmountable and HIV-1 group M Vpu 
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evolved the ability to efficiently antagonize human tetherin and maintained its ability to 

downmodulate CD4, the natural killer (NK) cell ligand NTB-A as well as the lipid-

antigen presenting protein CD1d (reviewed in Tokarev and Guatelli 2011). 

Interestingly, Vpu proteins from groups O and P did not evolve anti-tetherin activity 

and those of group N display only modest  anti-tetherin activity, but fail to 

downmodulate CD4, NTB-A and CD1d (Sauter et al. 2009, 2012). 

 

 

Figure 3. Hypothetical model of tetherin-driven evolution of Vpu and Nef function. Schematic of 
the acquisition of vpu and the subsequent transfer of vpu and nef genes from monkeys to chimpanzees 
and to humans by zoonotic primate lentiviral transmissions. The events that led to the emergence of 
pandemic HIV-1 group M are indicated by thick lines. Active tetherin antagonists are indicated in green 
boxes, the inactive proteins in grey boxes. Adapted from F. Kirchhoff.  
 

Thus, reacquisition of anti-tetherin function was not successful in all instances and 

only pandemic HIV-1 group M strains succeeded in evolving an effective defense 

against tetherin in human cells. Efficient counteraction of tetherin may be a 

prerequisite for the spread of HIV in the human population and these findings may 

explain why only one of four independent cross-species transmission events of SIV 

from apes to humans resulted in the AIDS pandemic.     
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1.3 THE LENTIVIRAL NEF PROTEIN 

The Nef (negative factor) protein is a myristoylated accessory protein with a decisive 

role in viral replication, immune evasion, enhancement of viral infectivity and 

pathogenesis (Foster and Garcia 2007; Gorry et al. 2007; Kirchhoff et al. 2008). 

Although HIV-1 Nef consists of only about 206 amino acids, it is functionally complex. 

Nef performs these functions by interacting with various cellular proteins (Arhel and 

Kirchhoff 2009) and this capability may be due to its high degree of structural 

flexibility (Geyer et al. 2001). These interactions bring about abnormal associations of 

host cell proteins that establish a favorable environment for viral replication (Kirchhoff 

et al. 2008; Lindwasser et al. 2008; Noviello et al. 2008). 

Specific interest in Nef lies in early observations that demonstrate a correlation of its 

expression with progression to AIDS. Rhesus monkeys infected with SIV having a 

premature stop signal in the nef gene showed low viral loads and did not progress to 

simian AIDS (Kestler et al. 1991). Similarly, defective nef genes have been detected 

in several long-term survivors of HIV-1 infection with normal CD4+ T cell counts and 

very low viral loads (Deacon et al. 1995; Kirchhoff et al. 1995; Mariani et al. 1996; 

Salvi et al. 1998). As a result, much effort has been undertaken to identify the 

mechanisms by which Nef promotes viral persistence and accelerates progression to 

AIDS and to define the molecular interactions with the host cell that are involved 

(reviewed in Arhel and Kirchhoff 2009). 

Downmodulation of the CD4 receptor from the cell surface prevents superinfection 

(Benson et al. 1993; Wildum et al. 2006)  and allows the more efficient release of 

budding viruses (Lama et al. 1999; Ross et al. 1999). Decreased expression of CD4 

also increases infectivity by avoiding the incorporation of inactive Env-CD4 

complexes into viral particles. Nef decreases CD4 surface expression by enhancing 

its internalization (Chaudhuri et al. 2007, 2009; Lindwasser et al. 2008). The same 

mechanism is involved in CD8 and CD28 downmodulation (Swigut et al. 2001; Stove 

et al. 2005). Downmodulation of MHCI, which protects primary infected cells from 

destruction by CD8+ cytotoxic T lymphocytes (CTLs) (Collins et al. 1998) presents 

some interesting parallels to CD4 downmodulation. MHCI trafficking is disrupted by 

directing MHCI into an endosomal pathway instead of the default pathway leading to 
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the cell surface ( Roeth et al. 2004; Williams et al. 2005; Noviello et. 2008; 

Wonderlich et al. 2008; Singh et al. 2009). For both, MHCI and CD4, a ß-COP-

dependent pathway is utilized to ultimately target both molecules to lysosomes for 

degradation (Benichou et al. 1994; Schaefer et al. 2008).  

 
Figure 4: Structure of Nef and its impact on tetherin antagonism (A) Structure of the HIV-1 SF2 
Nef.  The myristoylated N-terminus, the acidic region and PxxP-motif, the core, flexible C-loop and C-
terminus  are indicated. The AP binding motif ExxxLL is highlighted in orange, the CD4 binding site 

(CAWL) in yellow. Modified from Götz et al. 2012. (B) Evolutionary relationships among primate 
lentivirus nef sequences. Nef alleles that are known to antagonize tetherin are shown in blue. Vpu-
containing viruses are highlighted by a yellow box. (C) The host restriction factor tetherin is 
antagonized by the viral protein Vpu (red), or Nef (blue) depending on the SIV or HIV strain. Vpu 
interacts with tetherin via its transmembrane domain. Nef interacts with the cytoplasmic domain of 
tetherin, which contains a deletion in the human protein but not in the tetherins of nonhuman primates. 
(B) and (C) modified from Sauter and Kirchhoff 2011. 
  

Beside species-independent activities like downmodulation of CD4 and MHCI or 

enhancement of replication and infectivity (Schindler et al. 2006; Münch et al. 2007), 

Nef proteins of various non-human primate species have been shown to exert anti-

tetherin activity usually in a genus- or species specific manner (Fig.4B, Jia et al. 2009; 

Zhang et al. 2009; Sauter et al. 2009; Schmökel et al. 2011). Actually, Nef proteins of 

current SIVs that antagonize tetherin in their monkey hosts or closely related species 
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seem to be largely unable to counteract the ape or human orthologs of this restriction 

factor (Jia et al. 2009; Zhang et al. 2009; Sauter et al. 2009). The fact that tetherin 

antagonism is conserved between highly divergent Nef proteins from distinct primate 

lentiviruses supports the hypothesis that this function evolved early during primate 

lentiviral evolution and represents a fundamental activity of these viruses (Sauter and 

Kirchhoff 2011). 

The finding that many Nef proteins including those of SIVsmm and SIVagm, which 

replicate efficiently in their natural monkey hosts without causing high levels of 

chronic immune activation (Paiardini et al. 2009; Sodora et al. 2009) are tetherin 

antagonists suggests that most primate lentiviruses encounter this restriction factor 

during natural infection.  

The mechanism of SIV Nef-mediated anti-tetherin activity involves interaction with the 

adaptor protein 2 (AP-2) and shows some similarities with the downmodulation of 

CD4. It is suggested that the C-loops of Nef proteins that are tetherin antagonists 

interact simultaneously with the cytoplasmic tail of tetherin and AP-2 to form a ternary 

complex and to sequester the restriction factor away from the sites of particle release 

(Zhang et al. 2011).  

It has been proposed that Nef, but not Vpu, evolved anti-tetherin activity during 

adaption of the virus to the new chimpanzee host because the cytoplasmic domain of 

tetherin that interacts with Nef is somewhat less divergent between apes and 

monkeys than the transmembrane domain that is targeted by Vpu (Sauter et al. 

2009). After cross-species transmission of SIVcpz from chimpanzees to gorillas, Nef-

mediated tetherin antagonism was maintained or rapidly reacquired because the 

cytoplasmic domains of gorilla and chimpanzee tetherins are highly similar and vary 

only at a single position (Sauter et al. 2009). In contrast, the human tetherin ortholog 

differs from that of apes and monkeys by a five amino acid deletion in its cytoplasmic 

domain, which confers resistance to SIVcpz and SIVgor Nefs (Jia et al. 2009; Zhang 

et al. 2009; Sauter et al. 2009). In order to get further insights into the evolution of 

tetherin counteraction, molecular HIV-1 clones obtained from chimpanzee studies 

from the early 90s can be used. Initially, these studies should reveal perspectives for 

new vaccine approaches. But since cross-species transmission was imitated in these 
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studies, the chimpanzee passaged HIV-1 molecular clones serve nowadays as a tool 

to investigate mechanism and rapidity of adaptation of viral accessory genes like Nef 

and also Vpu to the new host tetherin variant.   

1.4 SCIENTIFIC AIMS 

The host restriction factor tetherin constitutes a significant barrier to effective zoonotic 

transmissions of SIVs from apes or monkeys to humans because of the five amino 

acid deletion in the cytoplasmic tail of the human variant. This deletion confers 

resistance to Nef, which was responsible for tetherin antagonism in the direct 

precursors of HIV-1, SIVcpz and SIVgor. Furthermore, effective counteraction of 

tetherin by HIV-1 M Vpu may be required for effective spread of HIV in the human 

population and this may help to explain why only one of four independent cross-

species transmission events of SIV from apes to humans resulted in the AIDS 

pandemic. So far it has not been clarified how rapidly viral proteins can adapt to the 

tetherin ortholog in the new host in order to mediate effective counteraction.  

The main aim of the present thesis was to clarify how Vpu and Nef function evolves 

and adaptive changes are acquired upon virus transmission in a new host species. To 

address this we took advantage of two molecular clones which were isolated from 

HIV-1 infected chimpanzees almost twenty years ago. In those days, infection of 

chimpanzees, our closest relatives, with HIV-1 was the only established model 

system to study the infection caused by this agent and to obtain new approaches for 

vaccine development. Today, these chimpanzee-adapted HIV-1 molecular clones 

provide the experimental base to investigate whether HIV-1 Vpu kept its anti-tetherin 

activity in the new chimpanzee host or HIV-1 Nef even regained this activity.  
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2. MATERIAL AND METHODS 

2.1 MATERIAL 

2.1.1 EUKARYOTIC CELLS 

Cell Lines: 

293T:   Human renal epithelial cell line which was transformed with 

adenovirus type 5 and expresses SV40 (simian virus 40) large T antigen    

(Graham et al. 1977). 

TZM-bl: HeLa cell line which expresses high amounts of human CD4, CCR5 and 

CXCR4. Contains firefly luciferase and ß-galactosidase genes under the 

control of the HIV-1-LTR (Charneau et al. 1994). 

Primary cells: 

hPBMC:        human peripheral blood mononuclear cells 

 

2.1.2 BACTERIA 

Escherichia coli XL2-Blue™: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 

lac F’ proAB lacIqZ M15 Tn10 (Tetr) Amy Camr  

(Bullock et al. 1987)  
One Shot® TOP10 Chemically Competent E. coli: 

F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 nupG recA1 araD13λ Δ(ara-leu)7697 
galE15 galK16 rpsL(StrR) endA1 - 
(Invitrogen/Gibco, Karlsruhe) ( Xu and Li, 2008). 

 

2.1.3. NUCLEIC ACIDS 

2.1.3.1. OLIGONUCLEOTIDES 

 The following oligonucleotides were ordered from Biomers (Ulm): 

1) 5’-pBRnef_HpaI   5’-GCTGTTAACTTGCTCAATGCCACAGCC-3’ 

2) 3’-pBRNL43envEnd  5’-CTTATAGCAAAATCCTTTCCAAGCCC-3’ 

3) 5’-envEnd_nefStart_JC16  

5’-GGATTTTGCTATAAGATGGGTGGCAAGTGGTC-3’ 

4) 3’-NL43nef-MLuI   5’-CTACGCGTTAGCAGTTCTTGAAGTACTC-3’ 

5) 5’-JC16 NC7 nef-XbaI  5’-CGTCTAGAATATGGGTGGCAAGTGGTC-3’ 
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6) 3’-JC16 NC7 nef-MluI   

5’-CTACGCGTTAGCAGTCTTTGTAGTACTCCGG-3’ 

7) 5’-LAV(1) -JC (2-5)  5’-GCTGCTTGTGCCTGGCTAGAAGCAC-3’ 

8) 3’-LAV(1) -JC (2-5)  5’-GTGCTTCTAGCCAGGCACAAGCAGC-3’ 

9) 5’-LAV (1-2) -JC (3-5)   5’-CTTTAAGACCAATGACTTACAAGGCAG-3’ 

10) 3’-LAV (1-2) -JC (3-5)   5’-CTGCCTTGTAAGTCATTGGTCTTAAAG-3’ 

11) 5’-LAV (1-3) -JC (4-5)   5’-CAAGCTAGTACCAGTTGAGCCAGATAAG-3’ 

12) 3’-LAV (1-3) -JC (4-5)   5’-CTTATCTGGCTCAACTGGTACTAGCTTG-3’ 

13) 5’-LAV (1-4) –JC (5)     

                     5’-CTGAGAGAGAAGTGTTAGTGTGGAGATTTG-3’ 

14) 3’-LAV (1-4) –JC (5)    5’-CAAATCTCCACACTAACACTTCTCTCTCAG-3’ 

15) 5’-JC16 E158K    

5’-GTAGAAGAGGCCAATAAAGGAGAGGACAAC-3’ 

16) 3’-JC16 E158K    5’-GTTGTCCTCTCCTTTATTGGCCTCTTCTAC-3’ 

17) 5’-JC16 DNI161-163NTS  

 5’-GAAGGAGAGAACACCAGCTTGTTACACCCTATG-3’ 

18) 3’-JC16 DNI161-163NTS  

 5’-CATAGGGTGTAACAAGCTGGTGTTCTCTCCTTC-3’ 

19) 5’-JC16EAK174/176/178DPR    

 5’-GAATGGATGACCCTGAGAGAGAAGTGTTAGTG-3’ 

20) 3’-JC16EAK174/176/178DPR    

 5’-CACTAACACTTCTCTCTCAGGGTCATCCATTC-3’ 

21) 5’-LAV1B-JC16 LL-motif   

 5’-GGAGAGGACAACATCTTGTTACACCCTATGTGCCTGC-3’ 

22) 3’-LAV1B-JC16 LL-motif   

5’-GCAGGCACATAGGGTGTAACAAGATGTTGTCCTCTCC-3’ 

23) 5’-YBF30-JC16 LL-motif   

5’-GGAGAGGACAATATCCTCTTACACCCCATGTGTCAAC-3’ 

24) 3’-YBF30-JC16 LL-motif   

5’-GTTGACACATGGGGTGTAAGAGGATATTGTCCTCTCC-3’ 
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25) 5’-JC16 D161N    

5’-GAGGCCAATGAAGGAGAGAACAACATCTTGTTAC-3’ 

26) 3’-JC16 D161N    

5’-GTAACAAGATGTTGTTCTCTCCTTCATTGGCCTC-3’ 

27) 5’-JC16 N162T     

5’-CAATGAAGGAGAGGACACCATCTTGTTACAC-3’ 

28) 3’-JC16 N162T     

5’-GTGTAACAAGATGGTGTCCTCTCCTTCATTG-3’ 

29) 5’-JC16 I163S    

5’-GAAGGAGAGGACAACAGCTTGTTACACCCTATG-3’ 

30) 3’-JC16 I163S    

5’-CATAGGGTGTAACAAGCTGTTGTCCTCTCCTTC-3’ 

31) 5’-JC16 M166V    

5’-CATCTTGTTACACCCTGTGTGTCTACATGGAATG-3’ 

32) 3’-JC16 M166V    

5’-CATTCCATGTAGACACACAGGGTGTAACAAGATG-3’ 

33) 5’-JC16 C167S     

5’-CTTGTTACACCCTATGTCTCTACATGGAATGGAG-3’ 

34) 3’-JC16 C167S     

5’-CTCCATTCCATGTAGAGACATAGGGTGTAACAAG-3’ 

35) 5’-JC16 LL164/165AA   

                         5’-GACAACATCGCGGCACACCCTATGTGTCTAC-3’ 

36) 3’-JC16 LL164/165AA   

5’-GTAGACACATAGGGTGTGCCGCGATGTTGTC-3’ 

37) 5’-SF2 DNIxxxxMC   

5’-GAGAGGACAACATCTTGTTACACCCTATGTGCCTG-3’ 

38) 3’-SF2 DNIxxxxMC   

5’-CAGGCACATAGGGTGTAACAAGATGTTGTCCTCTC-3’ 

39) 5’-SF2 NNIxxxxMC   

5’-GAGAGAACAACATCTTGTTACACCCTATGTGCCTG-3’ 
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40) 3’-SF2 NNIxxxxMC   

5’-CAGGCACATAGGGTGTAACAAGATGTTGTTCTCTC-3’ 

41) 5’-SF2 S163C/S169C   

5’-GAACAACTGCTTGTTACACCCTATGTGCCTGCATG-3’ 

42) 3’-SF2 S163C/S169C  

5’-CATGCAGGCACATAGGGTGTAACAAGCAGTTGTTC-3’ 

43) 5’-SF2 S163V/S169C   

5’-GAGAACAACGTCTTGTTACACCCTATGTGCCTGCATG-3’ 

44) 3’-SF2 S163V/S169C   

5’-CATGCAGGCACATAGGGTGTAACAAGACGTTGTTCTC-3’ 

45) 5’-cpz tethY6A/8YA     

5’-CGTCTAGACCATGGCATCTACTTTGGCTGACGCTTGCAG-3’ 
 

2.1.3.2. PLASMIDS 

All used plasmids contain an ampicillin resistance gene for selection in bacteria. 

pCG_IRES_eGFP:   Expression vector, in which different nef  or vpu allele 

were cloned via the single restriction sites XbaI und MluI. 

The inserted genes were expressed under the control of 

the CMV-promoter and eGFP is co-expressed via  an IRES          

( Tanaka and Herr 1990; Münch et al. 2007). 

pBR _IRES_eGFP:   Modified pBR-322 vector expressing a whole provirus and 

eGFP from a bicistronic mRNA with the help of an IRES 

element (Schindler et al. 2003, 2005) 

 

2.1.3.3 MOLECULAR WEIGHT SIZE MARKERS 

1KB Plus DNA Ladder Invitrogen/Gibco (Karlsruhe) 

2.1.3.4. NUCLEOTIDES FOR POLYMERASE CHAIN REACTION 

dNTPs for Polymerase Chain Reaction were purchased from Invitrogen/Gibco 

(Karlsruhe). 
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2.1.4 ENZYMES 

Restriction endonucleases    BioLabs (Frankfurt) 

EDTA-Trypsin      Invitrogen/Gibco (Karlsruhe) 

 

2.1.5. REAGENTS AND UTILITIES 

Agarose       Invitrogen/Gibco (Karlsruhe) 

Ampicillin       Bayer (Leverkusen) 

Bacto-trypton      BD/Difco (Heidelberg) 

Dimethylsulfoxid (DMSO)     Fluka (Neu-Ulm) 

Dulbecco´s modified eagle medium (DMEM)  Invitrogen/Gibco (Karlsruhe) 

Ethanol       Sigma (München) 

Ethidiumbromide (EtBr)     Sigma (München) 

Ethylenediaminetetraacetic acid (EDTA)  Sigma-Ark (München) 

Ficoll separation solution     Biochrom (Berlin) 

Fetal calf serum (FCS)     Invitrogen/Gibco (Karlsruhe) 

Glycerin       Merck (Darmstadt) 

Immobilon®-FL Transfer Membrane  Millipore (Billerica, USA) 

Interleukin-2 (IL-2)      Sigma-Ark (München) 

Isopropanol       Merck (Darmstadt) 

L-Glutamine       Invitrogen/Gibco (Karlsruhe) 

LipofectamineTM LTX Reagent    Invitrogen/Gibco (Karlsruhe) 

M-PER® Mammalian Protein Extraction   Thermo Scientific (Rockford, USA) 

Reagent 

NuPAGE® Antioxidant    Invitrogen (Karlsruhe) 

NuPAGE® MES SDS Running Buffer   Invitrogen (Karlsruhe) 

OPTIMEM       Invitrogen/Gibco (Karlsruhe) 

Penicillin-Streptomycin     Invitrogen/Gibco (Karlsruhe) 

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

Paraformaldehyde (PFA)     Merck (Darmstadt) 

Phytohaemagglutinin (PHA)    Murex (Burgwedel) 

Protein Loading Buffer    Invitrogen  

Reaction tubes      Eppendorf (Hamburg) 
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Roswell Park Memorial Institute medium  Invitrogen/Gibco (Karlsruhe) 

(RPMI-1640) 

Sodiumdodecylsulfate (SDS)    Sigma (München) 

Triton X-100       Sigma (München) 

Tween 20       Roth (Karlsruhe) 

Whatman paper      Whatman (Maidstone, Kent, England) 

Yeast extract      BD/Difco (Heidelberg) 

 

2.1.6. REACTION KITS 

Phire TM
 Hot Start DNA polymerase   Kit BioLabs (Frankfurt) 

UltraClean 15 DNA Purification Kit   MoBio Laboratories Inc. (Carlsbad, 

                                                                 USA) 

DNA Ligation Kit Ver.2.1     Takara Bio Inc. (Shiga, Japan) 

Miniprep Kit       Qiagen (Hilden) 

WizardTMPlus Midiprep Kit     Promega (Mannheim) 

Gal-screen® substrate     Applied Biosystems (USA) 

NuPAGE®Novex Bis-tris gels for western blot  Invitrogen (Karlsruhe) 

 

2.1.7. MEDIA 

2.1.7.1. CELL CULTURE MEDIA 

Adherent cells:  DMEM (Dulbecco’s modified Eagle Medium; 

Invitrogen/Gibco) supplemented with 350 g/mL L-

glutamine, 120 g/mL Streptomycinsulfate, 120 g/mL 

Penicillin und 10% (v/v) heat inactivated FCS. 

Cultivating medium for hPBMC: 

RPMI-1640 medium (Invitrogen/Gibco) supplemented with 

350 g/mL L-glutamine, 120 g/mL Streptomycinsulfate, 

120 g/mL Penicillin and 10% (v/v) heat inactivated FCS. 

Stimulating medium for hPBMC: 

RPMI-1640 medium (Invitrogen/Gibco) with 350 g/mL L-

glutamine,120 g/mL Streptomycinsulfat, 120 g/mL 
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Penicillin, 200 Units/mL Interleukin 2, 5 g/mL PHA and 

10% (v/v) heat inactivated FCS. 

 

2.1.7.2. BACTERIA CULTURE MEDIA 

LB-Medium:   10 g/l Bacto-trypton, 5 g/l yeast extract, 8 g/l NaCl, 1 g/l 

Glucose; add 100 mg/l Ampicillin before usage. 

LBAMPAgar:    15 g/l agar and 100 mg/l Ampicillin in LB-Medium. 

SOC-Medium:  20 g/l Bacto-trypton, 5 g/l yeast extract, 2,5 mM NaCl, 

10mM, MgCl2, 10 mM, MgSO4, 20 mM Glucose. 

 

2.1.8. SOLUTIONS AND BUFFERS 

2.1.8.1 CALCIUM-PHOSPHATE TRANSFECTION  

10x HBS:  8.18% NaCl (w/v), 5.94% HEPES (w/v) and 0.2% Na
2
HPO

4 
(w/v) in 

distilled water. For 2x HBS preparation, the 10x stock solution was 

diluted with distilled water. The pH was adjusted to 7.12 and sterilized 

by filtration.  

2 M CaCl
2 

was prepared and sterilized by filtration. 

2.1.8.2. WESTERN BLOT 

Running buffer:  20x NuPAGE MES SDS buffer (Invitrogen, Karlsruhe) diluted 

with 

distilled water 

Transfer buffer:  47.9 mM Tris, 38.6 mM glycine, 1.3 mM SDS and 20% methanol 

(v/v) in distilled water, adjust pH to 8.3 

Blocking buffer:  0.2% Tween 20 in PBS with 5% milk powder (w/v) 

Antibody buffer:  0.2% Tween 20 in PBS with 1% milk powder (w/v) 

Wash buffer:   0.2% Tween 20 in PBS 

2.1.8.3. HIV-1 P24 CAPSID ANTIGEN ELISA 

Lysis solution:    10% Triton X-100 in distilled water 

Washing buffer:    0.05% Tween 20 in PBS 
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Sample diluent:    0,05% Tween 20 in PBS with 0,05% Triton X-100 

Blocking solution:  PBS with 10% FCS 

Antibody diluent:  0,05% Tween 20 in PBS with 10% FCS  

Substrate:  Sure Blue TMB Peroxidase Substrate System 

(KPL, Maryland, USA) 

Stop solution:    1 N HCl 

 

2.1.8.4. OTHERS 

FACS buffer:    1% FCS in PBS 

50x TA7+E-buffer:    5Prime (Hamburg) 

2.1.9. ANTIBODIES 

2.1.9.1. WESTERN BLOT 

rabbit polyclonal anti-GFP   Abcam (Cambridge, USA) 

rabbit polyclonal anti-beta actin Abcam (Cambridge, USA) 

rabbit monoclonal anti-AU-1  Babco/Covance (Arlington, USA) 

mouse monoclonal anti-HIV p24 Abcam (Cambridge, USA) 

goat anti-rabbit IRDye 800CW  LI-COR (Lincoln, USA) 

goat anti-mouse IRDye 680  LI-COR (Lincoln, USA) 

2.1.9.2. ELISA 

monoclonal mouse anti-p24  EXBIO (Czech Republic) 

(MAK183)  

rabbit anti-p24   Eurogentec (Belgium) 

goat anti-rabbit IgG, Fc-HRP Dianova 

2.1.9.3. FACS 

anti-CD4-APC    Caltag, (Buckingham, UK) 

anti-CD3-PE     BD Pharmingen (San Diego, USA) 

anti-CD25 (IL2R)-APC   Caltag, (Buckingham, UK) 

anti-CD28-PE    Becton-Dickinson (Heidelberg) 

anti-CXCR4-APC    BD Pharmingen (San Diego, USA) 
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anti-MHC-I-PE    Dako (Hamburg) 

mouse anti-BST-2    Chugai Pharmaceutical (Kanagawa, Japan) 

mouse anti-BST-2   eBioscience (San Diego, USA) 

goat anti-mouse-APC   Invitrogen (Oregon, USA) 

2.1.9.4. CONFOCAL MICROCOPY 

Sheep anti-human TGN46  AbD Serotec                      

Alexa Fluor 647 goat anti-mouse Invitrogen (Oregon, USA) 

Alexa Fluor 568 donkey anti- Invitrogen (Oregon, USA) 

rabbit  

Alexa Fluor 488 donkey anti- Invitrogen (Oregon, USA) 

sheep  

 

2.2 METHODS 

2.2.1 DNA METHODS 

2.2.1.1 GENERAL METHODS 

The following methods were performed according to Maniatis et al. 1989: 

- determination of DNA concentration 

- agarose gel electrophoresis 

- restriction digest 

2.2.1.2 PLASMID DNA PREPARATION 

Plasmid DNA for transfection was prepared by using WizardTM Plus Midiprep Kit. 

Plasmid DNA for cloning and sequencing was prepared with the Miniprep Kit 

according to the manufacturer`s protocol. The DNA concentration and quality was 

determined using the Nano Drop spectrophotometer (peqlab, Erlangen). 

2.2.1.3 ISOLATION OF DNA FROM AGAROSE GEL 

Electrophoretically separated DNA fragments were visualized on a UV screen 

(366nm) (Syngene, USA), and the bands were isolated using a scalpel. Afterwards 

the DNA was purified using the UltraClean 15 DNA purification Kit according to the 

manufacturer`s instructions. 
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2.2.1.4 POLYMERASE CHAIN REACTION (PCR) 

All PCR reactions were performed with the PhireTM Hot Start DNA polymerase Kit in a 

PTC-100 Programmable Thermal Controller (Veriti, Applied Biosystems). The 

following PCR conditions were used:  

(1) Initial denaturation: 98°C, 30 s  

(2) Denaturation: 98°C, 5 s  

(3) Annealing: Tm-5°C (based on primer Tm), 5 s  

(4) Extension: 72°C (20 s/kb) 30-33 cycles  

(5) Final extension: 72°C, 1 min. 

2.2.1.5 DNA LIGATION 

Vector and insert DNA were mixed in a ratio of 1:3 and ligated using the DNA Ligation 

Kit Ver.2.1 according to the manufacturer`s instructions. 

2.2.1.6 DNA SEQUENCING 

3 g of DNA sample were prepared in 15 µL HPLC H2O. Sequencing was performed 

by MWG-Biotec/Operon (Ebersberg). 

 

2.2.2 BACTERIAL METHODS 

2.2.2.1 BACTERIAL CULTURE 

All plasmids used express an ampicillin resistance gene. Thus, transformed bacteria 

were grown in LB medium or on LB agar plates containing ampicillin for selection. 

The bacteria were grown in LB medium for 12-16 h at 37°C on a shaker and the 

inoculated LB agar plates were incubated at 37°C. 

2.2.2.2 BACTERIAL TRANSFORMATION 

Ligated DNA was incubated with 12-15 L of Escherichia coli XL2 BlueTM cells on ice 

for 20 min. After the cells were heat-shocked for 30 s at 42°C they were incubated on 

ice for 2.5 min, followed by the addition of 200 L SOC medium. The transformed 

cells were incubated at 37°C on a shaker for 40 min and plated on LB agar plates 

containing ampicillin. 
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2.2.3 CELL CULTURE 

2.2.3.1 ADHERENT AND SUSPENSION CELL CULTURE 

The adherent and suspension cells were maintained in 25 cm2 or 75 cm2
 cell culture 

flasks (Sarstedt, Nümbrecht) with supplemented DMEM or RPMI-1640, respectively, 

in a 37°C incubator with 90% relative humidity and 5% CO2. The cells were splitted 

1:10 twice a week. 

2.2.3.2 ISOLATION OF PRIMARY BLOOD CELLS 

Buffy coat (lymphocyte concentrate from 500 mL whole blood), obtained from the 

blood bank (Ulm), was diluted 1:3 with PBS. Ficoll separating solution was overlaid 

with the diluted blood and centrifuged at 1600 g for 20 min without brakes. The white 

interphase layer formed by peripheral blood mononuclear cells (PBMCs) was 

transferred in a fresh tube and washed twice with PBS. After washing cells were 

cultured in supplemented RPMI-1640. For viral infection, cells were pre-stimulated 

with 1 g/mL PHA and 10 ng/mL IL-2 for three days. 

 

2.2.4 PROTEIN AND ENZYME METHODS 

2.2.4.1 HIV-1 P24 ANTIGEN ELISA 

Viruses were quantified based on the p24 core antigen content using a homemade 

HIV-1 p24 capsid antigen ELISA system. Briefly, virus stocks were lysed with Triton 

X-100 solution resulting in the detachment of the p24 capsid protein. Different 

dilutions of the lysed antigens were transferred in p24 antibody coated microwell 

plates. This results in binding of the p24 antigen to the monoclonal mouse antibody. 

After incubation overnight, the unbound capsid proteins were removed by washing. 

For the quantification of the p24 protein the “sandwich”-ELISA method was used. First 

a rabbit anti-HIV-1 p24 antibody was added, which binds to the p24 protein. Then the 

samples were incubated with a goat anti-rabbit antibody conjugated with horse radish 

peroxidase (HRP) followed by the addition of TMB peroxidase substrate. This results 

in the development of a blue color. The reaction was stopped with 1 N HCl. The color 

intensity, which is proportional to the amount of p24 capsid antigen in ng/mL, was 

measured at 450 nm and 650 nm with the Thermomax microplate reader (Molecular 

devices, UK). 
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2.2.4.2 WESTERN BLOT 

Cell lysates from transiently transfected 293T cells, expressing HIV-1 NL43 viral 

backbone from the pBR expression plasmid and nef or vpu alleles and gfp from the 

pCG expression plasmid were prepared with M-PER® Mammalian Protein Extraction 

Reagent and the amount of proteins was normalized by measuring protein 

concentrations with the Nano Drop spectrophotometer. Viral proteins were separated 

by SDS-Polyacrylamide gel electrophoresis using NuPAGE® Novex Bis-tris gels 

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

were transferred onto a PVDF membrane (Millipore, USA) using a Trans-Blot SD 

Semi-Dry electrophoretic Transfer Cell (BioRad, München). The transferred 

membranes were blocked for 1 h with 5% milk solution and then incubated overnight 

with the respective primary antibodies. Unbound antibodies were removed with 

washing buffer. Secondary antibodies conjugated with fluorophores were added to 

the membrane and incubated for 30 min at room temperature. After washing the 

membrane, the fluorescent antibodies were detected with the Odyssey®
 Infrared 

Imaging System (LI-COR). 

 

2.2.5 CLONING 

2.2.5.1 CLONING OF DIFFERENT NEF ALLELES INTO PROVIRAL VECTORS 

Splicing by overlap extension (SOE) PCR was used to clone nef alleles from pCG 

expression vectors into proviral vectors. For these standard PCR reactions we used a 

specific 5´primer for nef including an overlap to NL4-3 env and specific 3´primers for 

the end of the nef genes including a MluI restriction site. In a second PCR reaction 

the 3´NL4-3 env region was amplified. Both PCR products were separated on an 

agarose gel and purified using the UltraClean 15 DNA purification Kit. The purified 

PCR fragments were combined in another PCR reaction using the primers 1 and 6. 

These PCR products were again purified and by using the introduced restriction sites, 

the nef alleles were cloned into the pBR_HIV-1_NL4-3_vpu-_IRES_eGFP vectors for 

further analyses. 
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2.2.5.2 CLONING OF CHIMERAS AND FURTHER NEF MUTANTS IN EXPRESSION 

VECTORS 

SOE-PCR was used to create chimeras and mutants of JC16 and its parental HIV-1 

Nefs. For the standard PCR reactions I used specific 5´ primers for nef including a 

XbaI restriction site and specific 3´primers for the end of the nef genes including a 

MluI restriction site. For chimeric nefs, initially only parts of them were amplified with 

an increasing number of domains, either starting from the 5´ or the 3´ end. The Nef 

mutants were at first amplified with primers covering the site of mutations and thereby 

producing two PCR-products, one reaching to the 5´ and the other to the 3´ end. All 

the PCR products were separated on an agarose gel and purified using the 

UltraClean 15 DNA purification Kit. The purified PCR fragments were combined using 

overlap-extension PCR. The final PCR products were again purified and by using the 

introduced restriction sites, the nef alleles were cloned into the pCG_IRES_eGFP 

vectors for further analyses. 

 

2.2.6 VIRAL METHODS 

2.2.6.1 VIRUS STOCK PREPARATION BY TRANSFECTION OF 293T CELLS 

Virus stocks were generated by transient transfection of 293T cells using the calcium-

phosphate precipitation method. One day before transfection, 0.6 x106 293T cells 

were seeded in 6-well plates (Greiner Bio-one, Frickenhausen). At a confluence of 

60-80% the cells were used for transfection. To this end, 5 g DNA was mixed with 

13 L 2 M CaCl
2 
and the total volume was filled up to 100 L with water. This solution 

was added dropwise to 100  of 2xHBS. The transfection cocktail was vortexed for 10 

s and added dropwise to the cells. The transfected cells were incubated for 6-16 h 

before the medium was replaced by fresh supplemented DMEM. 48 h post 

transfection, virus stocks were prepared by collecting the supernatant and 

centrifuging it at 1300 rpm for 3 min. Virus stocks were stored at 4°C for up to two 

weeks. 

For the preparation of VSV-G pseudo-typed viruses 5 g DNA of the proviral 

constructs and 1 g of the VSV-G containing plasmid were used. 
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2.2.6.2 INFECTION OF PRIMARY CELLS  

For infection of primary cells 1 million cells were incubated with 300 l of VSV-G 

pseudo-typed virus stocks at 37°C for 4-6 h. Then 3 mL supplemented RPMI-1640 

was added. PBMCs where further incubated in the presence of 10 ng/mL IL-2. Three 

days post infection cells were analyzed by flow cytometry. 

 

2.2.6.3 FACS ANALYSIS  

2.2.6.3.1 FACS ANALYSIS FOR MODULATION OF SURFACE MARKERS 

Infected or transiently transfected cells were washed with 1 mL FACS buffer and 

stained with 100 L FACS buffer containing PE- or APC-conjugated antibodies (see 

manufacturer). The cells were stained for 30 min at 4°C and then washed with 1 mL 

FACS buffer to remove unbound antibody. The cells were fixed with 200 L FACS 

buffer containing 2% PFA and incubated for 10 min at 4°C. For FACS analyses the 

FACS Canto II from Becton-Dickinson was used. 

2.2.6.3.2 ENDOCYTOSIS ASSAY 

293T cells were cotransfected with 4µg of pBR HIV-1 NL43 proviral constructs lacking 

vpu and env but containing different nef alleles and 1 µg of chimpanzee tetherin. 48 h 

post transfection the cells were washed with 1 mL FACS buffer and stained for 1 h at 

4°C with an unconjugated anti-BST2 antibody (eBioscience, USA). After washing, 

cells were incubated for 30 min with an APC-conjugated secondary antibody. After 

further washing, 120µL of DMEM was added to the cells and they were incubated at 

37°C for different periods of time (0, 5, 10, 20, 30 and 60 min) to allow endocytosis of 

antibody-coupled tetherin. Following endocytosis, cells were placed on ice and each 

sample was splitted into halves. One of these halves was washed with acidic medium 

(ph=2) for 50 s to remove all of the antibodies which were still remaining at the 

surface, while the other half of the sample was kept at neutral ph. After final washing 

with FACS buffer, all of the samples were fixed with 200 µL FACS buffer containing 

2% PFA and incubated for 10 min at 4°C. For FACS analyses FACS Canto II from 

Becton-Dickinson was used. 
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2.2.6.4 INFECTIVITY ASSAY (Β-GALACTOSIDASE ASSAY) 

One day before infection, TZM-bL cells were seeded (6000 cells/well) in F-96-well 

plates (Greiner Bio-one, Frickenhausen). Virus stocks were added to the cells in 

various concentrations. Three days post infection, the supernatants were removed 

and 40 l of 1μ8 diluted Gal-screen® substrate in PBS was added to each well. After 

30 min incubation at room temperature, the cell lysates were transferred into a F-96-

Nunclon-delta white microwell plate (NuncTM,Langenselbold) and the light emission 

was monitored with an Orion Microplate Luminometer (Berthold Detection systems, 

Pforzheim). The enzyme activity was measured as relative light units/second (RLU/s) 

using the Software Simplicity 4.02 (Berthold detection systems). 

 

 2.2.7 CONFOCAL MICROSCOPY  

293T cells (4x104) were seeded on an 8 well µ-Slide (ibidi) and transfected with 

130 ng AU-1 tagged nef in expression plasmids and 60ng of tetherin expression 

vector. At two days post transfection the cells were washed with phosphate buffer 

saline (PBS), fixed with 4% PFA and permeabilized with 0.5% saponin. Cells were 

stained using unconjugated antibodies against an AU-1 tag (Covance, MMS-130P), 

TGN46 (AbD Serotec) or tetherin (anti-HM1.24 antibody, chugai pharmaceuticals). 

Alexa Fluor-488, -568 and -647 conjugated secondary antibodies (all from Invitrogen) 

followed. Slides were covered with 50% glycine and analyzed on an LSM710 confocal 

microscope (Zeiss). Images were processed and co-localization analyses were 

performed using the Zen-Software (Zeiss). 

2.2.8 COMPUTER PROGRAMS AND DATA ANALYSES 

For the analysis of nucleotide and peptide sequences the following programs were 

used: 

- Sequence reverse complementor (http://bioinformatics.org/sms/rev_comp.htmL) 

- Alignment program MultiAlin V5.4.1 (http://prodes.toulouse.inra.fr/multalin/) 

- DNA/amino acid program Expasy-tool (http://www.expasy.org/tools/dna.htmL) 

For FACS analyses the computer program BD FACSDiva Software from Becton 

Dickinson was used. 
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Statistical analyses were performed with the PRISM program version 5.0 (Abacus 

Concepts, Berkeley, CA, USA) and Microsoft Excel. P-values were calculated using 

the two-tailed unpaired Student´s-t-test. 
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3. RESULTS 

3.1 A CHIMPANZEE-ADAPTED HIV-1 STRAIN UTILIZES BOTH NEF AND VPU TO 

ANTAGONIZE TETHERIN 

HIV-1 is divided into groups M, N, O and P, which are the result of 4 independent 

transmissions of SIVcpz and SIVgor from chimpanzees or gorillas to humans. 

Interestingly, only group M spread worldwide and is almost entirely responsible for the 

current AIDS pandemic. Furthermore, only group M has a fully functional Vpu to 

antagonize tetherin while the direct precursors of HIV-1, SIVcpz and SIVgor use their 

Nef protein instead to counteract tetherin. The interaction between Nef and the 

primate restriction factor is mediated by a motif of five amino acids in the cytoplasmic 

domain of chimpanzee tetherin, which is absent in the human ortholog. This makes 

human tetherin resistant to Nef and forced the precursors of HIV-1 to evolve a novel 

strategy to counteract this restriction factor. It had remained unclear how rapidly a 

virus can adapt to a new tetherin variant after cross-species transmission and how 

many amino acid changes may be required. To address these questions, the 

evolution of tetherin counteraction in two chimpanzees experimentally infected with 

HIV-1 was investigated. 

Chimpanzee C499 was initially infected with HIV-1M SF2 in 1985 and subsequently 

with the chimpanzee-passaged HIV-1 M strain LAV-1b in 1986 (Mwaengo and 

Novembre 1998; Novembre et al. 2001). Notably, SF2 contains a defective vpu gene 

and does thus not encode a functional tetherin antagonist. An infectious molecular 

clone (JC16) was obtained from C499 about 10 years post infection, when the ape 

showed massive CD4(+) T cell depletion and AIDS-like symptoms (Mwaengo and 

Novembre 1998). Another chimpanzee-adapted virus (NC7) was isolated from a 

second chimpanzee C455 about four weeks after transfusion with blood from C499 

(Fig. 5A).  

Sequence analyses revealed that the chimpanzee passaged Vpu and Nef sequences 

showed various changes in comparison to those of the parental SF2 and LAV-1b 

strains. While the NC7 and JC16 Vpu were identical, the Nefs only differed in one 

amino acid (Fig. 5B/C). The AxxxAxxxA- motif is well conserved among HIV-1 Vpus 
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and is critical for anti-tetherin activity through direct interactions of the three Ala 

residues with human tetherin (Skasko et al. 2012; Vigan and Neil 2010). In the 

chimpanzee-adapted Vpus, this motif changed into AxxxTxxxA. Most changes in 

JC16 Nef occurred within the flexible C-loop, which contains a known adaptor protein 

binding site (Fig. 5C).  

 

 

 

Figure 5. Origin and protein sequences of the chimpanzee adapted JC16/NC7 Vpu and Nef.                            
(A) Origin of the molecular clones NC7 and JC16. See main text for details (B and C) Alignment of 
Vpu (B) and Nef (C) amino acid sequences. HIV-1 LAV-1b, SF2, NDK and SIVcpz Gab1 Vpu and Nef 
sequences are shown for comparison. The three alanine residues, which are involved in tetherin 
interaction, the two helical domains and the ß-TrCP binding site are indicated in (B).The myristoylated 
N-terminal region, the PxxP-motif, the core, flexible C-loop and C-terminus of Nef are indicated in (C). 
The colored bars indicate the regions used to generate the chimeras between the JC16 and LAV-1b 
Nefs (Fig. 7). Modified from Götz et al. 2012 
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Although chimpanzee passaged Vpus und Nefs differ at multiple positions from their 

parental proteins, all known functional domains remained conserved, such as the ß-

TrCP binding domain (DSGxxS) in Vpu or the acidic region and P(xxP)3 motif as well 

as the polypurine tract (FLKEKG) within in the core and binding sites for ß-COP (EE) 

and APs (ExxxLL) within the flexible C-loop in Nef.     

Initially, I wanted to analyze how tetherin antagonism of Vpu und Nef evolved during 

the chimpanzee passage and whether some chimpanzee specific adaptations 

occurred. Therefore, 293T cells were cotransfected with a Vpu Nef HIV-1 NL4-3 

proviral construct, fixed amounts of vpu or nef expression vectors and different doses 

of plasmids encoding human or chimpanzee tetherin. As expected, JC16 Vpu 

maintained its anti-tetherin activity against human tetherin because the 

transmembrane domains of human and chimpanzee tetherin only differ by one amino 

acid (Sauter et al. 2009), but it is slightly more active against the chimpanzee 

ortholog. The HIV-1 NL43 Vpu antagonizes both human and ape tetherin and served 

as a positive control (Sauter et al. 2009). GAB-1 Vpu was used as the negative 

control, since SIVcpz uses Nef to counteract tetherin (Fig. 6A).  

While none of the tested Nefs were able to antagonize human tetherin due to its 

deletion in the cytoplasmic tail, it came as a surprise that JC16 Nef gained anti-

tetherin activity against chimpanzee tetherin (Fig. 6B). Furthermore, JC16 Nef was as 

potent as the SIVcpz GAB1 Nef while the parental LAV-1b and SF2 Nefs showed no 

activity against chimpanzee tetherin. 
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Figure 6.  Functional activity of JC16 Vpu and Nef proteins (A and B) Infectious virus yield  from 

2λ3T cells cotransfected  with 4 g of a Vpu Nef  proviral NL4-3 construct, 1 µg of the indicated vpu 
(A) or nef (B)  expression plasmids and varying amounts of plasmids expressing human or chimpanzee 
tetherin. Release of infectious virus was determined by triplicate infections of TZM-bl reporter cells and 
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is shown as percentage of that detected in the absence of tetherin (100%). All values were verified by 
p24 ELISA. (C) Virus release from 293T cells cotransfected with 5 µg of proviral JC16 WT constructs 
or mutants lacking either vpu, or nef or both and varying amounts of plasmids expressing either human 
or chimpanzee tetherin. (D and E) Levels of CD4 and tetherin cell surface expression in presence of 
different Vpus (D) or Nefs (E) relative to levels measured in cells transfected with eGFP control vector. 
Shown are average values +- SD from two independent experiments (F) Primary FACS data. The 
range of eGFP expression and the MFIs used to calculate the downmodulation are indicated. 

Next, I used proviral JC16 constructs to test the function of Nef and Vpu. The analysis 

of either nef- or vpu- defective JC16 constructs verified, that JC16 indeed uses both 

Nef and Vpu to counteract chimpanzee tetherin (Fig. 6C). In contrast, human tetherin 

was not efficiently counteracted by the chimpanzee-adapted HIV-1 strain (Fig. 6C). 

Afterwards, cell surface levels of human and chimpanzee tetherin or CD4, 

respectively, were tested by FACS analyses. For this purpose, 293T cells were 

cotransfected with either vpu or nef in expression plasmids and either one of the 

tetherin or CD4 variants. While HIV-1 LAV-1b, NL4-3 and JC16 Vpus reduced surface 

levels of both tetherin variants to around 50%, GAB1 Vpu was again inactive 

(Fig. 6D). In contrast, GAB1 and JC16 Nef reduced the levels of chimpanzee, but not 

human tetherin to less than 40%, whereas parental LAV-1b and SF2 Nefs showed 

only modest effects (Fig. 6E). All of the tested Vpus and Nefs are capable of 

downmodulating CD4 from the cell surface (Fig. 6D/ E). 

Taken together, these analyses revealed that JC16 Nef regained its anti-tetherin 

activity against chimpanzee tetherin within just one passage in the new chimpanzee 

host, while Vpu kept its activity.  

3.2 AMINO ACID CHANGES WITHIN THE FLEXIBLE C-LOOP ARE CRITICAL FOR 

ANTI-TETHERIN ACTIVITY 

After it was verified, that JC16 Nef regained its ability to counteract chimpanzee 

tetherin within the single ten years passage in chimpanzee C499, amino acid 

changes, which are critical for this function should have been determined. Therefore, 

a set of recombinants between the active JC16 Nef and the inactive parental LAV-1b 

Nef was generated and functionally characterized (Fig. 7A). 

To determine the ability of these chimeric Nef proteins to counteract tetherin, 293T 

cells were cotransfected with a Vpu Nef HIV-1 NL4-3 proviral construct, fixed 

amounts of nef expression vectors and different doses of chimpanzee tetherin.  
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Figure 7. Generation and functional characterization of recombinant Nef alleles. (A) Upper left 
panel indicates chimeras between JC16 (purple) and LAV-1b (black) Nefs. Amino acid differences are 
indicated by vertical lines. (B+C) The effects of the different Nefs on (B) infectious virus yield and p24 
release. Amounts of cell-free p24 were normalized to the levels of cell-associated p24 antigen. (C) 
Tetherin surface levels are shown as average values (+- SD) from two to three independent 
experiments (D) Primary FACS data. The range of eGFP expression and the MFIs used to calculate 
the downmodulation are indicated. 

The quantification of infectious HIV-1 yields revealed that the chimeras containing the 

flexible C-loop of JC16 Nef displayed anti-tetherin activity similar to that of the JC16 

WT Nef. In contrast, Nefs with the LAV-1b C-loop were not able to counteract 

chimpanzee tetherin (Fig. 7B). Similar results were obtained for the release of p24 

capsid from transfected cells (Fig. 7C). In the following experiment, the effect of the 

recombinant Nef alleles on chimpanzee tetherin surface levels was assessed by 

FACS. Figure 7C illustrates that all the tested Nefs were able to downmodulate 
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chimpanzee tetherin with JC16 Nef being much more potent than LAV-1b Nef. The 

recombinant Nefs, which do not only contain the JC16 C-loop, but also the JC16 core 

domain reduced surface tetherin to similar levels than JC16 WT Nef. In contrast, the 

chimeras with the JC16 C-loop and the C-terminus or the C-terminus alone displayed 

only modest effects in tetherin downmodulation that are similar to that of the parental 

LAV-1b (Fig. 7C).  

Thus, the generation and functional characterization of the recombinant Nef alleles 

revealed that amino acid changes in the flexible C-loop are critical for the ability of 

JC16 Nef to counteract chimpanzee tetherin. For the downmodulation of surface 

tetherin, not only these changes in the flexible C-loop, but further changes within the 

conserved core region are required.  

3.3 CHANGES ADJACENT TO THE CONSERVED EXXXLL-MOTIF CONFER ANTI-

TETHERIN ACTIVITY TO JC16 NEF       

To confirm that mutations in the C-terminal flexible loop were sufficient for the gain of 

anti-tetherin activity in JC16 Nef, just the C-loops between JC16 and LAV-1b Nefs 

were swapped. While the presence of the JC16 C-loop within LAV-1b Nef rendered it 

active against chimpanzee tetherin, insertion of the LAV-1b C-loop into JC16 reduced 

the functional activity (Fig. 8B). To exclude an allele-specific effect, the JC16 C-loop 

was also inserted into the inactive, highly divergent HIV-1 group N YBF30 Nef. Its 

ability to antagonize tetherin increased to a similar level as to this of the LAV-JC16 C-

loop Nef (Fig. 8B). These results confirmed that amino acids within the C-loop are 

sufficient to confer anti-tetherin activity to an HIV-1 Nef. 

To identify the amino acid residues involved in tetherin antagonism, the flexible C-

loop was examined for known functional motifs. Within this C-loop, there is a 

conserved adaptor protein binding site with the consensus sequence D/ExxxLL 

(Bonifacino and Traub 2003; Kirchhausen 2000). This motif has previously been 

reported to be used by HIV-1 and SIV Nefs to downmodulate CD4 in an AP2- and 

clathrin- dependent manner (Mangasarian et al. 1997; Greenberg et al. 1998).   
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Figure 8: Mapping residues critical for the gain of anti-tetherin activity of JC16 Nef (A) Alignment 
of HIV-1 and SIV C-loop regions of Nef. JC16 Nef is shown on top for comparison. The ExxxLL-motif is 
indicated in yellow, the stretch of the ten critical amino acids is framed in blue. Specific mutants 
analyzed in B-D are also indicated. (B-D) Effects of Nefs differing in their C-loop regions on infectious 
virus release in presence of chimpanzee tetherin. Numbers give amino acid positions in JC16 Nef. 
Curves represent average infection values (n=3) and were normalized to those obtained in the 
absence of tetherin. 
 

Sequence analyses revealed that this D/ExxxLL motif is conserved in JC16 and LAV-

1b Nef, with only the flexible amino acids differing from those of the parental Nefs 

(Fig. 8A, highlighted in yellow). Since the amino acids adjacent to the D/ExxxLL motif 

have also been shown to affect the substrate specificity and affinity of Nef (Bonifacino 
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and Traub 2003), mutations were introduced in these residues (Fig. 8A).The 

examination of these single to triple amino acid substitutions within and around the 

D/ExxxLL motif revealed that a stretch of ten amino acids is required for Nef-mediated 

tetherin counteraction. Whereas the E158K mutation N-terminal of the motif and 

changes EAK/DPR which are located further C-terminal did not affect anti-tetherin 

activity of JC16 Nef, substitutions of the flexible amino acids DNI/NTS within the AP 

binding motif as well as changes MC/VS adjacent C-terminal to the motif impaired the 

ability of JC16 Nef to counteract tetherin. Changes disrupting the dileucine LL/AA, 

which directly interacts with adaptor proteins (Bonifacino and Traub 2003), also 

abrogated the anti-tetherin activity of Nef (Fig. 8C). 

Finally, I tested single amino acid substitutions of the flexible amino acids (DNI) and 

the adjacent amino acids (MC), which were discovered to be critical for tetherin 

antagonism. Only the single change C169S severely impaired the functional activity 

of JC16 Nef. Individual amino acid substitutions of N162T, I163S and M168V had 

rather modest effects on tetherin antagonism, and the D161N substitution did not 

affect tetherin counteraction at all (Fig. 8D). 

In summary, these results demonstrate that the three flexible amino acids (DNI) within 

the conserved E/DxxxLL motif as well as two C-terminally adjacent amino acids (MC) 

are critical for tetherin counteraction. 

Since the ExxxLL motif has been shown to be crucial for Nef-mediated 

downmodulation of CD4 and CD28 (Chaudhuri et al. 2007; Lindwasser et al. 2008; 

Leonard et al. 2011), the impact of the amino acid residues critical for anti-tetherin 

activity was tested on downmodulation of these cellular receptors. In a first 

experiment, the surface levels of chimpanzee tetherin and CD4 on 293T cells were 

directly compared. As above, 293T cells were cotransfected with different nef alleles 

and either chimpanzee tetherin or CD4 and surface levels of the receptors were 

analyzed by flow cytometry. Insertion of the LAV-1b C-loop into JC16 clearly reduced 

its ability to remove tetherin from the surface. In contrast, the JC16 C-loop in LAV-1b 

as well as in HIV-1N YBF30 Nef rescued their ability to downmodulate tetherin to a 

great extent. The effect on YBF30 Nef was much more pronounced than on LAV-1b 

and resulted in similar levels of tetherin downmodulation than to JC16 WT Nef. 
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Furthermore, substitutions of the flexible amino acids within the D/ExxxLL motif as 

well as of these C-terminally adjacent impaired the ability to downmodulate tetherin, 

while amino acids further N- or C-terminal seem not to be required for tetherin 

downmodulation. In agreement with data obtained from virus release assays, removal 

of the dileucine almost completely abrogated the capability to remove tetherin from 

the surface.  

  

 
Figure 9: CD4 and tetherin downmodulation by JC16 nef mutants. (A and B) Tetherin and CD4 
surface levels on 293T cells cotransfected with the indicated nef alleles and chimpanzee tetherin or 
chimpanzee CD4. Surface levels are shown as average values (+- SD) of three independent 
experiments (C) Correlation analysis of Nef-mediated tetherin downmodulation and infectious virus 
release (D) Primary FACS data. The range of eGFP expression and the MFIs used to calculate the 
downmodulation are indicated 
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Of the single amino acid substitutions, the C169S change again showed the biggest 

effect on the ability of Nef to downmodulate tetherin. While D161N had almost no 

effect, the changes N162T, I163S, M168V showed a modest reduction of surface 

downmodulation (Fig. 9A).  Thus, the Nefs, which are able to increase the infectious 

virus yields, are also potent in downmodulating tetherin. In contrast, the Nefs, which 

do not increase virion release also downmodulate tetherin less efficiently from the 

surface of 293T cells (Fig. 9C). 

The CD4 downmodulation of Nef was not affected by most of the above mentioned 

amino acid substitutions. The E158K mutation, however, which decreased the 

capability of JC16 Nef to downmodulate tetherin only slightly (Fig. 9A), resulted in the 

almost complete loss of the ability to downmodulate CD4. In addition, amino acid 

substitutions introduced further C-terminal of the ExxxLL-motif (EAK/DPR) weakened 

the capability of Nef to downmodulate CD4, but not as drastically as the substitution 

of the dileucine (LL/AA). Without the dileucine, JC16 Nef is no longer able to 

downmodulate CD4 as well as tetherin (Fig 9A and B). 

For HIV-1group N Vpus it is known, that they gained anti-tetherin activity but lost the 

ability to downmodulate CD4, NTB-A or CD1d (Sauter et al. 2009, 2012). To rule out 

the possibility, that JC16 Nef also lost some functions like MHCI and CD28 

downmodulation, e.g. by changes in the ExxxLL-motif, we performed experiments in 

human PBMCs which express these surface molecules endogenously. To this end, 

PBMCs were isolated from a buffy coat, stimulated for two days with PHA and IL-2 

and subsequently infected with VSV-G pseudotyped env- and vpu- defective HIV-1 

NL4-3 viruses expressing different nefs. In agreement with the data obtained from 

293Ts and earlier studies (Garcia et al. 1991; Aiken et al. 1994), all of the wild type 

Nefs downmodulate CD4 from the surface of PBMCs. Again, it is only the Nef mutant 

with the LL/AA substitution that lacks the capability to downmodulate CD4 (Fig. 10A). 

Similar to CD4 downmodulation, the downmodulation of CD28 has been reported to 

be mediated by a clathrin-dependent pathway (Swigut et al. 2001). JC16 Nef reduced 

surface levels of CD28 comparable to the parental SF2 and LAV-1b Nefs and 

insertion of the JC16 C-loop into LAV-1b Nef did also not affect its capacity to 

downmodulate CD28. 
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Figure 10: Receptor modulation by nef mutants. (A) Quantification of Nef-mediated receptor 
downmodulation in human PBMCS infected with VSV-G env containing vpu- deficient HIV-1 NL4-3 
virions expressing the indicated nef alleles or GFP only. Shown are average levels (-+SD)  of receptor 
surface expression in the presence of Nef relative to those measured in cells infected with the GFP 
only control (100%). Results of the hPBMCs are mean values of two independent experiments and 
have been confirmed in another experiment. (B) Primary FACS data. The range of eGFP expression 
and the MFIs used to calculate the downmodulation are indicated 
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Of the analyzed mutations, disruption of the dileucine as well as MC/VS substitutions 

impaired CD28 downmodulation, while mutations of the flexible amino acids in 

ExxxLL had no effect (Fig.10A). MHCI downmodulation is mediated by an acidic 

cluster within the PxxP-loop (Fig. 5C) and requires either direct interaction with 

PACS1 ( Piguet et al. 2000; Blagoveshchenskaya et al. 2002) or AP1 in a clathrin-

dependent manner (Lubben et al. 2007). JC16 Nef downmodulated MHCI slightly less 

potent than the parental SF2 and LAV-1b Nefs (Fig.10A). While substitutions of the 

two leucines had no impact on MHCI downmodulation, mutations of the flexible amino 

acids and mutations MC/VS decreased the downmodulation.  

Removal of CXCR4, which along with CCR5 is one of the coreceptors for HIV-1, 

requires motifs that are also involved in MHCI downmodulation, including the acidic 

cluster and the proline-rich motif (Venzke et al. 2006). The JC16 WT Nef and JC16 C-

loop containing LAV-1b Nef were most efficient in removing CXCR4 from the cell 

surface, the other HIV-1 Nefs were slightly less active. The most distinct decrease in 

CXCR4 downmodulation was observed when the two amino acids C-terminal of the 

ExxxLL motif were mutated from MC to VS (Fig. 10A).  

In summary, these data show that JC16 Nef regained anti-tetherin activity and 

maintained all other functions tested. Furthermore, the ExxxLL-motif is involved in 

both CD4 and CD28 downmodulation, but the efficacy of each function is determined 

by distinct and different amino acids residues among the flexible amino acids within 

the motif and the adjacent amino acids. The ExxxLL-motif seems not to be involved in 

MHCI or CXCR4 downmodulation, but substitutions of the amino acids MC to VS 

impair both activities. 

3.4 TWO AMINO ACID CHANGES ARE SUFFICIENT TO CONFER ANTI- TETHERIN 

ACTIVITY TO A HIV-1 NEF 

Next, the frequency of amino acid residues within the ExxxLL motif and adjacent to it 

was examined in HIV-1 M and SIVcpz Nefs. In general, this motif is well conserved 

between HIV-1 M and SIVcpz Nefs. While chimpanzee Nefs mainly contained an Ile 

residue (163I) just N-terminal of the dileucine, this position is either a Ser or Cys in 

HIV-1 M Nefs. Of the two amino acid residues C-terminal adjacent (168/169MC), 
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which were critical for tetherin counteraction, Met and Ile were equally prevalent at 

position 168 in HIV-1 M and SIVcpz Nefs. In contrast, Cys was well conserved in 

SIVcpz Nefs, whereas Ser or Asn is more frequently found at this position in HIV-1M 

Nefs (Fig 11A). 

 

 
 

Figure 11: Two amino acid changes confer anti-tetherin activity to HIV-1M SF2 Nef. (A) The 

upper panel shows frequency plots of the E/DxxxLL-motif and adjacent amino acids of HIV-1M and 
SIVcpz Nefs. The lower panel shows amino acid substitutions in SF2, that were analyzed in (B-D) (B 

and C) Infectious virus yield  from 2λ3T cells cotransfected  with 4 g of a Vpu Nef  proviral NL4-3 
construct, 1 µg of the indicated nef expression plasmids and varying amounts of plasmids expressing 
chimpanzee tetherin.(D) Viral p24 antigen release determined by ELISA. The same 293T cells and 
virus stocks as analyzed in (B) were used to perform the ELISA. 
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To investigate whether changes in these amino acid residues may confer anti-tetherin 

activity to an HIV-1 M Nef, different combinations of the chimpanzee amino acids 

were inserted into the SF2 Nef. This Nef is more homologous to JC16 than LAV-1b 

Nef. At first, two amino acid substitutions were introduced into SF2 Nef, both which 

are equally present in JC16 Nef as well as SIVcpz Nefs: S163I and S169C (SF2 IC, 

Fig.11A). Quantification of infectious virus yield revealed that these two changes 

rendered SF2 Nef fully active against chimpanzee tetherin (Fig.11B). Following up on 

this I wanted to test, whether even one amino acid change may be sufficient to render 

SF2 active. Thus, only S169C was replaced (SF2 C), but this did not lead to an 

increase of functional activity of SF2 Nef (SF2 C) against chimpanzee tetherin (Fig 

11B).  

As the frequency plot (Fig. 11A) reveals, beside Ile, SIVcpz Nefs also often encode 

for Val or Cys at position 163. Thus, it was analyzed whether one of these two amino 

acids introduced into HIV-1 M SF2 Nef together with 169C (SF2 CC, SF2 VC) would 

also allow  tetherin counteraction. Both of the amino acid substitutions also render 

SF2 Nef active against chimpanzee tetherin, although the resulting activity is not as 

pronounced as in the presence of 163I (Fig. 11C). These results were confirmed by 

measuring the release of p24 antigen by ELISA (Fig. 11D). 

Since Western blotting is another sensitive method to quantify p24, the ability to 

counteract tetherin by some of the mutants described above was verified this way. 

293T cells were cotransfected with a Vpu Nef HIV-1 NL4-3 proviral plasmid, fixed 

amounts of the mutant or wild-type nefs in expression plasmids and the same dose of 

chimpanzee tetherin. ß-actin expression served as a loading control. Furthermore, 

GFP expression was analyzed to ensure similar transfection efficiencies. A C-terminal 

AU-1 tag was added to the Nefs to facilitate detection. Expression levels of the Nefs 

were similar (Fig.12). Thus, it could be ruled out that enhanced ability of SF2 IC or 

LAV-JC16 C-loop Nefs to counteract chimpanzee tetherin was due to increased 

expression levels. To evaluate the quantity of p24 that was released from the cells, 

p24 content in the cell culture supernatants of the 293T cells was normalized to the 

amount of p55, which is the precursor of p24 within the cells. In the presence of 

chimpanzee tetherin, JC16 Nef rescued virus release to 60%, while hardly any p24 
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release could be detected in the presence of HIV-1 LAV-1b and SF2 Nefs. In 

agreement with previous results, the insertion of the JC16 C-loop into LAV-1b Nef 

and the introduction of 163I and 169C amino acid substitutions into SF2 Nef 

conferred to their anti-tetherin activity and thereby rescued virus release to little more 

than 40% (Fig. 12). The total expression levels of chimpanzee tetherin are not 

significantly reduced in the presence of active Nefs in comparison to the eGFP only 

control or inactive Nefs. This suggests that Nef reduces surface levels of tetherin 

without inducing subsequent proteasomal or lysosomal degradation.  

In summary, these data show that the change of just two amino acids in the HIV-1M 

SF2 Nef was sufficient to render it active against chimpanzee tetherin. Moreover, the 

Western Blot confirmed that Nef does not decrease the total protein levels of tetherin 

within the cell. 

 

 

 

 Figure 12: Tetherin counteraction by HIV-1 and SIVcpz Nef proteins and mutants. Western Blot 

analysis of cell and virion lysates following cotransfection of 293T cells with a Vpu Nef proviral HIV-1 
NL4-3 proviral construct, pCG plasmids expressing eGFP alone or together with the indicated AU-1 
tagged nef alleles and an empty vector (-) or chimpanzee tetherin (+) expression plasmids. Cell and 
virion lysates were probed with an anti-HIV-1 capsid p24 antibody, ß-actin and eGFP expression levels 
were analyzed to check loading and transfection efficiencies, respectively. p24 in the supernatant was 
normalized to p55 in the cells.  Numbers at the bottom indicate the percentage of released p24 
compared to that in the absence of tetherin. Sups., cell culture supernatant. 
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It remained to be clarified whether tetherin antagonism by the gain-of-function mutant 

SF2 IC Nef is also achieved by removing tetherin from the cell surface and if these 

changes would simultaneously affect CD4 downmodulation. Again, 293T cells were 

cotransfected with the indicated nef alleles and either chimpanzee tetherin or 

chimpanzee CD4 in expression plasmids and subsequently analyzed by FACS. As 

illustrated in figure 13A, while SF2 Nef displayed only slightly reduced surface levels 

of chimpanzee tetherin, all of the analyzed SF2 mutants that gained anti-tetherin 

activity were also able to downmodulate tetherin to similar levels like JC16 WT Nef 

(Fig. 13A). Again, the ability to rescue virus release correlated significantly with the 

ability to remove tetherin from the cell surface (Fig. 13C). Notably, none of the 

changes that affected anti-tetherin activity in the SF2 mutants affected the capability 

to downmodulate chimpanzee CD4. 

 
Figure 13: Tetherin and CD4 downmodulation by SF2 Nef and mutants thereof. (A and B) 
Tetherin and CD4 surface levels on 293T cells cotransfected with the indicated nef alleles and 
chimpanzee tetherin or chimpanzee CD4. Surface levels are shown as average values (+- SD) of three 
independent experiments (C) Correlation analysis of Nef-mediated tetherin downmodulation and 
infectious virus release (D) Primary FACS data. The range of eGFP expression and the MFIs used to 
calculate the downmodulation are indicated. 
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3.5 NEF ANTAGONIZES TETHERIN BY ENHANCING ITS ENDOCYTOSIS 

After having shown that Nef-mediated tetherin antagonism is achieved by the removal 

of tetherin from the cell surface without intracellular degradation, two underlying 

mechanisms are likely: Nef could either enhance tetherin endocytosis at the cell 

surface or it could interfere with tetherin recycling and thereby block its way back to 

the cell surface. Since the ExxxLL-motif is known to serve as an internalization signal  

(Bonifacino and Traub 2003), an enhancement of internalization seemed more likely 

and an endocytosis assay was performed to clarify this. 293T cells were 

cotransfected with Env Vpu proviral HIV-1 NL4-3 constructs expressing different 

nefs and chimpanzee tetherin. Two days post transfection, surface tetherin was 

stained with an APC-conjugated antibody and endocytosis was measured after 

different timepoints by FACS. JC16 Nef and the gain-of-function mutant SF2 IC Nef 

enhanced tetherin endocytosis more potent than LAV-1b, SF2 WT or the loss of 

function mutant JC16 VS Nef. The ability to enhance endocytosis correlated well with 

the ability to rescue virus release. 

Previous studies have shown that tetherin is internalized even in the absence of Nef 

in an -adaptin dependent manner (Masuyama et al. 2009; Rollason et al. 2007). It 

has been reported that a dual tyrosine motif YxY6-8  is required for its internalization 

(Rollason et al. 2007; Masuyama et al. 2009). Thus, a mutant lacking this motif (teth 

AA, Fig. 14A/B) has been generated and included as negative control. As expected, 

the tetherin mutant is hardly endocytosed even after one hour whereas around 40% 

of wild type tetherin was internalized within one hour. Surprisingly, the presence of 

HIV-1M LAV-1b and SF2 Nef, which are both not capable to counteract tetherin, 

already increased the rate of endocytosis in comparison to the GFP control (Fig.14A). 

The loss-of-function mutant JC16 VS Nef enhanced internalization just as moderately 

as SF2 WT Nef. In contrast, the gain-of-function mutant SF2 IC Nef strongly 

increased endocytosis, almost two-fold more efficiently than SF2 WT Nef. In addition 

to that, endocytosis rates in the presence of SF2 IC Nef reached levels which are 

comparable to JC16 WT and GAB-1 Nef, both of which are active in counteracting 

chimpanzee tetherin. Saturation of endocytosis was observed for all Nefs after about 

one hour.  
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Figure 14: Endocytosis of chimpanzee tetherin in the presence of lentiviral Nefs and mutants 
thereof. (A and B) Rates of endocytosis of chimpanzee tetherin on 293T cells cotransfected with 

Env Vpu proviral HIV-1 NL4-3 constructs expressing different nefs and chimpanzee tetherin. After 
staining surface tetherin with an APC-conjugated antibody, endocytosis was allowed for different 
periods between 0-60 min (A) or exactly 20 min (B). Afterwards, antibodies that remained on the cell 
surface were removed and the internalization rate was measured by FACS. Endocytosis rates are 
shown as average values (+- SD) of four independent experiments (C) Correlation analyses between 
infectious virus yield and internalization rates (D) Primary FACS data. The range of eGFP expression 
and the MFIs used to calculate the downmodulation are indicated 
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Correlation analysis revealed, that these Nefs, which are able to antagonize 

chimpanzee tetherin enhance internalization rates to a much greater extent than 

these Nefs which are inactive against chimpanzee tetherin (Fig. 14C). 

The endocytosis assays showed that all tested Nefs were capable of increasing 

internalization rates of tetherin. Furthermore, Nefs which are active in tetherin 

counteraction enhanced endocytosis rates to a greater extent than those which are 

inactive. This suggests that tetherin antagonism is achieved by enhanced endocytosis 

of tetherin away from the cell surface where viral budding takes place. 

 

3.6 NEF SEQUESTERS TETHERIN INTO PERINUCLEAR COMPARTMENTS 

To further investigate the fate of tetherin after its endocytosis from the cell surface 

initiated by Nef, a microscopical setup with 293T cells was used to visualize the 

restriction factor.  

In the absence of Nef, chimpanzee tetherin co-localized with the trans-Golgi network 

(TGN) marker TGN46 but was also present at the cell surface (Fig.15). This 

distribution is reflected by three intensity peaks for tetherin in the profile plot, the outer 

two referring to membrane localization, the inner one for Golgi localization. In the 

presence of the active wild-type JC16 Nef, which is mainly localized at the plasma 

membrane but also in perinuclear compartments, chimpanzee tetherin is relocalized 

from the cell surface to intracellular compartments co-localizing with the TGN marker. 

The profile plot supports this with only one tetherin peak left that overlaps with the 

TGN46 signal. The JC16 VS Nef mutant, that is not able to promote efficient virus 

release, shows a similar distribution as the active wild-type JC16 Nef at the cell 

membrane and in the TGN, but fails to remove tetherin from the cell surface. Similar 

results were obtained in the presence of the SF2 WT Nef, where tetherin is still on the 

surface. The presence of the gain of function mutant SF2 IC Nef relocalized 

chimpanzee tetherin similar to wild-type JC16 Nef from the surface to perinuclear 

compartments overlapping with the TGN marker. 
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Figure 15: Nef-mediated redistribution tetherin to intracellular compartments. 293T cells were 
co-transfected with 60ng of chimpanzee tetherin and the indicated nef expression constructs. Tetherin 
and the trans-Golgi network were detected using mouse anti-BST-2 kindly provided by Chugai 
Pharmaceutical and the TGN-marker, TGN46 respectively. Images show representative confocal 
acquisitions. The triple colour merge images are shown on the left, scale bars represent 10 m. 
Cellular localization of the three proteins was determined by microscopic examination and by analysis 
of the Nef, tetherin and TGN signal intensities throughout the cells (right panel). The regions utilized to 
generate the profile plots are indicated by the dotted lines. 

 
 In summary, the microscopic analyses (Fig.15) revealed that Nefs, which are able to 

antagonize chimpanzee tetherin, sequester the restriction factor away from the cell 
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surface into a perinuclear compartment co-localizing with the trans-Golgi network 

marker. The cell surface location of Nef suggests that Nef acts as an adaptor linking 

tetherin to the endocytotic machinery. Moreover, total cellular levels of tetherin are not 

reduced in the presence of Nef, which is in agreement which the data obtained by 

Western blotting (Fig.12). 

3.7 SOME CONTEMPORARY HIV-1 M NEFS EXHIBIT A MODEST ACTIVITY 

AGAINST CHIMPANZEE TETHERIN 

The frequency plot of figure 11A indicated that also a minority of HIV-1 nef alleles 

encode Cys at position 169, just like the vast majority of SIVcpz Nefs. To investigate, 

whether some current HIV-1 Nefs may have some rudimentary activity against 

chimpanzee tetherin, a set of twelve primary HIV-1 Nefs which already have been 

described (Specht et al. 2010) was tested. Only nef alleles that encode 169C either 

together with 163C, as in a few SIVcpz Nefs or with 163S, as in most HIV-1M Nefs 

were selected (Fig.16). 

 

Figure 16: Alignment of HIV-1M Nef sequences. The JC16 sequence is shown on top for 
comparison. The two amino acids critical for anti-tetherin antagonism are highlighted in yellow. The 
ExxxLL-motif is indicated. Dots indicate identity with the JC16 sequence, dashes indicate gaps 
introduced to optimize the alignment. 



49 
3. Results 

In order to measure the release of viral p24 antigen, 293T cells were cotransfected 

with Env Vpu proviral HIV-1 NL4-3 constructs expressing the different HIV-1 nefs 

and chimpanzee tetherin.  

 

Figure 17: Counteraction of chimpanzee tetherin by HIV-1M Nefs. (A) Viral p24 antigen release 

determined by ELISA. 293T cells cotransfected with HIV-1 NL4-3 Env Vpu constructs expressing the 
indicated Nef pools and varying amounts of chimpanzee tetherin. Values represent the average 
quantities of p24 antigen (n=3) obtained in the presence of tetherin relative to those obtained in the 
absence of tetherin (100%). Amounts of cell-free p24 were normalized to the levels of cell-associated 
p24 antigen. (B) Quantification of infectious virus yield. 293T cells were transfected with HIV-1 NL4-3 

Env Vpu constructs expressing the indicated nef pools, a fixed dose of chimpanzee tetherin and 
VSVg env. Viral supernatants were collected two days later and used to measure the quantity of 
infectious HIV-1 in the culture supernatants by infecting TZM-bl indicator cells. Shown are average 
infection values (n=3 +-SD) relative to those obtained in the absence of tetherin. (C) Average levels of 
p24 antigen release in the presence of 100 ng of chimpanzee tetherin expression plasmid and 
constructs expressing eGFP alone or together with JC16 Nef or HIV-1 Nef proteins encoding C169 
either together with S163 (HIV SC, n=8) or C163 (HIV CC, n=4). Numbering refers to the SF2 Nef. The 
data were derived from three independent experiments. Similar results were obtained for different 
concentrations of chimpanzee tetherin constructs (see panel A) 
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Although all Nefs promoted virus release to some extent, they were substantially less 

potent in counteracting chimpanzee tetherin than JC16 Nef (Fig.17A). The same 

results were obtained measuring infectious virus yield after pseudotyping the viral 

constructs (Fig. 17B). Altogether, however, Nefs encoding for 163C/169C were 

significantly more active against chimpanzee tetherin than the Nefs encoding 

163S/169C (Fig.17C). Thus, some current HIV-1 Nefs that contain the same amino 

acid residues at positions 163 and 169 as the HIV-1 JC16 Nef or most SIVcpz Nefs, 

that are tetherin antagonists, display only a weak activity against chimpanzee 

tetherin.  
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4. DISCUSSION 

Most primate lentiviruses that do not encode a Vpu protein as well as the viral 

ancestors of HIV-1, SIVcpz and SIVgor, that do encode Vpu, use their Nef protein to 

counteract tetherin’s antiviral function (Jia et al. 2009; Sauter et al. 2009; Zhang et al. 

2009). After zoonotic transmission to humans, Nef could no longer counteract human 

tetherin due to a five amino acid deletion in its cytoplasmic tail and in case of HIV-1 

group M, Vpu evolved to become a functional antagonist (Sauter et al. 2009; 

reviewed in Lim et al. 2010). So far it was unclear, however, how long it takes for a 

viral protein to adapt to host restriction factors after cross-species transmission. 

Therefore, I analyzed the evolution of Vpu and Nef function after reintroduction of 

HIV-1 M in its original chimpanzee host in this thesis. I found that the resulting 

chimpanzee-adapted virus, JC16, utilizes both, Vpu and Nef, to antagonize tetherin. 

Functional analyses revealed that alterations in and adjacent to the highly conserved 

ExxxLL motif in the C-terminal loop of Nef were critical for the reacquisition of anti-

tetherin activity. Furthermore, just two amino acid changes were sufficient to render a 

contemporary HIV-1 M Nef active against chimpanzee tetherin.  

Initially, I could show that the HIV-1 Vpu maintained its capability to antagonize 

tetherin in the chimpanzee host. This function was acquired by the precursors of 

pandemic HIV-1 strains during the adaptation to the human host. Our finding, that the 

chimpanzee-adapted HIV-1 JC16 Vpu was still able to antagonize chimpanzee 

tetherin is in line with previous findings showing the capability of HIV-1 M Vpus to 

counteract chimpanzee and gorilla tetherin, while Vpus from SIVcpz and SIVgor fail to 

do so because these viruses utilize Nef to counteract this restriction factor (Sauter et 

al. 2009). Notably, the JC16 Vpu was more potent against chimpanzee tetherin than 

against the human ortholog suggesting a chimpanzee-specific adaptation. This 

adaptation may be due to the mutation of the AxxxAxxxA motif required for tetherin 

counteraction (Vigan and Neil 2010; Skasko et al. 2012) to AxxxTxxxA. The three Ala 

residues have been shown to interact directly with the transmembrane domain of 

tetherin (Skasko et al. 2012). Thus, an amino acid substitution in chimpanzee tetherin 

at the position that interacts with the second Ala may have driven the A15T 

adaptation in Vpu. Interestingly, the ability of Nef to enhance virus release by 
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antagonizing chimpanzee tetherin was also restored (Fig. 6). It has been estimated 

that the single ape-human transmission event of SIVcpz that resulted in the 

emergence of pandemic HIV-1 group M strains occurred in the early 20th century 

(Worobey et al. 2008). Since human tetherin is resistant to SIVcpz Nef and Vpu has 

evolved the ability to antagonize tetherin, the selection pressure for maintaining the 

ability of Nef to antagonize chimpanzee tetherin was lost in the new host. High 

mutation rates are a key feature of primate lentiviruses and one may expect that 

several disruptive point mutations would accumulate in nef during such a long period 

of time. Nef, however, is a multi-functional protein and the majority of its functions 

besides anti-tetherin activity, like CD4 and MHCI surface down-modulation or 

enhancement of viral infectivity and replication, are species-independent (Hrecka et 

al. 2005; Schindler et al. 2006; Schindler et al. 2008). Thus, it is assumed that the 

viral genes that become entirely non-functional after cross-species transmission are 

quickly removed, while those that keep some activity will be maintained and may 

evolve to regain lost functions. Therefore, multi-functionality of viral accessory genes 

may be an efficient way of primate lentiviruses to increase their capability to cross 

species barriers. To our current understanding, both Vpu and Nef lost and regained 

tetherin antagonism several times during cross-species transmissions that finally 

resulted in the rise of the AIDS pandemic (Sauter et al. 2009). Furthermore, both Vpu 

and Nef exert species-specific and species-independent properties which are likely to 

be essential in the successful cross-species transmissions that preceded the 

emergence of HIV-1 and the efficient spread of the AIDS pandemic because they 

allowed the precursors of HIV-1 to switch between Nef and Vpu to clear the tetherin 

barrier (Sauter et al. 2009). 

My data show that Nef-mediated anti-tetherin activity can be restored within a single 

ape passage. In contrast, the rare HIV-1 groups O and P have so far not regained 

anti-tetherin activity of Vpu and group N viruses only accomplished this to a very 

minor degree (Sauter et al. 2009, 2012). One possible reason for this difference is 

that Nef-mediated tetherin antagonism was only disrupted about a century ago 

whereas tetherin antagonism by Vpu was probably lost many thousand years ago 

during the emergence of SIVcpz (Sharp et al. 2005). Another possible reason for the 
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ability of Nef to restore tetherin counteraction is that some of the motifs and domains 

required for this function might largely be identical to those critical for downmodulation 

of CD4 or CD28. Thus, Nef may only need to restore the interaction with tetherin to 

regain this activity. A similar phenomenon was observed for Vpu: The Vpu-dependent 

degradation of both, CD4 and tetherin is dependent on a DSGxxS motif in the 

cytoplasmic domain that recruits the ubiquitin ligase complex (Margottin et al. 1998). 

Thus, the DSGxxS motif is retained by the selection pressure exerted by CD4 even if 

anti-tetherin activity is lost upon cross-species transmission. This illustrates that the 

redundant requirement of motifs for different functions may facilitate the restoration of 

once lost species-specific activities. 

My finding that HIV-1 has evolved two tetherin antagonists after reintroduction into the 

original chimpanzee host adds to the growing evidence that effective tetherin 

antagonism is advantageous for viral spread in vivo (Liberatore and Bieniasz 2011). 

Of note, in this case the evidence comes from chimpanzees, which are our closest 

human relatives, after infection with HIV-1 M strains. Results from previous mouse 

models required IFN induction to reveal tetherin effects or were obtained from 

macaques, which are not a natural host of SIV (Liberatore and Bieniasz 2011; Serra-

Moreno et al. 2011). The chimpanzee C499 was initially infected with HIV-1 SF2 

(Fig.5A). The fact, that this strain encodes a truncated Vpu may have driven the 

selection of Nef-mediated tetherin antagonism. After productive infection with the 

second HIV-1 strain LAV-1b in 1986, that encoded a Vpu that is able to antagonize 

chimpanzee tetherin, both viruses may have recombined to a particularly fit strain that 

uses both, Nef and Vpu to antagonize tetherin (Mwaengo and Novembre 1998). Still, 

it was surprising that JC16 encodes two tetherin antagonists, since usually only Nef, 

Vpu or Env alone are sufficient for efficient viral replication. The two tetherin 

antagonists may have rendered the virus more virulent, since JC16 did not only 

induce AIDS in the first chimpanzee, but transfusion of its blood into a second 

uninfected chimpanzee (C455) also resulted in high viral loads as well as a fast and  

persistent decline in CD4+ T cell counts (Mwaengo and Novembre 1998). Previously, 

several groups could show infection in chimpanzees after exposure to HIV-1 by 

repeated virus isolation from peripheral blood mononuclear cells (PBMC) and the 
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development of antiviral antibodies (Fultz et al. 1987; Nara et al. 1987), but rarely 

observed plasma viremia or pathogenic effects (Morrow et al. 1989; Watanabe et al. 

1991). Thus, the data obtained from C499 combined with in vitro analyses suggest 

that the virus, adapted after years of replication and mutation became more 

pathogenic for its chimpanzee host (Novembre et al. 2001).  

Evolutionary analyses indicate that SIVcpz received vpu from the precursor of the 

SIVgsn/mus/mon lineage, while its nef gene is derived from the SIVrcm lineage 

(Fig.3, Bailes et al., 2003; Schindler et al., 2006). Thus, during the adaption of SIVcpz 

to chimpanzees, either Nef or Vpu could have served as the tetherin antagonist. 

Subsequently, Nef evolved to be the effective tetherin antagonist in chimpanzees 

which is probably due to less differences between the cytoplasmic tails of 

chimpanzee and monkey tetherin than between the transmembrane domains, which 

govern susceptibility to Vpu (Sauter et al. 2009). Thus, while JC16 Vpu activity was 

as expected, it came as a surprise that JC16 Nef also counteracted chimpanzee 

tetherin and therefore a single chimpanzee passage was sufficient to restore this HIV-

1 Nef’s ability to target the region in the cytoplasmic tail of tetherin, which is missing in 

the human ortholog.  

 

Figure 18: Localization of residues crucial for anti-tetherin activity within the C-loop. (A) 
Alignment of JC16 and GAB-1 Nef. Amino acids crucial for anti-tetherin activity in JC16 Nef, which 
were revealed in this thesis are highlighted in orange, amino acids required for this function which were 
revealed by Zhang et al. 2011 in GAB-1 Nef are highlighted in blue. (B) Localization of residues critical 
for tetherin antagonism and AP interaction (all indicated by dots) and electrostatic surface potential on 
the C-terminal flexible loop of the SF2 Nef. Modified from Götz et al. 2012. 
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Extensive mutational analysis of JC16 Nef revealed the E/DxxxLL-motif and two 

adjacent amino acids within the flexible C-loop to be responsible for anti-tetherin 

activity. While this study was performed, data published by a different group showed 

that residues in and near the E/DxxxLL motif of SIVcpz Nef (Q152/N162/C163) are 

critical for anti-tetherin activity and that this process seems to involve AP-2 (Zhang et 

al. 2011, Fig.18A). Thus, our data confirm and expand these results, because Zhang 

and co-workers only analyzed SIV Nefs instead of HIV-1 M Nefs. They further did not 

test whether the SIVcpz Nef mutants they generated to reveal the critical amino acids 

were selectively impaired in tetherin antagonism. In general, the E/DxxxLL motif is a 

dileucine based sorting motif which is present in the cytosolic domain of various 

proteins and is recognized with characteristic specificity by the adaptor protein (AP) 

complexes AP-1, AP-2, AP-3 and AP-4 (Bonifacino and Traub 2003; Mattera et al. 

2011). Residues in both the signals and the adaptors make different contributions to 

the interactions, thereby defining the fine specificity of signal recognition events. 

Furthermore, AP-1, AP-2 and AP-3 can associate with clathrin, while AP-4 seems 

most likely to be part of a non-clathrin coat (Mattera et al. 2011). Notably, the position 

of E/DxxxLL motifs relative to the transmembrane domain and to the carboxy or 

amino termini may also influence the substrate specificity of these signals. In proteins 

targeted to late endosomes or lysosomes, the dileucine motifs are very close to the 

transmembrane domain (i.e., 6–11 residues away). Furthermore, these proteins also 

tend to display their motifs near their carboxy or amino termini (Bonifacino and Traub 

2003). Neither of these positions are taken by the dileucine based motif in JC16 Nef 

and the fact, that AP-3 and AP-4 are involved in endosomal or lysosomal trafficking 

(Ohno 2006) make their contribution to Nef-mediated tetherin-antagonism unlikely. 

The requirement of AP-2 to induce efficient Nef-mediated CD4 internalization has 

been described before (Jin et al. 2005; Stove et al. 2005; Chaudhuri et al. 2009). 

Substitution of either of the critical leucines by alanine abrogates all activities of the 

E/DxxxLL motifs, because the binding of APs is critically dependent on these residues 

(Bonifacino and Traub 2003). FACS analyses, which were performed in 293T cells 

and in human PBMCs confirmed that the mutation of both leucines completely impairs 

downmodulation of tetherin (Fig.8A), CD4 (Fig.8B and 10A) and CD28 (Fig. 10A). 
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While downmodulation of chimpanzee tetherin is dependent on the three flexible 

amino acids within the sorting signal (161-163DNI) and two additional amino acids 

further C-terminal (MC 168/169), mutation of these residues have no impact on CD4 

downmodulation (Fig.9B and 10A), and only the residues C-terminal of the motif (MC 

168/169) affect CD28 downmodulation (Fig. 10A). In contrast, a diacidic motif further 

C-terminal of the AP-binding motif (E/DD 174/175), which has been reported to be 

involved in CD4 downmodulation (Lindwasser et al. 2008; Chaudhuri et al. 2009), 

does not affect tetherin downmodulation (Fig.9A and B). Thus, multifunctionality of 

Nef is in part accomplished by the usage of a sorting signal which is conserved within 

the animal and protist kingdoms and provides high functional flexibility due to 

sequence specificity and binding of different combinations of AP subunits (Mattera et 

al. 2011).  

I found that the JC16 Nef is able to downmodulate CD4 and CD28, a key 

costimulatory factor of T cell activation (reviewed in Riley and June 2005), as it was 

shown for other SIV and HIV Nefs (Swigut et al. 2001b; Münch et al. 2005; Schindler 

et al. 2006). To further clarify, that the acquired amino acid changes that are critical 

for tetherin antagonism do not influence other Nef functions, we also tested wild-type 

JC16 Nef and mutants with the different substitutions in and around the ExxxLL-motif 

for their ability to downmodulate endogenous MHCI and CXCR4 in human PBMCs. 

As figure 10A illustrates, both functions were conserved. MHCI downmodulation is 

another Nef-mediated mechanism of immune evasion, by which infected cells are 

partly protected from destruction by CD8+ cytotoxic T lymphocytes (CTLs) (Collins et 

al. 1998). To prove the importance of MHCI downmodulation in vivo, it was shown 

that a 36-bp deletion in nef alleles that impaired overall Nef function in a LTNP of  

HIV-1 was partially “repaired” by an adjacent duplication that restored the ability to 

downmodulate MHCI and to enhance virus infectivity (Carl et al. 2000). It has further 

been shown, that nef alleles obtained during chronic HIV-1 infection are frequently 

more active in downmodulating MHCI than those from late stage AIDS patients. This 

suggests that there is a strong selective pressure for this specific Nef function in the 

immunocompetent hosts during the chronic phase of infection (Münch et al. 2001; 

Carl et al. 2001; reviewed in Kirchhoff et al. 2008). This could also explain why JC16 
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Nef is less potent in downmodulating MHCI than the parental HIV-1 M Nefs, since it 

was isolated from the chimpanzee C499 when disease progression was already 

advanced. The Nef binding site in the cytoplasmic tail of MHCI (YSQA) (Wonderlich et 

al. 2008) is identical in human and chimpanzee MHCI, thus impaired MHCI 

downmodulation by JC16 Nef in human PBMCs cannot be due to a chimpanzee 

specific adaption. Because MHCI downmodulation is mediated by the interaction of 

three different functional motifs, the acidic region EEEE65 as the PACS binding site, 

the PxxPxR-motif which acts as a SH3-domain for the PI3-K and M20 

(Blagoveshchenskaya et al. 2002), one would not consider the dileucine motif and its 

surrounding having an impact on this function. But surprisingly, MHCI 

downmodulation was impaired after the mutation of residues MC 168/169 which are 

critical for tetherin antagonism. With regard to coreceptor downmodulation, JC16 Nef 

is able to downmodulate CXCR4 in PBMCs more efficiently than SF2 and LAV-1b 

Nefs. The V3 loop of Env plays a major role for the activity of gp120 and is critical for 

coreceptor tropism and fusogenicity. In particular, basic residues at fixed positions on 

either site of the conserved tip determine the use of CXCR4 (Berger et al. 1999). The 

entire V3 region of JC16 has a net positive charge of +10 and is even more positive 

than those of the CXCR4-tropic parental HIV-1 strains with +9 (LAV-1b) and +8 (SF2) 

(Mwaengo and Novembre 1998). The positive charge of the V3 loop of JC16 

indicates CXCR4 tropism. Downmodulation of this chemokine receptor is a functional 

consequence to modulate infected cells in order to enhance resistance to HIV 

superinfection (Venzke et al. 2006). CXCR4 downmodulation requires the same 

motifs as required for MHCI downmodulation, including the acidic region (EEEE65) 

and the proline-rich PxxPxR-motif (Venzke et al. 2006). Again, residues 168/169MC 

decrease CXCR4 downmodulation while insertion of the JC16 C-loop increase this. 

This suggests that residues within the flexible C-loop are also involved in the 

downmodulation of CXCR4 and MHCI.  
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Table 1: Impact of different amino acids in and around the ExxxLL-motif on surface receptor 
modulation 
(+, amino acid involved in the downmodulation of the respective receptor; -, amino acid not involved; 
n.a., not analyzed)  

 

 

Next, I examined the frequency of amino acid residues within and adjacent to the 

E/DxxxLL motif in HIV-1M and SIVcpz Nefs. Notably, all chimpanzee Nefs encode 

Cys at position 169, just like JC16 Nef, while HIV-1 Nefs frequently encode Ser or 

Asn. Thus, the Cys residue is chimpanzee-specific. Moreover, just N-terminal of the 

dileucine, the majority of SIVcpz Nefs encode for Ile, whereas HIV-1 M Nefs express 

either Ser or Cys. Remarkably, these residues were not only critical for tetherin 

antagonism in JC16 Nef, but the combination of I163S and S169C changes in the 

HIV-1 SF2 Nef were sufficient to render it fully active against chimpanzee tetherin 

(Fig.11B). Analogous, mutants of SF2 Nefs expressing 163C or 163V, like about 50% 

of the SIVcpz Nefs, in combination with 169C were also able to antagonize tetherin 

(Fig. 11 C/D). None of these mutations in the SF2 Nef had significant effect on the 

CD4 downmodulation (Fig 13). Analyses of the localization of these residues in the 

SF2 Nef crystal structure, which includes the entire C-loop (Horenkamp et al. 2011), 

showed that despite their close physical proximity the critical 163I and 169C residues 

and the dileucine AP interaction site form distinct surfaces (Fig. 18B). Moreover, the 

interaction site of Nef with CD4 (CAWL, Fig. 4A) is spatially well separated from the 

ExxxLL motif (Götz et al. 2012). Importantly, however, introduction of the three 

residues Q152, N162 and C163, that were identified by Zhang et al. to be critical for 

tetherin counteraction in SIVcpz Nefs, into an HIV-1 Nef was not sufficient to confer 

effective anti-tetherin activity (Zhang et al. 2011). This confirms that Nef may easily 
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regain tetherin antagonism by using domains that are also involved in other Nef 

functions such as the downmodulation of CD4.  

To get further insight into the mechanism, by which JC16 Nef and SF2 IC Nef 

antagonize tetherin, an endocytosis assay was performed. This assay was chosen 

based on the finding by Zhang and co-workers that AP2 seems to be required for 

tetherin antagonism by SIVcpz Nefs. AP2 is well defined to regulate receptor-

mediated endocytosis (Nakatsu and Ohno 2003; Owen, Collins and Evans 2004) and 

the correlation between tetherin surface levels and virion release (Fig. 9C) shows that 

tetherin antagonism is indeed achieved by the removal of tetherin from the cell 

surface. After recruitment from the cytosol to the plasma membrane, AP-2 may bind 

to Nef and induce endocytosis of tetherin in a clathrin-dependent manner. Moreover, 

tetherin is internalized from lipid rafts in a clathrin-dependent manner (Rollason et al. 

2007; Masuyama et al. 2009). Internalization is dependent on a dual tyrosine-based 

motif in the cytosolic domain of tetherin which can interact with the µ-subunits of the 

AP2 and AP1 adaptor complexes. Interaction with AP1 is required for sorting tetherin 

back to the TGN, after it was delivered into early endosomes through AP2 interaction 

(Rollason et al. 2007). JC16 WT and SF2 IC Nef significantly enhance tetherin 

endocytosis from the cell surface (Fig. 14A/B) analogous to GAB-1 Nef. Thus, the 

Nefs which are able to promote virus release enhance endocytosis more efficiently 

than those, which are unable to rescue virus release (Fig.14D). Therefore, I speculate 

that the SIVcpz Nef, the chimpanzee passaged JC16 Nef and the HIV-1 gain-of 

function mutant SF2 IC Nef mediate more stable interactions with tetherin to augment 

endocytosis and thus use similar mechanisms to counteract the restriction factor. 

With removing tetherin from lipid rafts on the cell surface, it is sequestered away from 

its site of action and thus can no longer tether budding virions to the membrane. The 

subsequent transport of tetherin to the TGN was visualized by confocal microscopy 

(Fig.15). In the presence of JC16 WT and SF2 IC Nefs, Golgi-localization of 

chimpanzee tetherin is much more pronounced than in the absence of Nef or in 

presence of Nefs lacking anti-tetherin activity. Furthermore, SF2 WT and JC16 VS 

Nefs left tetherin visible on the cell surface as well as more diffusely distributed all 

over the cell. This suggests a model, in which Nef antagonizes tetherin by enhancing 
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its internalization and sequestration to the TGN which is dependent upon the 

sequential action of AP2 and AP1. This seems to be a mechanism shared by the 

SIVcpz and the chimpanzee-adapted HIV-1 Nefs. Confocal microscopy (Fig.15) as 

well as Western Blot analyses (Fig.12) revealed that tetherin is not degraded after its 

internalization. This is in contrast to HIV-1 M Vpu which induces the degradation of 

tetherin via the ubiquitin- proteasome system (Margottin et al. 1998; Mitchell et al. 

2009). Furthermore it has been reported that simply accelerating the internalization of 

CD4 would not significantly decrease the level of the protein on the plasma 

membrane unless transport back to the surface is also suppressed (daSilva et al. 

2009). Thus, downregulation per se is apparently achieved by Nef targeting CD4 to 

lysosomes (Luo et al. 1996; daSilva et al. 2009) and thereby reducing the total 

amount of CD4 in the cells (daSilva et al. 2009). Since tetherin is not degraded by 

Nef, it seems like endocytosis is enhanced and that surface levels of tetherin are 

sufficiently decreased to promote virus release. 

 

 

 

Figure 19: Proposed model for Nef-mediated tetherin antagonism. The presence of Nef leads to 
the formation of a ternary complex with chimpanzee tetherin and the adaptor protein 2 (AP2), which 
enhances tetherin endocytosis from the cell surfaces into early endosomes. Subsequent interaction of 
adaptor protein 1 (AP1) with the Nef-tetherin complex results in its delivery to the TGN. 
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All tested contemporary HIV-1 M Nefs, that encode the critical amino acids 

163C/169C (like in chimpanzees) or 163S/169C (like in most HIV-1 M Nefs) displayed 

a weak activity against chimpanzee tetherin, but were substantially less potent than 

JC16 Nef (Fig. 17A/B). Of note, HIV-1 Nefs encoding for the SIVcpz amino acids 

163C/169C were somewhat more active in promoting virus release than 163S/169C 

encoding Nefs. Because Vpu evolved to be the effective tetherin antagonist in HIV-1 

M, there was no selection pressure for Nef to retain this capability. With regard to 

JC16, it is still striking that Vpu and Nef exert several overlapping activities. 

In summary, this thesis shows that after almost 100 years after zoonotic transmission, 

it took HIV-1 just a single chimpanzee passage to restore the ability of Nef to 

counteract tetherin and that the E/DxxxLL adaptor protein binding motif in the flexible 

C-loop is crucial for this function. Moreover, just two amino acid changes within and 

near this motif restore anti-tetherin activity of the HIV-1 M SF2 Nef completely. The 

underlying mechanism of both Nefs may involve enhanced internalization of tetherin 

from lipid rafts at the cell surface and subsequent sequestration to the TGN. This 

model would require the sequential action of AP2 and AP1 (Fig.19). Since Nef uses 

similar domains and mechanisms to downmodulate CD4 and counteract tetherin, it is 

predisposed to regain anti-tetherin function. These findings raise the question of how 

well conserved this mechanism is among the precursors of SIVcpz Nefs like SIVrcm 

Nef and other Nefs like SIVsmm or SIVagm, that are no direct precursors of SIVcpz 

but do antagonize tetherin. Since only two amino acid changes rendered SF2 Nef 

active against tetherin, it would also be interesting to investigate, whether Nef 

proteins from HIV-1 O and P isolates restored some of their anti-tetherin activity, 

since their Vpu proteins did not manage to acquire this function so far. Moreover, both 

Vpu and Nef are multifunctional proteins that counteract restriction factors in a 

species-specific manner but simultaneously perform species independent functions. It 

remains to the analyzed, whether other viral proteins like Vif or Vpx that also 

counteract host restriction factors like APOBEC3G or SAMHD-1, respectively, exert 

further species independent functions to avoid their elimination after cross-species 

transmission events. 
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5. SUMMARY 

HIV-1 is the result of independent cross-species transmissions of SIVs from apes to 

humans. Both, HIV-1 and SIV depend on the one hand on the interaction with a 

variety of host proteins to ensure efficient replication in infected cells, and on the 

other hand antagonize several host restriction factors, which have evolved as part of 

the innate immune response to protect against viral infections. With regard to 

zoonotic transmission of SIV to humans, tetherin was a significant hurdle. In 

chimpanzees, this restriction factor is counteracted by the Nef protein of SIVcpz, 

which is a recombinant of two different SIV lineages. While the precursor of the 

SIVrcm lineage used their Nef protein to antagonize tetherin, the precursor of the 

SIVgsn/mus/mon lineage used Vpu. After zoonotic transmission from apes to 

humans, a five amino acid deletion in the cytoplasmic tail of human tetherin rendered 

it resistant to Nef. Thus, HIV-1 had to switch to Vpu in order to antagonize it. But so 

far, only pandemic HIV-1 group M strains managed to successfully clear the tetherin 

hurdle by evolving Vpu as an effective tetherin antagonist. Thus, a fully functional Vpu 

may have facilitated the worldwide spread of HIV-1 M.  

Currently it is unclear how rapidly lentiviral accessory proteins can gain activity 

against restriction factors in a new host. To address this question, I analyzed vpu and 

nef alleles from chimpanzee-adapted HIV-1 M strains. In chimpanzees, our closest 

relative, one could imagine HIV-1 M Vpu maintaining its anti-tetherin activity while 

HIV-1 M Nef could regain this once lost function. Thus, the present thesis shows that 

the chimpanzee-adapted HIV-1 Nef indeed reacquired anti-tetherin activity within just 

one passage in the new host while Vpu preserved this function. I also revealed that 

amino acid changes within and near the well conserved E/DxxxLL adaptor protein 

binding motif conferred tetherin antagonism to the chimpanzee-adapted HIV-1 Nef. 

Furthermore, anti-tetherin activity seems to involve enhanced endocytosis of tetherin 

from the cell surface and subsequent delivery to the TGN without degradation. This is 

a mechanism which is also shared by at least one SIVcpz Nef. The E/DxxxLL motif is 

required for further Nef functions like CD4 and CD28 downmodulation. Neither of 

these functions was lost upon restoration of tetherin antagonism indicating that the 
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flexible amino acids within and adjacent to this motif provide its functional flexibility. 

The mapping of critical residues allowed me to demonstrate that as little as two amino 

acid changes are sufficient to render a current HIV-1 M Nef active against 

chimpanzee tetherin. 

Altogether, this thesis shows that about 100 years after the disruption of Nef-

mediated tetherin antagonism following ape-human transmission the virus can 

reacquire this activity within a single passage in its original chimpanzee host. This 

clearly illustrates the enormous potential of Nef to restore once lost activities. The 

benefit of gaining new functions is accomplished by its high variability which is 

mediated by the employment of well conserved functional motifs like the E/DxxxLL 

motif. Such motifs are furthermore beneficial for viral proteins if species-dependent as 

well as species-independent functions can be both accomplished. Multifunctionality of 

Nef also increases its potential to regain once lost functions because non-functional 

proteins would likely be eliminated. My findings now raise the question of how well the 

mechanism of Nef-mediated tetherin antagonism is conserved among those SIV Nefs 

that are active against their respective host tetherin. It should also be clarified, 

whether some contemporary HIV-1 O or P Nefs regained anti-tetherin activity, since 

just two amino acid changes rendered SF2 Nef active.   
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