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The Nef protein unique to the primate lentiviruses HIV and SIV is essential for high-titer 

viral replication and AIDS progression. Despite its essential role, the molecular mechanisms by 

which Nef functions in HIV pathogenesis are not fully understood. Since Nef lacks intrinsic 

catalytic activity, research has been focused on analyzing interactions between Nef and cellular 

proteins in an attempt to understand the many functions attributed to Nef. Nef binds to the 

macrophage-specific Src family member Hck through its SH3 domain with the highest affinity 

known for an SH3-mediated protein-protein interaction. Previous studies from our laboratory 

have shown that Nef-Hck interaction results in constitutive Hck kinase activation capable of 

transforming Rat-2 fibroblasts. Nef-Hck interaction may be crucial to M-tropic HIV replication 

and AIDS pathogenesis, identifying this virus-host protein complex as a rational target for anti-

HIV drug discovery.  

To investigate whether interaction with Hck is a common feature of Nef alleles from 

different strains of HIV-1, we compared the ability of four different HIV-1 Nef alleles to induce 

Hck activation and transformation in our Rat-2 fibroblast model. We found that not all HIV-1 

Nef alleles have a similar affinity for Hck, despite strong conservation of the PxxPxR motif and 

hydrophobic pocket residues identified in the crystal structure as part of the SH3 interface. 

Further characterization of the interface of the Hck SH3-Nef complex revealed additional critical 

residues in the Nef hydrophobic pocket responsible for the differential interaction of HIV-1 Nef 
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alleles to Hck. This study provides the first evidence that the HIV-1 Nef hydrophobic pocket is 

critical for SH3-mediated Hck activation in vivo and identifies the pocket as a rational target for 

drug design to selectively disrupt Nef-Hck signaling in HIV infected cells. 

Suppression of cell death of HIV-infected cells allows time for viral replication prior to 

cell lysis, facilitating productive viral replication indirectly. Recently Nef has been demonstrated 

to be an important factor in promoting the survival of HIV-infected T cells by affecting 

mediators of apoptosis. Since macrophages serve as HIV viral reservoirs and play a critical role 

in persistent virus infection, we were interested in the role of Nef in survival of macrophages. 

Previous work from our laboratory has shown that Nef promotes cytokine independent 

proliferation of the macrophage precursor cell line, TF-1, through a mechanism that requires the 

Stat3 transcription factor. Studies presented in this dissertation demonstrate that Nef suppresses 

apoptosis in this cell line by selectively upregulating the anti-apoptosis gene, Bcl-XL. This 

signaling induction by Nef is dependent on Erk MAPK activation but not Stat3. This Nef-

induced survival signal is the first to show that Nef generates anti-apoptosis signals in cells of the 

myelomonocytic lineage and adds important evidence to the hypothesis that Nef may contribute 

to the establishment and maintenance of an HIV reservoir by conferring a survival advantage on 

HIV-infected macrophages. 
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1. Chapter I - Introduction 
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1.1. Primate Lentivirus Genome 

Primate Lentiviruses are a subfamily of retroviruses, which are associated with chronic 

diseases of the immune system in their host (1, 2). This virus family includes human 

immunodeficiency virus type 1 and 2 (HIV-1, HIV-2) and simian immunodeficiency virus (SIV). 

In particular, HIV-1 is the etiological agent of the global AIDS epidemic. The genomes of 

lentiviruses are more complex than retroviruses in that they encode six regulatory and accessory 

genes in addition to the three structural genes gag (group-specific core antigen), pol 

(polymerase), and env (envelop), which are common to all replication competent retroviruses. 

The auxiliary genes from the prototype lentivirus, HIV-1 consist of the regulatory genes tat 

(trans-activation of transcription) and rev (regulatory of virion protein expression), and the 

accessory genes nef (negative factor), vif (viral infectivity factor), vpr (viral protein R), and vpu 

(viral protein U) (3, 4, 5). HIV-2 and SIVmac lack the vpu gene, but contain a related gene called 

vpx (viral protein X) (3, 4). 

 

1.1.1. HIV-1 Auxiliary Proteins 

While the regulatory proteins (Tat and Rev) were demonstrated to be essential for viral 

replication, the accessory proteins (Nef, Vif, Vpr and Vpu) were initially considered to be 

dispensable for virus replication since they can be deleted without destroying virus replication in 

many culture settings (3, 6). It soon emerged, however, that accessory proteins contribute to 

efficient lentivirus replication and pathogenesis in vivo.  

Tat is a potent transcriptional activator of the HIV-1 long terminal repeat (LTR) promoter 

element and regulates high-level HIV-1 transcription from the integrated DNA form of the virus 
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 (the provirus) by acting mostly at the level of transcriptional elongation (7, 8). Rev is a 

sequence-specific nuclear RNA export factor and is able to induce efficient nuclear export, and 

hence expression, of the various incompletely spliced viral transcripts encoding late viral 

proteins (8, 9).  

Vif enhances virus infectivity in many culture settings, including primary lymphocytes (10, 

11). Vpr mediates the nuclear import of the preintegration complex (PIC) into the nucleus of 

particularly nondividing cells such as primary macrophages, enhancing HIV-1 replication in 

these cells (12). Vpr also arrests infected cells in the G2 phase of the cell cycle, which facilitates 

viral transcription since the HIV-1 promoter is more active in G2-arrested cells (13). Two 

independent functions of Vpu unique to HIV-1 life cycle have been reported: enhancement of 

virion release from infected cells (14) and the selective degradation of CD4 in the endoplasmic 

reticulum (ER) (15).  

The central role of Nef in HIV replication and AIDS pathogenesis in vivo was originally 

demonstrated by the study of Kestler et al. (16). They showed that inactivation of the nef gene in 

a pathogenic strain of SIV caused a dramatic decrease of both viral loads and pathogenic 

potential in infected monkeys. Some long-term non-progressors of HIV-positive patients were 

found to be infected with Nef-defective HIV, further suggesting that Nef is a key determinant for 

disease progression (17, 18). Nef, therefore, rapidly became a subject of intense scientific 

analysis. The molecular mechanisms of Nef interactions with host cell signaling pathways are the 

major focus of this dissertation. 
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1.2. Nef : General Properties 

Nef is the largest auxiliary protein encoded by HIV-1 (206 amino acids in length, ~27 

kDa in molecular weight) and is expressed as a cytoplasmic protein anchored to membranes 

through N-terminal myristylation (19). The open reading frame encoding Nef begins within or 

immediately following the 3’ end of the env gene and partially overlaps with the U3 region of the 

3’ long terminal repeat (LTR) (20, 21, 22). HIV-1 Nef can also be translated from an internal 

AUG 57 base pairs downstream from the initiating AUG, leading to the production of a 

truncated, non-myristylated 25 kDa protein (23). The Nef proteins of HIV-2 and SIV are slightly 

longer, containing approximately 250 amino acids (24). Nef is produced abundantly during the 

early stage of viral replication and localizes itself to the plasma membrane, cytosol, and nucleus, 

and is also incorporated into virus particles. Quantitative analysis revealed Nef to be 

incorporated on the order of 10% of reverse transcriptase incorporation, which corresponds to 5 

to 10 molecules of Nef per virion (25). 

The Nef sequence is relatively well conserved among the HIV-1 Nef alleles, while more 

sequence variation exists between HIV and SIV Nef. Nef has a number of well-defined motifs 

particularly in the core region, and those motifs are critical for several Nef functions. The N- and 

C-terminal regions have more variable and flexible structures. Additional structural and 

functional features of Nef are discussed in detail below. 

1.3. Structure of Nef 

The crystal structure of the core of HIV-1 Nef complexed with a Src family SH3 domain 

has been solved (26). In addition, the solution structure of Nef alone and of Nef bound to a 

peptide from the cytoplasmic tail of CD4 have been determined by nuclear magnetic resonance 

(NMR) spectroscopy (27, 28, 29). These studies revealed that the N-terminal region of the core 
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of HIV-1 Nef consists of a type II polyproline helix (aa 70-77), which contains the main binding 

site for the Src homology 3 (SH3) domain of Src family kinases. This domain is followed by two 

anti-parallel α helices (aa 81-120, αA and αB), which are packed against a four-stranded anti-

parallel β sheet (aa 121-186). The C-terminal region consists of two short additional α helices 

(aa 187-203), and these helices pack on the other side of the β strands. Residues 60-71 and 149-

180 form flexible solvent-exposed loops.  

These structural studies show that the first two anti-parallel α helices are connected by a 

relatively long linker and are separated to form a hydrophobic and solvent-accessible crevice 

between the helices. The co-crystal structure of the Nef core and SH3 domain shows that this 

crevice is occupied at one end by the specificity-determining isoleucine side chain of the SH3 

domain, but is otherwise vacant in the structure of the complexes. This finding suggests that this 

cavity may be accessible to other molecules, which could disrupt the interaction between Nef 

and the SH3 domain. The studies presented in this dissertation demonstrate the biological 

significance of this Nef hydrophobic pocket in terms of recruitment and activation of 

macrophage-specific Src family member, Hck (Chaper III). 

The structure of the four anti-parallel β strands is irregular, and does not form a 

contiguous four-stranded β sheet. Instead they are separated into two distinct anti-parallel pairs 

of strands. Only two hydrogen bonds are formed between βB and βC, and the presence of two 

strictly conserved proline residues, one (136) in βB and the other (147) in βC appears to hold 

apart the two strands. The two short α helices of the C-terminal region of Nefcore only partially 

cover the distal surface of the β strands. 
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1.4. Posttranslational Modification of Nef 

1.4.1. Myristylation 

Nef is posttranslationally modified by the irreversible attachment of the 14 carbon saturated 

fatty acid, myristic acid to its N-terminus, which targets Nef to the cellular membrane (30, 31). 

Nef contains a consensus sequence for the myristylation, Met-Gly-X-X-X-Ser/Thr, at the N-

terminus (32, 33, 34). Covalent linkage of myristate via an amide bond to the N-terminal glycine, 

Gly 2 is mediated by the soluble enzyme N-myristyl transferase after the initial methionine is 

removed cotranslationally by methionine amino-peptidase. The same posttranslational 

modification occurs in a number of viral proteins as well as cellular proteins which can be found 

in the plasma membrane or other intracellular membranes in eukaryotic cells. The reduction or 

loss of membrane binding was observed by mutation of Gly 2 to Ala, indicating the requirement 

of Gly 2 for myristylation-mediated membrane binding (33, 35).  

Although myristylation is necessary for membrane binding of some proteins, it is not 

sufficient for anchoring proteins in the membrane. An additional signal is therefore required for 

efficient membrane binding of myristylated proteins. A polybasic cluster of amino acids or a 

palmitate moiety has been identified as a second signal for membrane binding of N-myristylated 

proteins. The ‘myristate plus basic’ motif allows the myristylated proteins to bind the membrane 

stably by both hydrophobic and electrostatic interactions. The HIV-1 Nef protein contains the 

myristylation signal sequence as well as the basic motif, and these membrane anchoring regions 

are almost absolutely conserved in Nef sequences (36). 

The roles of myristylation in Nef functions have been proposed in several studies and 

demonstrated to be required for virtually all of its biological activities. Harris et al. found that 

Nef was myristylated at the N-terminus when it was expressed as a GST-fusion protein in the 

baculovirus system (37). Cellular proteins that bound to Nef in a myristylation-dependent 
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manner were identified by pull-down assay using the myristylated Nef-GST and a myristylation 

defective Nef-GST mutant. Cellular partners that bound Nef-GST in a myristylation-dependent 

manner were the HIV receptor CD4, the Src family kinase Lck, and a component of non-clathrin 

coated vesicles β-COP (35, 38). Other work has shown that the interaction of Nef with a 

cytoskeleton protein, actin, also requires myristylation of Nef (39). In their study, a recombinant 

HIV-1 Nef non-covalently associated with actin and this interaction was dependent on N-

terminal myristylation of Nef. Chowers et al. showed that missense mutation at the myristylation 

signal sequences reduced viral replication in CEM cells, a T-lymphocyte cell line, demonstrating 

that myristylation of Nef is required for optimal replication (40). Deletion of the myristylation 

signal and basic residues from Nef completely abrogated both CD4 and MHC I downregulation, 

suggesting that the myristylaion of Nef is critical for these functions as well (41). These studies 

indicate that N-myristylation of Nef is critical not only for membrane targeting but also for 

interacting with cellular proteins localized in the membrane, and for optimal Nef functioning. 

 

1.4.2. Phosphorylation 

Another posttranslational modification of Nef is phosphorylation on serine, threonine, and 

tyrosine residues. In early studies, the Nef protein of HIV-1 strain BRU was demonstrated to be 

phosphorylated on the threonine residue at position 15 (Thr 15) by protein kinase C (PKC) (42). 

The phosphorylation on Thr 15 of Nef expressed in hamster kidney cells, BHK-21 was induced 

by 12-O-tetradecanoyl-phorbol-13-acetate (TPA), a potent PKC activator. The involvement of 

PKC in Nef phosphorylation was subsequently confirmed by use of protein kinase C inhibitors. 

This notion was further supported by the demonstration that purified PKC is also able to 

phosphorylate Nef in vitro. When a recombinant HIV-1 Nef–GST fusion protein was incubated 
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with Jurkat cell lysates, cytoplasmic extracts from a number of other human cell lines, or protein 

kinase C, Ser/Thr phosphorylation was observed (43). Nef Ser/Thr phosphorylation in both HeLa 

and Jurkat cells occurred in vivo when stimulated by phorbol ester treatment and was reduced by 

an inhibitor of protein kinase C (44, 45). Phosphorylation of a nonmyristylated Nef mutant was 

impaired, suggesting that membrane targeting of Nef is required for phosphorylation. The 

significance of Thr phosphorylation in Nef is unclear since some HIV-1 isolates of Nef (SF2 and 

BH10) have substitution of Thr 15 with  Ala, and phosphorylation predominantly occurs on 

serine residues in this case. Although serine phosphorylation of Nef has been reported to 

correlate with an increase in virion infectivity (46), the role of Ser/Thr phosphorylation in 

functions of Nef remains to be determined.  

Tyrosine phosphorylation of Nef has been studied mainly on SIV Nef since SIV Nef but not 

HIV Nef contains the potential SH2 domain binding sites. Indeed, some of the pathogenic forms 

SIV Nef were reported to be highly phosphorylated on tyrosine residues in a cell culture system 

(47). The significance of Nef tyrosine phosphorylation has been demonstrated in animal studies. 

The replacement of two residues Arg-Gln (RQ) with Tyr-Glu (YE) converts Nef from 

SIVmac239 to a similar phenotype of an acutely lethal strain of SIV, SIVpbj14. This substitution 

introduces a second potential SH2 binding site which results in a virus (SIVmac239/YE-Nef) 

that can cause acute disease in rhesus and Pig-tailed monkeys and replicate in lymphocytes from 

peripheral blood mononuclear cells (PBMC) without prior lymphocyte activation. YE-Nef can 

also transform NIH 3T3 fibroblasts when transfected into cells. Furthermore, the high level of 

tyrosine phosphorylation of YE-Nef was detected when co-transfected in COS1 cells with the 

Src tyrosine kinase, although direct phosphorylation on tyrosine residues was not observed in 
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cells isolated from the infected monkeys. These findings implicate tyrosine phosphorylation of 

Nef in SIV viral replication and pathogenesis. 

Whereas SIV Nef has been found to be phosphorylated on tyrosine residues in putative SH2 

binding sites, HIV Nef has not been successfully demonstrated to be phosphorylated on tyrosine 

residues. One study showed that HIV Nef is tyrosine phosphorylated in Nef-expressing cells 

stimulated with PMA, and this phosphorylation was proposed to facilitate the stable interaction 

of Nef with Src family kinase, Lck (48). However no subsequent studies confirmed this result. 

Whether or not HIV Nef is tyrosine-phosphorylated in cells, and if so, the importance of HIV 

Nef tyrosine phosphorylation has yet to be determined. 

 

1.4.3. Proteolytic Processing 

In addition to myristylation and phosphorylation, Nef can also be post-translationally 

modified by proteolytic cleavage. Nef is cleaved specifically by the viral protease within the 

virion. The main HIV-1 cleavage site is located between W57 and L58 (ACAW*LEAQ) and 

determines the modular organization of Nef, separating it into N-terminal anchor domain and C-

terminal core domain (49, 50). While the N-terminal domain has a more extended conformation 

and is likely to be located at the surface of the protein, the C-terminal domain has a compactly 

folded core and is stable in the absence of the anchor domain. N-terminal myristylation does not 

appear to have a major influence on the proteolytic cleavage.  Recombinant Nef protein with 

additional amino acids MPARS in front of the first methionine, thus preventing myristylation, 

was still cleaved by viral protease (51). Recombinant purified Nef protein of HIV-1, as well as 

Nef protein derived from extracts of HIV-1-infected glioblastoma cells and monocytes, were 

specifically cleaved by the HIV-1 protease, giving rise to the same molecular weight fragments 
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(50). A large proportion (60-80%) of virion-associated Nef is the large fragment (18kDa) derived 

from protease cleavage, while Nef is detected as a full-length 27 kDa protein in infected cells. 

This observation suggests that cleavage is most likely to occur concomitantly with viral 

structural proteins during maturation of virus particles. Nef cleavage in particle preparations was 

completely abolished by a specific inhibitor of HIV-1 protease, indicating that the Nef cleavage 

is not due to nonspecific proteolytic activity of particle preparations (25). The six residues in the 

cleavage site are all very well conserved; Trp 57 in particular is almost absolutely conserved. In 

addition to their role as a target site for the HIV-1 protease, residues that compose the cleavage 

site, in particular W57 and L58 have been shown to participate in an intramolecular interaction 

with the hydrophobic groove formed by two α-helices in the Nef core domain.  

Despite the conservation of Nef proteolytic cleavage, it remains unclear whether this 

process is of functional relevance (52, 53, 54). Chen et al. found no clear correlation between the 

level of Nef cleavage and the ability to stimulate virion infectivity (52). SIV Nef, which lacks the 

cleavage sequence and thus is not cleaved by viral protease, efficiently stimulates the infectivity 

of Nef-defective HIV-1, suggesting that the proteolytic process is not required for enhancement 

of infectivity. Furthermore, they also showed that mutation of residues around the cleavage site 

of Nef decreased its proteolytic cleavage by HIV protease, but did not affect the enhancement of 

viral infectivity. Further studies need to be done to verify this observation since it could be 

argued that mutations around the HIV-1 protease cleavage site may affect critical regions or sites 

in Nef necessary for enhanced infectivity. 

1.5. Oligomerization of Nef 

A possibility of Nef oligomerization was initially suggested by the observation that a 

conserved leucine zipper-like repeat is present in the core region of the Nef proteins of HIV-1, 
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HIV-2, and SIV (55). Subsequent studies demonstrated that HIV-1 and HIV-2 Nef proteins 

expressed in bacteria and eukaryotic cells are able to form homo-oligomers (56). Fujii et al. has 

also reported homomeric Nef dimers, trimers, and higher oligomers formed on the cell surface as 

well as the cytosol of infected HeLa CD4+ cells (57). Nef oligomers were observed under 

reducing and non-reducing conditions, suggesting that these oligomers could be formed non-

covalently without stabilization of disulfide bonds. Grzesiek et al. have shown Nef core domain 

dimerization using NMR spectroscopy (29). In addition, the structures of two crystal forms of 

HIV-1 Nef reveal dimeric and trimeric packing (26). 

Studies by Arold et al. using chemical cross-linking, dynamic light scattering, 

equilibrium analytical ultracentrifugation, and NMR spectroscopy, further characterized the self-

association property of HIV-1 Nef (58). In this study, a Nef core mutant (∆1-56, ∆206; Nef ∆1-56 

is the core region cleaved by viral protease in virion, C206 is the only solvent accessible 

cysteine) was used in chemical cross-linking experiment to preclude oligomerization by disulfide 

bond formation. Monomeric, dimeric, and trimeric forms of the Nef core mutant were detected 

by SDS-PAGE analysis, supporting the idea that Nef oligomerization does not require disulfide 

bridges. The oligomeric state of Nef core was shown to be concentration dependent. They also 

predicted residues that are involved in homologous contacts, which include R105, D108, I109, 

L112, Y115, H116, F121, P122, and D123. These same amino acids in both space groups have 

been shown to establish the contacts in the crystal structure. These residues are conserved among 

HIV-1 isolates and form a hydrophobic core flanked by charged amino acids. Although Liu et al. 

demonstrated that mutation of a conserved residue, D123 abolishes Nef dimer formation, the 

contribution of other residues to Nef oligomerization (59), remains to be determined. The 
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biological significance of Nef oligomerization in infected cells also requires further 

investigation. 

1.6. Functions of Nef  

1.6.1. Early Nef studies 

The Nef protein was discovered as a 3’ ORF protein product of HTLV-III (HIV) in 1985 by 

Allan et al. (20). It was first considered to be a GTPase because of its limited sequence 

homology to the GTP-binding sites of G-proteins. Early studies of Guy et al. demonstrated 

recombinant Nef proteins partially purified from E.coli and then renatured bind guanine 

nucleotide, hydrolyze GTP, and autophosphorylate at Thr 15 (42). However, subsequent studies 

have failed to reproduce all three of these findings. The results of Guy et al. are likely artifacts 

derived from the contamination of the recombinant Nef with a bacterial GTPase since the Nef 

used was only 70% pure, isolated from inclusion bodies and renatured. Moreover, it was later 

revealed that Nef does not have a highly conserved GTP-binding domain by closer sequence 

analysis (60). 

Initial studies on the role of Nef in the HIV-1 replication cycle demonstrated that Nef is not 

required for viral growth and that mutation of the nef ORF leads to more efficient viral 

replication (61, 62, 63). These studies were soon followed by reports suggesting that the negative 

effect on viral replication results from inhibition of transcription from the proviral long terminal 

repeat (LTR) by the Nef protein (64, 65). Because of these negative effects on transcription and 

replication, the 3’ orf was renamed Nef - an acronym for “negative factor”. However, subsequent 

studies have failed to confirm the negative effect of Nef on viral growth. In addition, a 

significant body of work has also refuted prior work suggesting that Nef inhibits viral replication 

in culture (see below). Although the name Nef still is used, it is now clear that Nef is in fact 
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critical for enhanced viral replication in tissue culture and in animals as well as progression to 

full-blown AIDS.  

 

1.6.2. Positive role in viral replication 

In contrast to the initial studies suggesting the negative influence of Nef on HIV replication 

and transcription, Nef has clearly been demonstrated to have a positive role in viral replication 

and infectivity both in vivo and in cell culture. In addition, Nef was demonstrated to be a critical 

determinant in AIDS pathogenesis in several animal models (66, 67, 68). A number of studies 

have shown the positive relationship of Nef and viral growth and elucidated the mechanism of 

activity of Nef to enhance the viral growth since it was discovered (69, 70).  

In 1989, Kim et al. presented the first results arguing against a role for Nef as a suppressor 

of HIV replication. They observed no negative effect of Nef on viral replication upon infection 

of the human T lymphocyte cell lines H9 and CEM-SS, primary T cells enriched for CD4+ cells, 

or the human monocytic cell lines U937 and THP-1 with Nef positive (Nef+) viruses (71). They 

also demonstrated that Nef+ viruses replicated more efficiently in some cell types than Nef- 

viruses. Subsequent studies also showed that Nef does not inhibit transcription from the HIV 

LTR in several cell types including primary T lymphocytes, and Jurkat, U937, and COS cell 

lines (72).  

Subsequently, a positive role of the nef gene in disease pathogenesis was documented by 

the study of rhesus monkeys infected with molecular clones of SIV containing mutated nef 

sequences. Nef-deleted virus replicates at relatively low levels compared to the wild-type viruses 

in infected monkeys, resulting in 1000-fold lower viral loads than wild-type (16). Nef-deleted 

SIV was incapable of causing AIDS-like diseases in infected monkeys, while a mutant with a 
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premature stop codon in the Nef sequence was virulent following reversion in vivo back to the 

wild-type ORF (16). This observation indicates a strong selective pressure for maintaining a 

functional nef gene in vivo, and implies a critical role for Nef in disease pathogenesis.  

Other important studies showing the positive role for Nef in viral replication in vitro were 

done by Spina et al. and Miller et al. They used acute virus infection of purified, quiescent CD4 

lymphocytes to establish a nonproductive infection, and subsequent induction of viral replication 

through mitogen activation of the T cell proliferation cascade. It is believed that this system 

reflects more accurately virus-cell interactions as they occur in vivo. A significant positive effect 

of Nef on HIV-1 replication, demonstrated by 10-500 fold differences in replication between 

Nef+ and Nef- viruses was shown in these more “in vivo-like” conditions (69, 70). An 

enhancement of viral replication by Nef was also observed in virus-infected primary 

macrophages (69). However, the positive growth advantage conferred to HIV by Nef was not 

significant for viral infection of fully proliferating CD4 cells. The positive Nef function for viral 

cycles is also most pronounced when the lowest M.O.I. was used, indicating a potential 

infectivity difference between Nef+ and Nef- virus (69). These studies imply that the lack of a 

positive “Nef-associated replication phenotype” in immortalized T cell lines is possibly due to 

the greater ease with which HIV, even the less infectious Nef- HIV, can spread in these highly 

permissive culture conditions. 

Kirchhoff et al. and Deacon et al. established indirect evidence that Nef is an important 

factor for AIDS progression in HIV infection in vivo (17, 18). They found that some patients 

with long-term nonprogressive HIV-1 infection carry  Nef-defective viruses. Interestingly, long-

term nonprogressive HIV-1 infection of these patients was strikingly similar to the course of 

infection of rhesus monkeys inoculated with Nef-defective pathogenic SIV described in the study 
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of Kestler et al. For example they had extremely low viral burdens, normal CD4+ lymphocyte 

counts, and no signs of disease progression (18). Of note, the predominant deletion was located 

in the Nef-unique portion of the genome, removing a highly conserved acidic domain and a 

highly conserved PxxP motif and placing downstream sequences out of frame. These data 

suggest that survival after HIV infection can be determined by the particular HIV-1 viral genome 

sequence and support the importance of Nef in determining the pathogenecity of HIV-1. 

A study of Hanna et al. in 1998 showed that Nef expression in CD4 T lymphocytes and 

macrophages was sufficient to cause AIDS-like symptoms in transgenic mice (66). They first 

showed that expression of a complete HIV proviral sequence in these cell compartments of mice 

resulted in the development of severe AIDS-like pathology. They then investigated the effect of 

each individual HIV-1 gene in CD4 T lymphocytes and macrophages. No other gene products 

except Nef were sufficient to cause the AIDS-like disease in transgenic mice, suggesting that Nef 

is a critical determinant for HIV-1 pathogenesis in this model. Taken together, all of these 

studies strongly suggest that Nef is an important factor for efficient viral replication as well as 

for pathogenesis of HIV. 

 

1.6.3. Enhancement of the infectivity of virus particles 

As discussed above, Nef-mutated virions showed a severe growth defect in macrophages 

and primary blood lymphocytes infected while resting and activated afterwards. Miller et al. 

demonstrated that the positive effect of Nef on viral replication is due to the increased infectivity 

of Nef+ viral particles (69). Studies using single-round infection and end-point dilution 

demonstrated that Nef- viruses are less infectious than Nef+ viruses (40, 69, 70). Subsequent 

studies of Aiken et al. and Schwartz et al. found that the lower infectivity of HIV particles with 
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defective Nef can be complemented by expression of Nef in trans during virus production but 

not by ectopic expression of Nef in the target cells of infection (73, 74). This finding implies that 

the positive effect of Nef on infectivity is determined at the stage of virus particle formation. 

While Nef- and Nef+ virions do not differ in their cell-free reverse transcriptase activity, 

genomic RNA amount or ability to enter the target cells, once in the cell Nef- viruses are unable 

to synthesize viral DNA completely (74, 75, 76). Successful completion of viral DNA synthesis 

in the Nef+ virus-infected cells may account for enhanced infectivity. Nef proteins from HIV-2 

and SIVmac239 were also shown to enhance the infectivity of Nef-defective HIV-1 using a 

trans-complementary assay, indicating that this is a very well conserved Nef function and is 

likely to play an important role in vivo (73). However, how the Nef+ virion creates an 

environment for complete viral DNA synthesis is currently unknown and still under 

investigation. 

Several mechanisms have been suggested to explain how the expression of Nef during virus 

production could result in more infectious virus particles. In early studies, Nef incorporation into 

the virion itself was hypothesized to have an effect on the virus infectivity, since Nef molecules 

were shown to be present in each virus particle (25, 36, 54, 73, 77, 78), and most of these 

incorporated Nef proteins (60-80 %) are cleaved by viral protease within the particles as 

discussed in the previous section (25). The C-terminal core region cleaved from the membrane 

linked N-terminal residues was hypothesized to serve a specific function in the increase of viral 

infectivity. However, subsequent mutational studies of the conserved cleavage sequence of Nef 

revealed that the proteolytic cleavage is not critical for enhanced viral infectivity (52). 

Alternatively, it has been suggested that Nef might not have a direct role in the virus 

particle per se, and its incorporation within the virus particles may play a role in recruiting 
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cellular proteins into the virion. Subsequently, cellular proteins packed within the virus particles 

may affect the viral assembly and maturation. Supporting this scenario, it was shown that Nef 

enhances serine phosphorylation of the viral matrix proteins (79), and that the alteration in the 

status of phosphorylation of matrix proteins influences viral infectivity (80). In addition, 

serine/threonine kinases such as Erk MAPK were found in the particles (81) and thought to be 

responsible for serine phosphorylation of the matrix proteins. Nef associates with 

serine/threonine kinases including Erk and Pak (82, 83, 84). Whereas a Nef-induced change in 

the phosphorylation state of matrix could certainly affect virion infectivity, whether or not Nef 

coordinates these events remains to be determined. 

 

1.6.4. Downregulation of CD4 and MHC I Cell-Surface Expression 

The best characterized property of Nef is its ability to downregulate CD4 from the cell 

surface by accelerating its endocytosis (Figure 1). CD4 is a cell surface glycoprotein expressed 

on thymocytes, helper T lymphocytes and macrophage/monocyte lineage cells.  It is a 

component of the T cell receptor in mature helper T cells and plays a key role in maturation of T 

cells as well. Importantly, it serves as the primary cellular receptor for HIV and SIV.  Normally, 

CD4 is endocytosed after dissociation from the Src family protein-tyrosine kinase p56 Lck, 

which is bound to the cytoplasmic tail of CD4 in an inactive state. Lck release triggered by serine 

phosphorylation of the cytoplamic domain of CD4 upon TCR stimulation or phorbol ester 

treatment results in the exposure of a dileucine motif of CD4, which is a recognition signal of the 

endocytosis machinery that transports CD4 to the lysosomal compartment (85). 

Nef appears to alter the normal route of CD4 downregulation in HIV infected cells. Nef acts 

as a connector protein between the CD4 receptor and components of the cellular endocytic 

17 



 

machinery, leading to CD4 endocytosis (86). Nef binds to the dileucine motif located in the 

membrane proximal region of the cytoplasmic tail of CD4 (27, 87). The corresponding CD4 

binding site of Nef is centered around residues 57-59, and includes the proximal region of the 

core (27). A conserved dileucine-based signal in HIV-1 Nef itself in turn acts as a lysosomal 

targeting signal and was shown to interact with components of cell protein trafficking apparatus 

(88, 89). Nef-induced CD4 downregulation does not require other viral proteins and occurs in 

both Lck-positive and Lck-negative cells (90). It is also independent of serine phosphorylation of 

CD4 (91). 

Since Nef downregulates CD4 by accelerating endocytosis, the interaction of Nef with 

endocytic machinery has been intensively studied to elucidate the mechanism of CD4 

downregulation. The adaptor protein complex (AP) of clathrin coated pits (CCP) was identified 

as a main downstream binding partner for Nef in CD4 downregulation (88, 92, 93) (see section 

1.7.1. for more details on AP complexes). Clathrin-associated adapter complexes regulate the 

assembly of clathrin-coated pits and recruit clathrin to various membrane proteins containing 

endocytosis signals (94). The constitutive interaction of Nef and the AP complex recruits the 

CD4 receptor to the clathrin coated pit and induces endocytosis.  

An additional downstream binding partner of Nef is the COP I coatomer (95), which has 

been implicated in endosomal sorting events. The interaction of Nef with COP I may direct CD4 

from early or recycling endosomes to late degradation compartments (see 1.7.1. and Figure 1).  

While the significance of the downregulation of CD4 by Nef in vivo has not been 

clarified so far, several functional roles of CD4 downregulation in viral replicative cycle have 

been suggested. One major benefit of Nef-induced CD4 downmodulation may be the enhanced 

release of virus particles since CD4 was shown to interfere with the budding of viral progeny 
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(96, 97). High levels of CD4 expression on the surface of HIV-producing cells also inhibits the 

infectivity of released virions by trapping the viral envelope. Another benefit of virus 

downregulation of CD4 by Nef would be to enhance viral replication by preventing potentially 

lethal superinfection events (98). Finally, Nef may alter TCR signaling events in infected cells to 

the advantage of the virus because CD4 is involved in antigen-driven TCR signaling events. It is 

controversial as to whether CD4 downregulation by Nef enhances or decreases the activation of 

infected T cells (see 1.6.5. for more detail). 

 MHC I is another cell surface receptor downregulated by Nef (Figure 1). Although Nef 

induces MHC class I downregulation less efficiently than CD4 and the mechanism of this 

regulation is less well understood, it is clear that Nef increases the endocytosis of MHC I from 

the cell surface without affecting its synthesis or transport through the endoplasmic reticulum 

(ER) and cis-Golgi apparatus (99). In the presence of Nef, surface MHC I receptors are rapidly 

internalized toward the endosomal pathway for protein degradation. Furthermore, upon budding 

from the trans-Golgi network, Nef redirects MHC I to clathrin-coated vesicles. The critical 

residues for this cellular response to Nef are the tyrosine residues found in the C-terminal tail 

region of HLA-I, HLA-B but not of HLA-C. Although the Nef dileucine residues (LL165) that 

target the AP complex in CD4 regulation are dispensable for the downmodulation of MHC I 

(100), Nef appears to interact with AP complexes to regulate MHC I expression on the cell 

surface via a different mechanism (92). However, in the regulation of MHC I, Nef does not seem 

to act as an connector between the receptor and the endocytotic apparatus and it rather functions 

by facilitating the exposure of the critical tyrosine residues of MHC I as a signal for the binding 

to AP-1 or AP-2 (92). 
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The pathophysiological significance of the downregulation of MHC I can be inferred from 

the normal role of MHC I in physiology. The role of MHC I is to present antigenic epitopes on 

the cell surface and permit the recognition and destruction of the cells expressing foreign 

proteins by cytotoxic T lymphocytes (CTL). Many pathogenic viruses including HIV develop 

ways to escape this immune surveillance by downregulating the MHC I molecules from the cell 

surfaces. Nef plays a major role in downregulating MHC I, thus allowing HIV-infected cells to  

evade CTL (101). One important thing is that only HLA-A, B, but not C have the critical 

tyrosine residues for endocytosis and binding to AP complexes. Since cells without any 

expression of MHC I can be attacked by Natural Killer (NK) cells, the selective downregulation 

of MHC I permits the virus infected cells to avoid this immune response (102). 
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Figure 1. Model for Nef-induced MHC-I and CD4 down-modulation.  
The mechanisms of Nef-induced down-modulation of MHC-I (left side) and CD4 (right side) are 
described. (TGN) Trans-Golgi network; (MHC-I) class I major histocompatibility complex; 
(PACS-1) phosphofurin acidic cluster sorting protein-1; (AP) adaptor protein complex (of 
clathrin coated pits); (COP-1) coat protein-1. 
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1.6.5. Modulation of internal cell signaling 

In addition to its ability to downregulate cell surface receptors, Nef appears to alter 

intracellular signaling by interacting with proteins which mediate signal transduction in CD4+ T 

cells and macrophages. A large and growing number of studies suggest that Nef manipulates 

multiple signaling pathways, affecting T cell activation. Nef also regulates cell signaling to kill 

or protect cells from apoptosis. In addition, other signaling pathways involved in cytoskeletal 

rearrangement or cytokine production are also affected by Nef expression. 

 

T cell activation 

Whether Nef promotes or interferes with the activation of T-lymphocytes has been 

controversial. Initially, Nef has been suggested to disturb the activation of T cells by not only 

downregulating CD4 receptors but also by altering the intracellular signaling pathways activated 

by TcR stimulation. The downregulation of CD4 by Nef releases p56Lck from the cytoplasmic 

tail of CD4. The association between p56 Lck and CD4 is necessary for the proximal localization 

of Lck with TcR-CD3 complex upon the activation of T-cells through the TcR or anti-CD3 

cross-linking. A Src family kinase, Lck is required for phosphorylation of the zeta chain of the 

TcR, which in turn facilitates the recruitment and binding of ZAP-70 leading to subsequent up-

regulation of sensitive genes, such as IL-2 (104). IL-2 up-regulation is an important marker of T-

cell activation. Without the proximal localization of Lck to TcR complexes these signaling 

cascades in T cells are unlikely to occur. In this scenario, Nef suppresses the activation of T 

cells, leading to the development of the quiescent latently infected T cell populations. Supporting 

this, early studies showed that Nef expression in the Jurkat T-cell line results in inhibition of up-

regulation of IL-2 mRNA in response to either PMA, PHA, or anti-CD3 cross-linking (105). 
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Furthermore, Nef downregulates the transcription factors NF-κB and AP-1 in cells stimulated 

either by mitogens or by antibodies to the TcR-CD3 complex through effects on the TcR 

signaling cascades (65, 106).  

Conflicting results to the previous negative effect of Nef on T-cell activation have soon 

emerged. Rhee and Marsh reported that the expression of Nef in a T-cell hybridoma 

downmodulates the CD4 receptor from the cell surface and enhances T-cell activation stimulated 

by TcR (68). In vivo studies further demonstrated the positive effect of Nef on T-cell activation. 

For example, expression of HIV-1 Nef in T lymphocytes caused T cell hyperactivation in the 

thymus, with CD4 depletion and increased activation of the rare mature CD4 T cells in the 

peripheral lymphoid tissues of transgenic mice (67). In the same study, Nef-expressing 

thymocytes of the transgenic mice also displayed elevated mitogenic and calcium responses to T 

cell receptor (TcR) stimulation with a CD3-specific antibody. Consistent with this result, the Nef 

transgenic mice created by Hanna et al. showed similar T-cell phenotypes, including increased 

sensitivity of CD4 T cells to CD3 and TcR-induced activation (66). A microarray study of the 

overall gene regulation in Nef-expressing T lymphocytes showed almost identical gene 

expression profiles (97%) to that of control T cells activated by CD3 stimulation (107).  

One possible explanation for these conflicting experimental results comes from the study 

of Baur et al. Their study showed that the positive or negative effect of Nef on T-cell activation 

depends on its intracellular localization (108). They expressed a hybrid CD8-Nef protein in 

Jurkat cells. When expressed in the cytoplasm, the chimera inhibited early signaling events from 

the T cell antigen receptor, whereas the chimera expressed on the cell surface activated the same 

signaling events in T cells. These effects of subcellular localization may reconcile the opposing 

phenotypes of Nef and suggest a key role for N-myristylation as well. The inconsistency in 
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results regarding the effect of Nef on T-cell activation could also be explained by the use of 

different cells, cell culture conditions, and allelic variation in Nef sequences. Positive and 

negative effects of Nef on T-cell activation actually could benefit the virus replication in infected 

cells in different ways. While the activation of T lymphocytes by Nef may create a cellular 

environment favorable for viral replication, the inhibition of T cells may lead to the latency of 

infected cells and thus facilitate immune escape and the establishment of a chronic infection.  

 

Apoptosis 

To ensure survival of an infected cell until the replicated virus particles are ready to leave 

and spread to other target cells, viruses deploy multiple strategies to protect the infected cells 

from self-destruction (apoptosis). When infected with virus, cells start the programs to kill 

themselves to save the host. For example, Fas ligand is up-regulated in HIV-infected T cells, 

thereby killing the infected cells in an autocrine fashion through Fas ligation (109, 110). Another 

example is the up-regulation of membrane-bound TNF on macrophages by the binding of HIV 

gp120 to CXCR4 receptor (111). The induced TNF triggers cell death via TNFR in CD8 T cells 

and potentially also in infected cells. From the prospect of the virus, maintaining the viability of 

the infected cells while inducing the apoptosis of the bystander cells is paramount. 

To prevent apoptosis in response to viral infection, HIV takes advantage of the ability of 

Nef to interact with host cell survival signaling molecules. Geleziunas et al. showed that Nef 

protects infected T cells from apoptosis triggered by CD95 (Fas) and TNF-alpha receptor via 

inhibition of the apoptosis signal regulating kinase (ASK1) (112). ASK1 links both cell death 

receptor (Fas and TNFR)-mediated signals to the downstream JNK/p38 pathways. ASK1 kinase 

activity is inhibited by an association with thioredoxin (Trx), a redox regulatory factor. Nef 
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blocks the dissociation of ASK1-Trx, which is normally induced by TNF-α. This study is 

supported by another report, showing that Nef blocks the Fas signaling pathway through 

inhibition of caspase-3 and caspase-8 activation (113). 

Another example of Nef inhibition of apoptosis signaling pathways comes from a study by 

Wolf and co-workers. They found that Nef blocks cell death mediated by pro-apoptotic Bcl-2 

family members inside cells (114). Control of apoptosis by mitochondria is partly regulated by 

the balance of Bcl-2 family members. Pro-apoptotic members (Bad, Bax, Bak, Bid, and others) 

of this family form heterodimers with and thereby inactivate anti-apoptotic members of the same 

family (Bcl-2, Bcl-XL, Bcl-w, and others) (115, 116). Nef inhibits Bad proapoptotic activity by 

inducing the serine phosphorylation of Bad, a pro-apoptotic protein, and facilitates release of the 

anti-apoptotic partner, Bcl-2. Normally, Bad inactivation induced by growth factor or cytokine 

stimulation is mediated by phosphatidylinositol-3-kinase (PI3K) via the downstream Ser/Thr 

kinase, Akt. However, Nef-induced Bad phosphorylation is not mediated by Akt. Nef binds and 

activates PI-3 kinase not to stimulate Akt but to activate the Nef-associated kinase, PAK. The 

Nef-PI3K-PAK complex phosphorylates Bad, consequently blocks apoptosis in T cells induced 

by serum starvation or more importantly, HIV replication. In this way, Nef seems to serve to 

counter balance the apoptosis-inducing effect of HIV-1. The anti-apoptotic signaling of Nef 

indeed enhanced viral particle release, supporting that this Nef function is an important 

mechanism in viral replication. 

Nef was also reported to physically bind to p53 via its N-terminal 57-residue fragment (1-

57) and thereby inhibit p53-dependent apoptosis (117). The inhibition of p53-mediated apoptosis 

by Nef is likely due to the decreased half-life of p53. Consequently decreased p53 DNA binding 

activity and transcription activity were observed in Nef expressing cells. Importantly, all these 
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events correlated with the binding ability of Nef to p53. Together, these results suggest that the 

protective effect of Nef may augment HIV replication by prolonging the viability of infected 

cells.  

Recent work from our laboratory demonstrated that HIV Nef also promotes a Stat3-

dependent proliferation of the macrophage progenitor cell line, TF-1 (118). Nef-induced TF-1 

proliferation requires the myristylation signal sequence and polyproline motif, since mutation of 

these sequences abolished the proliferative phenotypes of Nef-expressing cells. This result 

suggests that Nef not only protects infected cells from apoptosis but also produces a signal of cell 

proliferation, promoting an environment for viral replication. The studies presented in this thesis 

also demonstrate that HIV-1 Nef protects TF-1 cells from apoptosis by inducing Bcl-XL in an 

Erk-dependent manner (Chapter IV). This is the first evidence that Nef is involved in survival in 

macrophage-lineage cells, a key target of HIV infection. 

 

Other Nef-associated signaling pathways 

Several lines of evidence suggest that the host cell actin cytoskeleton plays a role in the 

entry steps of the infectious pathway utilized by HIV-1.  It has been suggested that actin 

microfilaments facilitate the co-localization of receptors during virion fusion to the host cell, and 

this clustering of receptors is required for virus entry into the cell (119, 120). Furthermore, the 

actin cytoskeleton contributes to the establishment of a functional reverse transcriptase complex 

(121). HIV-1 virion trafficking in a microtubule-independent manner in the periphery of the 

cytoplasm after entry into the cytoplasm has been observed with live-cell microscopy (122). This 

movement is likely due to an interaction with the actin cytoskeleton in the host cell cytoplasm. 
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Nef has been suggested to interact with the actin cytoskeleton early in infection. A 

myristylation-dependent association of HIV-1 Nef with actin has been shown in B and T cells, 

and this interaction affects its subcellular localization (39). Nef has also been reported to interact 

with a number of proteins associated with actin microfilament reorganization. Particularly, Nef 

binds and activates the Rho GTPase exchange factor Vav, inducing rearrangements of 

cytoskeleton (123). In addition, Nef also interacts with members of the p21-activated kinase 

(PAK) family, resulting in kinase activation (67, 124, 125). PAK family kinases have been 

implicated in cytoskeletal organization and rearrangement in mammalian cells (126, 127). 

Moreover, the residues of Nef involved in cytoskeletal association overlap the regions critical for 

enhancement of viral infectivity, suggesting that the interaction with actin cytoskeleton might be 

important in Nef’s ability to increase infectivity. 

Since Nef also associates with the viral core (77, 128), the significance of Nef interaction 

with the actin cytoskeleton might be to facilitate a post-fusion trafficking of the core via a 

mechanism that involves the actin cytoskeleton. Recently, Campbell et al. found that disruption 

of the actin cytoskeleton by treatment of two drugs, Cytochalasin (CytD) and latrunculin B 

(LatB) restores the infectivity of Nef deficient virions to that of wild type virus control (129). 

Since this complementation failed with HIV virion pseudotyped to enter cells via endocytosis, 

the ability of actin disruption to complement Nef infectivity defect was specific to the native 

HIV envelope which fuses at the cell surface. These results indicate that Nef may function to 

facilitate the penetration of the HIV genome through the cortical actin network, a known barrier 

for intracellular parasitic organisms, allowing the virus to infect the host cell more efficiently. 
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1.7. Cellular partners of Nef 

Since Nef lacks intrinsic enzymatic activity, the positive role of Nef in viral replication, 

infectivity and AIDS pathogenesis is attributed to its ability to interact with several cellular 

proteins. The binding partners of Nef can be divided into two groups, the first of which includes 

proteins that lack kinase activity. This group of proteins includes actin cytoskeletal regulators 

such as Vav, the CD4 receptor, MHC I, and the protein components of the endocytotic 

machinery. The second group is composed of the protein kinases which mediate cellular 

signaling pathways. Serine/threonine kinases and Src family kinases constitute this group. The 

significance of these interactions for HIV replication and pathogenesis has been described above. 

What follows are more detailed descriptions of the molecular interactions. 

 

1.7.1. Cellular Receptors and trafficking proteins 

CD4 and MHC I cell surface receptors 

CD4 constitutes the primary receptor of primate lentiviruses (130) and is rapidly 

downregulated in HIV infected cells via a Nef-mediated endocytosis mechanism (42, 87). CD4 is 

a type I integral membrane protein that is mainly expressed in immune cells (131, 132), and its 

physical interaction with Nef has been reported in several experimental systems. For example, 

Harris et al. demonstrated the binding of HIV Nef to CD4 in insect cells overexpressing both 

proteins (38). They also showed that binding is dependent on N-terminal myristylation of Nef. 

Subsequent studies detected the interaction of Nef with CD4 in the yeast-two hybrid system 

(133) and in a CD4 capture assay using immobilized Nef as the bait (134). Furthermore the 

interaction of these two proteins was demonstrated in an NMR study using recombinant Nef and 

a CD4-derived peptide (27). In this study, they identified the di-leucine residues in the membrane 
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proximal region of the CD4 receptor tail, which normally mediate its interaction with the 

endocytosis apparatus upon TcR or mitogen stimulation, as the binding site for Nef.  

Through this interaction, Nef accelerates the endocytosis of CD4 from the HIV infected 

cell surface by directly connecting CD4 to the adaptor complex of cellular transport machinery 

(see section 1.6.4. and Figure 1). Nef also redirects some CD4 from the endosomes to lysosomes 

and inhibits its recycling to the cell surface, targeting it instead to the lysosomal degradation 

compartment (135). The significance of the association of CD4 with Nef was discussed in the 

earlier section (1.6.4). It prevents deleterious superinfection and releases the inhibition of virion 

budding by cell-surface CD4. 

Functional class I MHC complexes composed of the class I MHC heavy chain, β2-

microglobulin and a peptide are assembled in the ER and possibly in the cis-Golgi. MHC class I 

is responsible for presenting viral antigens on the surface of infected cells to cytotoxic T 

lymphocytes (CTL). Because of this function, downregulation of MHC I by Nef allows the 

infected cells to escape host immune surveillance, particularly CTL (101), as described in section 

1.6.4. Nef binding and downregulation of MHC class I utilize a distinct mechanism from the 

interaction with CD4. The binding site of Nef to MHC I is also genetically separable from the 

regions required for CD4 binding (136). Mutation of residues critical for CD4 downregulation 

was shown to have no effects on the binding and downregulation of MHC I by Nef. In addition, 

the N-terminal α-helix, proline repeat, and acidic cluster all of which are dispensable for CD4 

downregulation by Nef, were required for MHC I downmodulation (136, 137). However, the 

mechanism of MHC I downregulation by Nef is less clear. Recently, Nef has been reported to 

induce MHC I downregulation by promoting the retrieval of MHC I molecules from the cell 
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surface to trans-Golgi via PACS-1 (138). Swann et al. suggested that HIV-1 Nef inhibits the 

transport of MHC I molecules to the cell surface through a PI3K dependent mechanism (139). 

 

Protein components of the cellular trafficking machinery 

An important downstream partner of Nef in interaction and downregulation of CD4 is the 

clathrin-associated adaptor protein complex (AP). Adaptor complexes are heterotetrameric 

structures which recruit clathrin to the cytoplasmic tail of receptors containing endocytosis 

signals. Three classes of APs have been reported so far. AP-1 and AP-2 play a role in protein 

sorting in the trans-Golgi network (TGN) and at the plasma membrane, respectively (140). AP-3 

mediates a direct transport from the Golgi to the lysosomes (141, 142). All APs contain two large 

subunits (Mr 100,000; γβ′ for AP-1, αβ for AP-2, and β3δ for AP-3), one medium chain (µ1 for 

AP-1, µ2 for AP-2, and µ3 for AP-3), and one small chain (Mr 19,000; σ1, σ2, and σ3 

respectively). Normally, APs recognize a tyrosine-based motif (YXXφ, where Y is a tyrosine, X 

is any amino acid, and φ is a hydrophobic residue) or a dileucine motif (LL, where L is a leucine 

or equivalent amino acid with a bulky hydrophobic side chain) on the cytoplasmic tail of 

receptors (94, 143, 144). While the medium chain (µ) has been shown to bind directly to a 

tyrosine-based motif in the yeast two hybrid system and in vitro (145), the binding component 

for the dileucine motif was less clear, although there are a few reports to show the binding of this 

motif to both µ and β′ subunit of AP complexes (146, 147). Of note, the interaction of Nef and µ 

chain was detected in the yeast-two hybrid system and by using recombinant proteins (92). The 

association of Nef with other subunits of APs has not been demonstrated in these and other 

systems. HIV-2 and SIV Nef interact with the µ chain of APs via its tyrosine-based motif located 
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in the N-terminal region. HIV-1 Nef binds to µ with a weaker affinity than HIV-2 or SIV Nef, 

and the di-leucine motif in the C-terminal region of HIV-1 Nef is required for this binding (89). 

The requirement of AP binding for Nef-induced CD4 internalization was demonstrated 

using a mutant Nef protein defective for AP recruitment. This mutant was unable to accelerate 

CD4 endocytosis, either in trans or when fused to the extracellular and transmembrane domain 

of CD4 receptor (88). This and other studies demonstrate that adaptor complexes are the major 

downstream partners of Nef for CD4 downregulation. The interaction of endocytosis machinery 

is further facilitated by a subunit of the ATPase associated with Nef. 

A second Nef-binding partner involved in CD4 downregulation is COP-I coatomer. This 

non-clathrin-coated-vesicle mediates protein sorting in ER-Golgi transport as well as from early 

to late endosomes within the endocytosis pathway. The role of interaction of Nef with COP I has 

been suggested to block the recycling of CD4 to the cell membrane by targeting the protein for 

degradation to lysosome. Nef was shown to physically interact with the β subunit of COP I in 

vitro and in the yeast-two hybrid system (95).  A diacidic (EE155) motif in the C-terminal tail of 

HIV-1 Nef is critical for this interaction (135). The binding was strongly enhanced by the 

addition of COP-depleted cytosolic extracts, indicating that additional cellular proteins may be 

involved in regulation of this interaction of Nef with the COP I coatomer (135). Recently, ARF1 

was identified as a regulator of Nef association with β-COP and Nef-induced lysosomal targeting 

of CD4 (148). However, another study showed that the mutation of diacidic motif did not affect 

the binding of Nef to β-COP, and this motif is poorly conserved among HIV isolates (149). 

Additional studies are therefore required to evaluate the contribution of the Nef-COP I 

interaction to CD4 downregulation. 
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The downstream binding partners of Nef for MHC class I downmodulation are not as well 

characterized as compared to CD4 downregulation. PACS-1, a molecule that controls the TGN 

(Trans Golgi Network) localization of the cellular protein furin, was recently identified as a 

binding partner of Nef in the function of MHC I downregulation (138). The acidic cluster and 

other Nef regions important for MHC I regulation are highly similar to the PACS-1 binding, 

TGN-retrieval motif of furin. Nef interacts with PACS-1 and redirects MHC-I molecules to the 

TGN via the retrieval pathway. Because PACS-1 is a sorting protein that connects membrane 

proteins to AP-1 to allow the membrane proteins to be retrieved from the endosome to the Golgi 

in clathrin-coated pits, AP-containing clathrin-coated-pits seem to participate in Nef-induced 

MHC I downregulation.  

 
1.7.2. Serine Kinases 

p21-activated kinase 

A 62 kDa phosphoprotein that co-immunoprecipitates with Nef has been observed in 

many earlier studies and is often referred to as Nef-associated kinase activity (NAK) (83). 

Subsequent studies revealed that this protein belongs to the family of p21-activated kinase 

(PAK) (150) and is most likely identical to PAK2.  

Several regions of Nef are critical for interaction with PAK2, including the second 

arginine residue of a diarginine motif (RR) within the core region (46, 83, 151, 152) and the 

conserved PxxP motif (124). Leu 112 and Phe 121 on the NL4-3 HIV-1 were also identified as 

the residues necessary for interaction between Nef and PAK2 (124). Mutation of the RR motif 

also interfered with the ability of Nef to downregulate CD4, to increase viral infectivity and to 

alter TcR-initiated signal transduction, suggesting that interaction with PAK may be important in 

Nef function. However, it remains to be determined whether all of these defects in Nef function 
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are due solely to the inability to bind to PAK2. The PxxP motif, a well known motif of binding 

partners to SH3 domain, is required for the interaction of Nef with PAK2. As PAK2 does not 

contain a SH3 domain, it has been suggested that another intermediary protein which contains a 

SH3 domain may facilitate the Nef-PAK2 complex formation in a PxxP-dependent manner. This 

hypothesis was supported by the finding that the total Nef associated PAK2 activity was not 

increased by the ectopic overexpression of PAK2 (153).  

Although the association of Nef with PAK is highly conserved among HIV and SIV 

isolates, the functional significance is not clear. A requirement for this interaction in Nef 

functions such as the enhancement of the viral infectivity and replication kinetics in primary cell 

culture has been demonstrated by Wiskerchen et al. (76). Mutation of the Nef residues 

responsible for Pak association decreased the infectivity of viruses compared to wild type. The 

lower levels of proviral DNA synthesis were also observed in cells infected with mutant viruses 

that are defective in the ability of their Nef proteins to associate with the serine kinase activity. 

Furthermore, in the Sawai study, a Nef mutant disrupting the association with the activated PAK 

was reverted to prototype Nef sequence and function in SIV-infected macaques (152). The 

interaction between Nef and PAK correlated with the induction of high viral loads and 

pathogenesis of infected hosts, suggesting that this interaction is important for the Nef function 

in vivo.  

The PAK family plays a central role in the organization of the cytoskeleton (126, 127), 

and, in addition, PAK2 has also been implicated in apoptosis signaling (154, 155). PAK2 also 

mediates the signals from the plasma membrane to the nucleus, leading to activation of 

transcription factors such as serum response factor (SRF) via MAPK cascade (126, 156). Nef 

may positively affect some steps of the HIV life cycle by altering these PAK-mediated processes 
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of host cells. For example, the interaction of Nef with PAK may facilitate lipid raft formation via 

the effect of PAK2 on cytoskeletal rearrangement. This effect of Nef on lipid raft formation is 

likely to impact positively the HIV virus particle budding since HIV-1 has been shown to bud 

from lipid rafts (157, 158). Also, Nef-PAK2 interaction may modulate the sensitivity to 

apoptosis of the HIV infected cells. As PAK2 has been shown to be cleaved and activated by the 

apoptotic caspases (159), the binding of Nef to PAK2 may affect apoptotic processes, which 

favors HIV replication (see section 1.6.5.). 

 

Other Nef-assoicated serine kinases 

Other serine/threonine kinases which do not belong to the PAK family also have been 

reported to bind to Nef. These include members of protein kinase C (PKC) and mitogen-

activated protein kinase (MAPK) families. The 80 kDa θ form of PKC was reported to co-

precipitate with a GST-Nef fusion protein by Smith et al. (84). The binding site of PKC θ for Nef 

appears to be different from the substrate binding site of PKC since the Nef-PKC θ interaction 

was not affected by a PKC pseudosubstrate peptide. In addition, the association of PKC with Nef 

impeded its usual relocation from the cytosol to the particular cellular fraction in Jurkat cells 

upon PMA/PHA stimulation, implying that Nef-PKC interaction may regulate the enzymatic 

activity of PKC. The PKC family has also been shown to phosphorylate the serine/threonine 

residues in the very N-terminus of Nef (44, 45). The phosphorylation of Nef at its N-terminus 

may act as an electrostatic switch to alter association of Nef with plama membrane by 

introducing negative charges. Basic N-terminal residues cooperate with myristylation signal in 

anchoring the Nef protein to the plasma membrane (see section 1.4.1.). Negative charges 

introduced by phosphoryation thus may repel Nef from the membrane. This dynamic of 
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membrane binding may explain the large distribution of the myristylated Nef protein in the 

cytoplasm (45) and its interaction with a wide variety of cellular proteins located at the plasma 

membrane, cytoplasm, and even the nucleus. Nevertheless, the significance and role of Nef-PKC 

interaction in Nef-mediated functions in infected cells remains to be determined. 

Erk MAPK interaction with Nef was found in binding assays using a recombinant GST-

Nef fusion protein to probe cytoplasmic extracts of MT-2 T-cell line and PBMC (134). The 

interaction between Nef and Erk requires the Nef PxxP motif, although Erk proteins do not 

contain SH3 domains. As for Pak, Nef-Erk interaction may require another protein with an SH3 

domain to mediate or stabilize this interaction. However, Nef was also demonstrated to directly 

bind and inactivate MAPK in vitro assay using recombinant proteins (82) Contradictory to this 

result, Nef was shown to increase Erk1/2 activity initiated by T cell receptor stimulation in 

primary CD4+ T cells obtained from peripheral blood (160). Enhanced Erk activity may be 

responsible for increased T cell activation by Nef, which facilitates HIV replication in this target 

cell type. Erk also mediates the induction of the AP-1 transcription factor by Nef in 

macrophages. The induction of AP-1 may contribute to the activated phenotype of Nef-

transfected and HIV-1-infected macrophages. Further investigation is required to address 

whether these effects of Nef on MAPK are mediated by direct interaction. 

Finally, Nef has been shown to associate with c-Raf1 kinase, which is a central player in 

coordinating the Ras-Raf-MAPK pathway. Hodge et al. showed that c-Raf1 can be co-

precipitated from CEM T-cells together with Nef (161). This interaction was also demonstrated 

with recombinant Nef and Raf produced in E. coli, suggesting that complex formation is direct. 

A highly conserved acidic sequence at the carboxy-terminal region of Nef was mapped as the c-

Raf binding site and contains the core sequence Asp-Asp-X-X-X-Glu (position 174-179). This 
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binding site shares striking similarity with an acidic consensus Raf-binding motif within the Ras 

effector region. The same acidic motif previously has been shown to be important for 

downregulation of cell surface CD4 expression by Nef (162, 163). However, additional studies 

are required to determine the significance of the Nef-Raf interaction in terms of regulation of the 

signaling pathway and cell surface CD4 expression. The study presented in this thesis 

demonstrates that Nef induces survival signaling in an Erk-dependant manner (see section 3.4.). 

The interaction of Nef and Raf may mediate the activation of Erk and consequent survival 

signaling by Nef (Nef-Raf-Erk), which requires further investigation. 

 

1.7.3. Src Family Tyrosine Kinases and Nef 

The c-src gene was the first to be identified as a protooncogene, encoding a protein capable 

of inducing cell transformation (164). Cellular src and related genes encode protein-tyrosine 

kinases, which activate multiple cellular signaling pathways linked to normal growth control and 

cancer. The members of the Src family can be divided into two classes: those with a broad 

expression range (Fyn, Lyn, Src and Yes) and those with expression patterns restricted, primarily 

to hematopoietic cells in some cases (Blk, Fgr, Hck, Lck, and Yrc).  Several of these latter 

members have been shown to interact with HIV-1 and SIV Nef. 

 

Structure of Src Family Tyrosine Kinases 

The proteins of the Src family range in molecular mass from 52 to 62 kDa and have a 

similar structure, which consists of several distinct functional domains: N-terminal SH4 domain, 

a unique region, SH3, SH2, an SH2-kinase linker region, and SH1 domain followed by a C-

terminal negative regulatory tail (Figure 2) (165).  
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The SH4 domain is a region located at the extreme N-terminus, and contains a signal 

sequence for posttranslational modification with fatty acids such as myristate or palmitate (33, 

166, 167). As for HIV Nef, myristylation at Gly 2 is required for membrane localization of Src 

family proteins. In addition to myristylation signals, the Src SH4 domain contains basic residues 

which could be the substrate for posttranslational palmitoylation. Palmitoylation occurs only 

when the molecules are myristylated and this additional modification may stabilize membrane 

association. As palmitylation is a reversible process, it has been thought to be a mechanism for 

modulating Src family kinase localization. Following the SH4 domain, is a unique region 

specific for each Src family protein. Although this region contains a site bound and 

phosphorylated by protein kinase C for some family members, the functional significance of this 

event is unclear.  

The SH3 domain follows the unique domain, and is approximately 60 residues in length. 

This domain mediates protein-protein interactions through proline-rich motifs (PxxP) which 

form polyproline type II helices (168, 169, 170, 171). The SH3 domain also binds 

intramolecularly to the SH2-kinase linker region, regulating catalytic activity, protein 

localization in the cell, and association with protein targets (168). Binding of other proteins to 

the SH3 domain (e.g. Nef) can cause kinase activation by displacing this negative regulatory 

interaction (see below).  

Adjacent to the SH3 domain is an SH2 domain, which also mediates protein-protein 

interactions. The SH2 domain consists of approximately 90 amino acids and binds to short amino 

acid sequences containing phosphotyrosine (169, 170, 171). The specificity of each SH2 domain 

is determined by the three to five residues C-terminal to the phosphotyrosine (172). In the case of 

Src and Lck, the SH2 domain forms a deep hydrophobic pocket which accommodates amino 
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acid Ile at position pY + 3, and thus tightly binds to proteins containing the optimum binding 

sequence, pYEEI. The SH2 domains of Src family kinases (SFKs) also interact with the 

phosphotyrosine residues at the C-terminal tail region of the same molecule, and thereby 

negatively regulate its kinase activity (see below). Additionally, the SH2 domain can control 

substrate recruitment and subcellular localization through interactions with other proteins (168).  

A linker region between SH2 and kinase (SH1) domain was discovered by X-ray 

crystallography (173, 174). This region forms a polyproline type II helical conformation, 

interacting with the SH3 domain. The SH1 or kinase domain is highly conserved in all proteins 

of the Src family. This region is responsible for tyrosine kinase activity and undergoes 

autophosphorylation on tyrosine (Tyr 416 in Src). The kinase domain is also important in 

determining substrate specificity. (168).  

The C-terminal tail region contains a tyrosine residue (Tyr-527 in Src) that is 

phosphorylated by C-terminal Src kinase (Csk) (175). Csk plays an important role in the 

regulation of Src kinase activity, since the phosphorylated tail binds intramolecularly to the SH2 

domain and, together with the SH3-linker interaction, holds the kinase in an inactive 

conformation (173, 174, 176).  
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Figure 2. The structure of Hck as a representative of Src family kinases.  
Each domain is indicated by different colors. Shown are the unique N-terminal (white), SH3 
(red), SH2 (blue), SH2-kinase linker (orange), kinase domain (light blue, purple) and negative 
regulatory tail region (green). The SH2 and SH3 domains of Hck bind intramolecularly to the C-
terminal tail phophotyrosine or the SH2-kinase linker region, respectively in an inactive 
conformation. A conserved Tyr residue in the tail is phosphorylated by the negative regulator 
kinase Csk. Also shown is a major site of tyrosine autophosphorylation (see text for more 
details). This model is based on the X-ray crystallography reported by Sicheri et al., Nature, 
1997 (177). 
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Regulation of Src Family Tyrosine Kinases 

The SH2 and SH3 domains play an essential role in the regulation of the catalytic activity 

of the Src family kinases (Figure 3). X-ray crystallography has shown how the intramolecular 

interactions formed by SH2 and SH3 domains stabilize the inactive conformation in the structure 

of Src and Hck (173, 174, 176, 177). The SH3 domain interacts with the SH2-kinase linker 

region, while the SH2 domain interacts with the tyrosine-phosphorylated tail as described above. 

Mutation of this tyrosine residue or dephosphorylation results in a constitutively active kinase 

capable of producing a transformed phenotype in rodent fibroblasts (178). In fact, this region is 

absent from the v-Src oncoprotein (179). Gene-targeting of the Csk kinase responsible for tail 

tyrosine phosphorylation, also leads to activation of Src family kinases (180). This suggests that 

the intramolecular interaction between SH2 and phosphotyrosine in the C-terminal tail is critical 

to maintain the inactive, closed state of the Src kinases.  

The key role of the SH3 domain in the negative regulation of Src family kinase activity 

has been shown in many studies as well. Mutation of the proline-rich motif in the linker region or 

mutation of the SH3 domain induces the constitutive activation of Src family kinases despite the 

phosphorylation of tail tyrosine by Csk (181, 182). Also, ligand binding to the SH3 domain 

displaces this intramolecular interaction, leading to kinase activation. Recently, our laboratory 

has demonstrated that SH3-dependent activation of the Src family kinase Hck does not affect tail 

tyrosine phosphorylation or require SH2 release in fibroblasts, suggesting that these two 

regulatory modes may be independent from each other (183).   
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Figure 3. A Model for Src Regulation. 
(a) The restrained conformation of c-Src is stabilized by intramolecular interactions among the 
kinase domain, the SH2/SH3 domains, and the phosphorylated C-terminal tail. (b) Displacement 
of SH2 and/or SH3 domains, either by C-terminal tail dephosphorylation or by competitive 
binding of optimal SH2/SH3 domain ligands, allows the kinase domain to open, and exposing 
Tyr-416 to phosphorylation. Phosphorylation of Tyr-416 initiates a conformational 
reorganization of the whole activation loop, relieving the steric barrier for substrate binding, and 
reconstituting a fully active tyrosine kinase.  
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Different mechanisms of Src kinase activation may generate distinct output signals because of 

different accessibility of SH2 or SH3 domain to substrates. When Src kinases are activated by 

disruption of intramolecular interactions, the conserved tyrosine residue (Tyr 416 in c-Src) at the 

activation loop in the catalytic domain becomes autophosphorylated. The regulatory 

phosphorylation of two important tyrosine residues leads to opposite results. While 

autophosphorylation of Tyr 416 in the activation loop of the kinase domain activates the enzyme, 

phosphorylation of C-terminal tail Tyr 527 by Csk causes its inactivation.  

 

Hck 

Hematopoietic cell kinase (Hck) is a member of the Src kinase family which is expressed 

predominantly in macrophages, monocytes, and granulocytes (184, 185, 186). Two isoforms 

with molecular weights 59 kDa and 61 kDa in humans arise from a single mRNA by utilization 

of alternative translational initiation codons (187, 188, 189). Two murine Hck isoforms (56 kDa 

and 59 kDa) are generated by the same mechanism. These two Hck isoforms have different N 

termini and are differentially modified by myristylation and palmitoylation (189). Depending on 

the acylation at the N-terminus, these two isoforms are differentially distributed between 

membranes and cytoplasm. The smaller form in both species is posttranslationally modified by 

both myristylation and palmitoylation, resulting in its strong association with the cellular 

membrane.  In contrast, the larger Hck protein is only myristylated, and thus is present both in 

membranes and cytosol. 

Although the precise function of Hck in myeloid cells is unclear, it serves as a transducer 

of growth factor and adhesion signals from the membrane to the interior of the cell. Early studies 

demonstrated that Hck plays a role in mediating the cellular effect of cytokines. Hck was 
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reported to be involved in signaling of cytokines such as GM-CSF, IL-3, and LIF in 

hematopoietic cells and embryonic stem cells. Hck expression was found to correlate with GM-

CSF-induced proliferation of HL-60 cells. In these cells, overexpression of Hck functionally re-

coupled the GM-CSF receptor to downstream signaling components, implying its key role as a 

mediator of GM-CSF signaling (190). Hck was activated by IL-3 stimulation in 32Dcl3 cells and 

was additionally demonstrated to physically bind to the β subunit of the IL-3 receptor, implying 

the possible contribution of Hck to the IL-3 signaling in myeloid cells (191). Hck is also 

expressed in undifferentiated embryonic stem (ES) cells and plays a role in LIF signaling, which 

is important in suppressing stem cell differentiation in vitro (192). When Hck was constitutively 

activated by replacement of a conserved C-terminal tail tyrosine with phenylalanine by gene 

targeting in ES cells, the targeted ES cells required ~15 times less LIF than parental ES cells to 

maintain the undifferentiated state. LIF stimulation induced a rapid and transient increase in Hck 

tyrosine kinase activity in ES cells, and gp130, a component of the LIF receptor, physically 

bound to Hck. This suggests that Hck takes part in signal transduction from the LIF receptor to 

biological responses. 

As the macrophage is the major cell type to express Hck, the involvement of Hck in the 

function of macrophages has been reported in several studies. First, Hck was shown to be 

upregulated when macrophages were activated upon LPS stimulation (193, 194). Subsequently, 

the study of English et al. suggested that Hck is an important component of macrophage 

activation pathway stimulated by LPS (195). Overexpression of Hck in a murine macrophage 

cell line increased tumor necrosis factor (TNF) production in response to LPS. Inhibition of 

endogenous Hck via antisense RNA impeded LPS-mediated TNF synthesis, suggesting that Hck 

plays a role in mediating the LPS-stimulated signal for TNF production. Furthermore, Hck was 
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shown to bind physically to the high affinity immunoglobulin G receptor FcγRI, which is 

expressed constitutively on monocytes and macrophages (196). The phosphorylation and kinase 

activity of Hck were rapidly increased after cross-linking of this receptor, demonstrating that 

Hck contributes to FcγRI receptor signaling functionally as well. As the cellular effects initiated 

by ligand binding to FcγRI include phagocytosis, cytotoxicity against IgG-coated target cells, 

and expression of proinflammatory cytokine genes, the physical and functional association of 

Hck with FcγRI suggests the potential role of Hck in macrophage physiological functions. Hck 

also seems to play a role in neutrophil functions such as migration and degranulation. For 

example, the human p59 form of Hck was found to be located in the secretory granules of human 

neutrophiles, implicating Hck in the degranulation process (197). Moreover, Bohuslav et al. have 

shown the association between Hck and the urokinase plasminogen activator receptor, a key 

molecule involved in migration of leukocytes (198), suggesting that Hck may contribute to the 

migration of neutrophils as well. 

Several lines of evidence supporting the notion that Hck may be involved in macrophage 

functions come from in vivo studies using mouse genetics. Mice with a null mutation of the hck 

gene underwent normal hematopoiesis, but phagocytosis by macrophages was slightly impaired. 

Macrophages cultured from Hck knock-out mice retain many other normal functional properties, 

suggesting that the deficiency of Hck is complemented by other Src family members. The 

specific activity of the Lyn protein kinase is increased in hck-/- macrophages, implying that Lyn 

may compensate for the loss of Hck. The functional redundancy of the Src family kinases was 

demonstrated by generation of null mice defective in multiple Src kinases. Double knock-out 

mice lacking both Hck and Fgr showed an increased susceptibility to infection with Listeria 

monocytogenes, indicating that either Hck or Fgr is required to maintain a normal immune 
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response (199). The neutrophils isolated from these doubly mutant animals were defective in 

adhesion-dependent degranulation, which is important in the development of an inflammatory 

reaction. In addition, macrophages isolated from Hck-/-Fgr-/- double knockout mice showed 

impaired integrin-mediated signaling, an abnormal morphology with reduced numbers of 

filopodia, and reduced motility (200). Similarly, neutrophils from these mice also showed 

impairment in β-intergrin mediated response and reduced migration, resulting in an inflammation 

defect. Together, these data implicate Hck and Fgr in regulation of critical events in integrin 

signaling and actin cytoskeleton organization in neutrophils and macrophages.  Another double 

mutant (hck-/-src-/-) was generated, but two thirds of them died at birth, although the single 

mutant of each molecule have deficiency in only specific cell types (201). Surviving animals 

developed a severe form of osteopetrosis that is also present in src-/- single mutants, resulting in 

extreme levels of splenic extramedullary hematopoiesis, anemia, and leukopenia. In addition, 

normal murine osteoclasts express abundant amounts of Src and Hck, and the Hck expression 

level is upregulated in osteoclasts isolated from src-/- mice. These observations imply that Hck 

and Src serve partially overlapping functions in osteoclasts and increased Hck expression 

compensates for the functional deficiency of Src in osteoclasts. 

An important role of Hck in HIV-infected cells has been suggested through its strong 

interaction with the HIV Nef protein. The characteristics of this interaction will be discussed 

below. Although Hck associates with Nef with unusually high affinity, the functional 

significance of this interaction in vivo had not been clear until the study of Nef transgenic mice 

emerged. Transgenic mice expressing Nef in CD4 T lymphocytes and macrophages developed 

severe AIDS-like pathologies: failure to thrive/weight loss, diarrhea, wasting, premature death, 

thymus atrophy, loss of CD4+ T cells, interstitial pneumonitis, and tubulo-interstitial nephritis. 
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Breeding of Tg mice expressing wild-type Nef on an hck-/- (knockout) background delayed the 

development of these AIDS-like symptoms, implicating Hck in triggering the onset of disease in 

vivo (202). Furthermore, a requirement for Hck in the replication of M-tropic HIV in M-CSF-

treated macrophages has recently been reported (203). Treatment of macrophages with antisense 

oligonucleotide for Hck (AS-Hck) not only suppressed the expression of Hck, but also inhibited 

viral replication. Together, these results strongly suggest that Hck plays a critical role in HIV 

replication and pathogenesis possibly via its physical and functional association with Nef. 

 

Src family kinase associtation with Nef 

The identification of a proline-rich (PxxP) motif in HIV Nef suggested the possibility that 

Nef may interact with Src family kinases. This polyproline type II helix forming sequence is 

highly conserved in Nef proteins of different HIV-1, HIV-2, and SIV isolates. The first 

identification of Hck as a binding partner for HIV Nef was from the study of Saksela et al. (204). 

Using a filter binding assay, they showed that the recombinant Hck and Lyn SH3 domains bound 

to GST-fusions with a Nef tetraproline peptide, (PxxP)4. They also showed high affinity binding 

between full-length Hck and Nef, and that this association is disrupted by substitution of the 

internal two proline residues within the tetraproline sequence with alanines (AxxA). The affinity 

of Nef-Hck SH3 interaction has a KD value of approximately 250 nM representing one of the 

tightest SH3-ligand interactions reported so far. 

Subsequently, several studies demonstrated SH3-mediated Hck-Nef co-

immunoprecipitation in Nef transfected cells. Previous studies from our laboratory have shown 

that Nef-Hck interaction results in constitutive Hck kinase activation capable of transforming 

Rat-2 fibroblasts (205). This Nef-induced activation of Hck can be explained by the recent 
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structural studies of Hck, showing that Hck is negatively regulated by two intramolecular 

interactions similar to other members of the Src kinase family (see the regulation of Src family 

kinase, section 1.7.3.). High affinity binding of Nef to the SH3 domain of Hck displaces the 

negative regulatory interaction of SH3 from the SH2-kinase linker, leading to kinase activation.  

Although the PxxP motif of Nef is known to play a key role in its interaction with the 

Hck SH3 domain, the X-ray crystal structure of Nef-Hck complex identified another binding site 

outside of the Nef polyproline helix, which consists of Phe 90 and Trp 113 in the cleft region of 

hydrophobic pocket (26). These residues contact Ile 96 in the RT loop of the SH3 domain 

(Figure 4). In support of this finding, a peptide comprising only the polyproline helix bound Hck 

SH3 domain poorly when compared to full-length Nef, suggesting that additional interactions 

outside of PxxP motif have an important role. This interaction between the RT loop of the Hck 

SH3 domain and a hydrophobic pocket in the Nef core was shown to contribute to the high 

affinity binding (206). Lyn is the only other Src family member (besides Hck), that has Ile 

residue at this position of the RT loop of the SH3 domain. Because of the conservation of this 

residue, Lyn binds to Nef as strongly as Hck. Despite the similar affinity binding of Hck and Lyn 

to Nef, only Hck is constitutively activated and transforms Rat 2 fibroblasts in our focus forming 

assay (207). The significance and role of Lyn in Nef-mediated AIDS pathogenesis remains to be 

determined.   

The interaction of other members of the Src kinase family with Nef has been 

controversial. Saksela et al. and others failed to detect the binding of other Src SH3 domains to 

Nef using in vitro binding assay and co-immunoprecipitated. Whereas Collette et al. and 

Greenway et al. detected the binding between HIV-1 Nef and Lck in vitro and in T cells (48, 82). 

Arold et al. determined the binding affinity of interaction between the SH3 domains of Fyn, Lck, 
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and Src and the Nef PxxP motif using isothermal titration calorimetric (ITC) analysis, and found 

that these SH3 domains bind to Nef PxxP with low affinity (Kd=15.8, 10.6, and 14.3 µM 

respectively) compared to the SH3 domain of Hck (0.25 µM) (208). This difference in binding 

affinity may be attributed to the single amino acid located at position 96 in RT loop of SH3 

domain. While Hck and Lyn have the isoleucine residue at this position, other src family 

members contain either arginine or serine residues. Lee et al. demonstrated that Fyn could be 

converted to the high affinity binding partner by substituting the arginine residue with isoleucine 

in the RT-loop. Whether the interaction between the Ile of the RT loop and hydrophobic pocket 

contributes to Src family binding and activation in vivo has not been determined. Studies 

presented in chapter III address this important question. 
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Nef

PxxP

Ile 96

SH3

Figure 4. Structure of Nef–SH3 Complex. 
Nefcore is colored purple. The Fyn(R96I) SH3 domain is in blue. Also shown are the side chain of 
the specificity-conferring isoleucine of SH3 (residue 96, in red) and the two prolines that define 
the PxxP motif of Nef (residues 72 and 75). This model is based on X-ray crystallography 
reported by Lee et al. (26). 
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Significance of the Nef PxxP motif 

The strict conservation of the polyproline PxxP motif in HIV and SIV Nef isolates and its 

characteristic interaction with Hck and other proteins with SH3 domains suggest that this motif 

may play an important role in Nef functions, contributing to AIDS pathogenesis. Supporting this 

idea, the PxxP motif has been shown to be required for several Nef functions including increased 

viral replication, enhancement of viral infectivity, MHC I downregulation, and other Nef-

mediated signaling pathways in vitro. However, CD4 downregulation is unaffected by the 

mutation of this motif. 

Additional evidence that this motif is important for Nef function comes from in vivo 

studies using primates as well as transgenic mice. When a Nef PxxP-mutated SIV clone was used 

for infection of rhesus macaques, the mutated sequence (AxxA) reverted to PxxP in isolates 

recovered from animals as early as eight weeks after infection. In addition, the increase of 

revertant viruses correlated with the progression of the course of infection, leading to the death 

of two out of five infected animals. These results support an important role for the conserved 

PxxP motif for Nef function involved in HIV replication and pathogenesis. However, conflicting 

results regarding the importance of this proline-rich motif in disease induction were observed by 

Lang et al. (209). They reported that this motif in SIV Nef is dispensable for progression to fatal 

simian AIDS in monkeys. The monkeys infected with PxxP- and AxxA-containing viruses both 

showed high-level viral loads and rapid disease progression. Furthermore, no correlation 

between the reversion rate of AxxA to PxxP and disease progression was observed in their study. 

Although the reason for the discrepancy between these two studies has not been determined, it 

may be due to the number of monkeys used and the initial virus loads used for inoculation.  
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Despite this controversy, Hanna et al. clearly demonstrate the necessity of the polyproline 

motif for disease progression using transgenic mice (202). The same group reported previously 

that Nef expression alone in the T lymphocyte and macrophage compartments could induce 

dramatic AIDS-like symptoms in transgenic mice. This AIDS-like disease was abolished by 

mutation of Nef PxxP motif, suggesting that the interaction of one or several cellular factors 

through this Nef region is required for the induction of immunodeficiency disease.  

1.8. Macrophages in HIV infection 

Although cells of macrophage lineage represent a key target of HIV infection in addition 

to CD4 T lymphocytes, the role of macrophages in AIDS pathogenesis is relatively less studied. 

The significant contributions of infected macrophages to disease pathogenesis have been 

demonstrated in vivo. The non-cytopathic macrophage-tropic strains of HIV, but not highly 

cytopathic T-cell tropic strains, were shown to cause extensive T cell depletion in severe 

combined immunodeficient mice transplanted with human peripheral blood leukocytes (hu-PBL-

SCID mouse model) (210). Schuitemaker et al. reported that monkeys infected with HIV, which 

does not infect simian monocytes/macrophages, exhibited no signs of disease and failed to show 

accelerated T-cell apoptosis, implying that macrophage infection is important in disease 

progression. 

The peculiar dynamics of HIV replication in macrophages, their long-term survival after 

HIV infection, and their ability to spread virus particles to bystander CD4 lymphocytes may 

allow macrophages to function as a reservoir of viruses, leading to persistent infection in the 

host. While a large majority of activated CD4+ lymphocytes are rapidly killed by HIV-1 

infection, monocytes/macrophages are poorly affected by the cytopathic effect of HIV-1 (211). 

Macrophages can also produce and release high levels of HIV-1 particles for very long periods 
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of time. The role of macrophages as agents for virus dissemination has been demonstrated in 

several studies, including that of Crowe et al., in which productively-infected macrophages can 

fuse with CD4+ T lymphocytes and transfer the virus to these cells (212). Furthermore, infected 

macrophages were demonstrated to recruit and activate CD4 T lymphocytes through the 

production of chemokines, which is mediated by Nef (see below) (Figure 5). Macrophages can 

also trigger the apoptosis of uninfected T cells, astrocytes, and neurons without direct infection 

of these cells by HIV. This finding may explain the observation that apoptosis occurs 

predominantly in the bystander cells of the lymph nodes of seropositive individuals.  

1.9. Nef in HIV-infected macrophages 

Since macrophages are the major cell type to express the Hck protein and the interaction 

between HIV Nef and Hck has been well established, the contribution of Nef to macrophage 

function in AIDS progression has been studied. Nef has been reported to be a major player of 

infected macrophages in recruiting T cells and disseminating virus particles to them. Swingler et 

al. showed that macrophages expressing Nef produced two CC-chemokines, macrophage 

inflammatory proteins 1α (MIP-1α) and 1β (MIP-1β), that recruit resting T lymphocytes (213). 

The supernatant of macrophages expressing HIV-1 Nef also promoted the activation of resting T 

lymphocytes to allow productive HIV infection. However, this activating effect of the 

supernatant was not dependent on the two chemokines identified as chemotaxis agents for T 

lymphocytes (213). This study suggests that Nef may also play a role in lymphocyte activation 

through macrophage infection and promoting the environment that facilitates virus dissemination 

from infected macrophages to T lymphocytes. In a subsequent study, the same group found that 

the mechanism of release of the chemokines and induction of T cell permissivity was likely due 

to intersection of Nef and the CD4 ligand signaling pathway. Two soluble proteins, CD23 and I-
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CAM that are produced from macrophages expressing Nef or via CD4L stimulation were 

identified to mediate the induction of T lymphocyte permissivity (214). This study implicates 

Nef in expanding the cellular reservoir of HIV-1 by permitting the infection of resting T 

lymphocytes. 

While Nef generates the signal to protect HIV infected cells from apoptosis, Nef also 

plays a role in inducing the apoptosis of uninfected bystander T cells. Nef was shown to induce 

upregulation of death ligands, such as FasL in infected T lymphocytes, causing the death of 

uninfected bystander cells. However, the effect of Nef on regulation of apoptosis in macrophages 

has not been demonstrated, and one of my thesis projects is to investigate the role of HIV Nef in 

anti-apoptosis signaling of macrophage lineage cells. 
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Figure 5. Macrophages in HIV infection.  

(a) Following productive infection of Mφs with HIV, β-chemokines, such as macrophage 
inflammatory protein (MIP), are produced. (b) β-chemokines produced by Mφs attract resting 
CD4+ (T4) and CD8+ (T8) T cells. Macrophages also produce two soluble proteins, CD23 and I-
CAM which induce the T cell permissivity to HIV infection. (c) Virions are transmitted from 
infected Mφs to CD4+ T cells that become productively infected.  
 

54 



 

 

 

 

 

 

 

2. Chapter II 

 

Dissertation Hypothesis and Specific Aims 
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Hypothesis 

HIV Nef affects viral replication, infectivity, CD4 surface expression, and target cell 

signaling pathways by interacting with many cellular proteins. Most studies of Nef function have 

been performed with the key HIV target cell, the CD4+ T lymphocyte. However, the functions of 

Nef in macrophages are less understood. Previous work from our laboratory demonstrated that 

Nef promoted cell proliferation in the macrophage lineage cell line, TF-1, and that Nef-induced 

proliferation was dependent on Stat3 activation. Nef has recently been shown to affect apoptotic 

signaling pathways in T cells and protect infected T cells from infection-induced apoptosis. 

Based on these findings, we hypothesized that HIV Nef induces survival in cells of the 

monocyte/macrophage lineage, the other HIV-1 relevant cell type, by altering cellular signaling 

pathways. One group of important binding targets for Nef is the Src family kinases. Particularly, 

Hck binds to Nef through a SH3-PxxP interaction with very high affinity. The association of Nef 

with Hck has been a main subject of investigation in our laboratory since this high affinity 

interaction was discovered. Previously, we have shown that Nef interaction with Hck causes Hck 

activation capable of transforming Rat-2 fibroblasts. This assay is very useful in terms of 

assessing the biological activity of Hck bound by HIV Nef. We wanted to further characterize 

the association of Nef with Hck using this system and to identify the residues important for the 

Nef-Hck interaction. The following aims were designed to address these issues.  
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Specific Aims 

 

Aim 1: Determine if Hck binding and activation is a common property of HIV-1 Nef 

proteins, and if not, identify the residues responsible for the differential interaction of Hck 

and Nef variants in vivo. Comparative analysis of the ability of four different HIV-1 Nef alleles 

to bind to Hck was conducted in vitro. Computer-aided molecular modeling and sequence 

alignment identified the residues of Nef that contribute to the differential interaction with Hck. 

The functional relevance of identified residues in the hydrophobic pocket outside of the PxxP 

motif in recruitment and activation of Hck was evaluated by the Rat-2 fibroblast model. The 

biological significance of these residues was assessed by sequence analysis of published full-

length Nef isolates from long-term non-progressors (LTNPs) of HIV-1 infection. 

 

Aim 2:  Investigate whether Nef promotes the survival of macrophage lineage cells and how 

it affects the anti-apoptotic signal transduction pathways in this HIV-1 target cell type. 

Apoptosis measurement revealed that Nef protects cells of the myelomonocytic lineage from 

apoptosis. Determining gene expression to correlate with cell survival is a key to characterize 

Nef-induced anti-apoptosis signaling pathways. We found an anti-apoptotic protein Bcl-XL to be 

up-regulated in Nef-expressing cells. The Nef-induced survival signaling was further 

characterized by using an inducible Nef expression system (Nef-ER). Cell survival and Bcl-XL 

induction by Nef was dependent on Erk MAPK activation.   
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3.1. Abstract 

The Nef protein of the primate lentiviruses HIV and SIV is essential for high-titer viral 

replication and AIDS progression. Nef binds to the macrophage-specific Src family member Hck 

through its SH3 domain, resulting in constitutive kinase activation capable of transforming 

rodent fibroblasts. Nef-Hck interaction may be essential for M-tropic HIV replication and AIDS 

pathogenesis, identifying this virus-host protein complex as a rational target for anti-HIV drug 

discovery. Here we investigated whether interaction with Hck is a common feature of Nef alleles 

from different strains of HIV-1. We compared the ability of four different laboratory HIV-1 Nef 

alleles (SF2, LAI, ELI, and Consensus) to induce Hck activation and transformation in our Rat-2 

fibroblast model. While SF2, LAI and Consensus Nef all bound and activated Hck, ELI Nef 

failed to bind to the Hck SH3 domain in vitro and did not cooperate with Hck in fibroblast 

transformation. Molecular modeling identified three residues in the core region of SF2 Nef (Ala 

83, His 116, and Tyr 120) which are substituted in ELI with Glu, Asn, and Ile, respectively. Two 

of these residues (Ala 83, Tyr 120) form part of the hydrophobic pocket that contacts Ile 96 in 

the RT loop of the Hck SH3 domain in the Nef-SH3 crystal structure. Substitution of SF2 Nef 

Tyr 120 with Ile completely abolished Hck recruitment and activation. In a complementary 

experiment, substitution of ELI Ile 120 with Tyr partially restored ELI Nef-induced Hck 

activation and transformation in Rat-2 cells.  Hck activation increased further by substitution of 

ELI Glu 83 with Ala and Asn 116 with His, suggestive of a supportive role for these residues in 

Hck binding.  This study provides the first biological evidence that the HIV-1 Nef hydrophobic 

pocket is critical to Hck recruitment and activation in vivo.  Targeting the Nef hydrophobic 

pocket with a small molecule may be sufficient to disrupt Nef signaling through Hck in HIV-

infected macrophages, slowing disease progression. 
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3.2. Introduction 

The nef gene of human and simian immunodeficiency viruses (HIV-1, HIV-2, SIV) 

encodes a small membrane-associated protein essential for high-titer viral replication and AIDS 

pathogenesis (215, 216, 217). The contribution of Nef to AIDS progression was first 

demonstrated in rhesus monkeys infected with Nef-defective SIV. These animals developed 

simian AIDS only rarely and exhibited low viral load (16).  Long-term non-progressive HIV 

infection is often associated with Nef-defective HIV strains, providing further support for a role 

for Nef in AIDS progression (17, 18, 218). In addition, expression of Nef in the T-cell and 

macrophage compartments of transgenic mice was sufficient to cause AIDS-like disease in the 

absence of expression of other viral genes (66), supporting the notion that Nef is a critical 

determinant of AIDS.  Nonetheless, the molecular mechanism of Nef action in HIV replication 

and disease pathogenesis is still unclear. 

Nef has no known catalytic activity and functions by interacting with multiple host cell 

pathways involved in immune recognition, cellular activation, and survival (215, 216, 217). The 

sequence of Nef is highly conserved, especially the short amino acid motifs in the core region 

required for interactions with infected cell proteins (216).  This conserved core mediates binding 

to a diverse array of signaling proteins, including several members of the Src protein-tyrosine 

kinase family (219).  In particular, the SH3 domains of Src family kinases are known to bind to 

Nef via its highly conserved proline-rich motif (PxxPxR) and a hydrophobic pocket defined by 

the three-dimensional fold of the core (26). The PxxPxR sequence is also required for several 

Nef functions including alteration of cellular signaling pathways (124), optimal viral replication 

(204), and infectivity (202, 220). Src family kinases have drawn great attention as Nef PxxPxR 

effector proteins because of their normal roles in signal transduction in lymphoid and myeloid 
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cells, which are the targets for HIV infection.  Of particular interest is Hck, a Src family member 

expressed strongly in macrophages that binds to Nef with unusually high affinity (204, 206).  

Recent work has shown that Hck is required for HIV replication in cultured macrophages (203), 

suggesting that its interaction with Nef may play a role in supporting the replication of HIV in 

this cell type. AIDS-like disease development by Nef was delayed in the absence of Hck in the 

transgenic mouse model, suggesting the Nef-Hck complex formation contributes to AIDS 

progression at the whole animal level (202).  

Previous studies from our laboratory have shown that Nef-Hck interaction results in 

constitutive Hck kinase activation capable of transforming Rat-2 fibroblasts (205).  Structural 

studies suggest a mechanism for Nef-induced Hck activation (177).  Hck and other Src family 

kinases are negatively regulated by intramolecular interactions in which the SH2 and SH3 

domains interact with a conserved phosphotyrosine in the C-terminal tail and a polyproline type 

II helix formed by the SH2-kinase linker region, respectively.  These internal ligands keep the 

kinase in a closed, inactive state (173, 174, 176, 177).  In the case of the SH3 domain, disruption 

of SH3-linker interaction by mutagenesis or by partner protein binding leads to kinase activation 

(181, 182, 221, 222).  High-affinity binding of Nef to the SH3 domain also displaces the linker, 

leading to constitutive kinase activation both in vitro and in vivo (182, 205).  

Nef-Hck interaction involves the hydrophobic surface of the Hck SH3 domain and the Nef 

proline-rich sequence (PxxPxR) described above (26). The PxxPxR consensus sequence is highly 

conserved among primary HIV-1 Nef alleles from AIDS patients (223) and is also found in HIV-

2 and SIV.  However, a peptide comprising only a consensus Nef polyproline helix bound  the 

Hck SH3 domain poorly when compared to full-length Nef (206), suggesting that additional 

interactions outside of PxxPxR motif have an important role.  Structural studies show that 
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interactions between the RT loop of the Hck SH3 domain and a hydrophobic pocket in the Nef 

core also play an important role in high affinity binding (26, 206, 208). In particular, the crystal 

structure identified Phe 90 and Trp 113 in the cleft region of hydrophobic pocket, which contact 

Ile 96 in the RT loop of SH3 domain.  While these residues are all strongly conserved in HIV-1 

Nef (Figure 6), the contribution of the hydrophobic pocket to Hck binding and activation have 

not been explored biologically.  

In this study, we investigated the role of residues outside of the PxxPxR motif in the 

recruitment and activation of Hck.  Using in vitro binding assays and the Rat-2 fibroblast 

transformation model, we compared the ability of Nef proteins from four laboratory strains of 

HIV-1 (SF2, LAI, ELI, Consensus) to bind and activate Hck.  All four of these Nef sequences 

have nearly identical PxxPxR motifs as well as hydrophobic pocket residues Phe 90 and Trp 113.  

Despite these sequence similarities, differences in Hck binding and activation were observed.  

Most notably, ELI Nef failed to bind and activate Hck. This difference was largely due to 

substitution of another hydrophobic pocket residue, Tyr 120, with Ile in ELI Nef.  Substitution of 

Tyr 120 in SF2 Nef, a strong Hck binding partner, with Ile almost completely blocked Hck 

recruitment and activation.  Conversely, introduction of Tyr at position 120 in ELI Nef partially 

restored Hck binding and activation, with more complete effects observed following additional 

substitutions at positions 83 and 116 with the corresponding SF2 residues.  Analysis of SF2-ELI 

chimeras revealed that sequence variation in the N- and C-terminal regions of Nef had little 

impact on Hck binding, suggesting that the conserved core is most important for interaction with 

full-length Hck.  This study provides the first direct evidence that the HIV-1 Nef hydrophobic 

pocket is critical for SH3-directed Hck activation in vivo.  Small molecules directed to this Nef 

region may selectively disrupt Nef-Hck signaling in HIV-infected macrophages.  
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3.3. Materials and Methods 

3.3.1. Retroviral Expression Constructs 

Open reading frames encoding the Nef alleles from the SF2, LAI, and ELI strains of HIV-

1 (224, 225) were graciously provided by Dr. Mario Stevenson, University of Massachusetts 

Medical School.  The Consensus Nef clone (226) was generously provided by the NIH AIDS 

Research and Reference Reagent Program.  Mutant forms of Nef were generated by standard 

PCR-based techniques and subcloned into the retroviral vector pSRαMSVtkneo (205). The 

chimeric forms of SF2 and ELI Nef were generated by swapping unique restriction fragments in 

the N- or C-terminal region.  High-titer stocks of recombinant retroviruses were generated by co-

transfection of 293T cells with the retroviral vectors and an ecotropic packaging vector as 

described elsewhere (118, 181, 205, 207). A control retrovirus was produced using the retroviral 

vector pSRα-GFP, which confers resistance to G418 and expresses green fluorescent protein 

(227). 

 

3.3.2. Expression of Nef and Src Kinases in Sf9 Cells and GST-Nef Binding Assay 

Nef coding sequences were amplified by PCR and subcloned into the baculovirus transfer 

vector pVL-GST, downstream and in-frame with the coding sequence of glutathione S-

transferase (228). The resulting transfer vectors were used to produce recombinant baculoviruses 

in Sf9 insect cells using Baculogold baculovirus DNA (BD-Pharmingen) as described elsewhere 

(207).  Production of recombinant Hck, Lyn, Fyn, and Src baculoviruses has been described 

previously (207, 222).  

To investigate binding of GST-Nef to Src kinases, Sf9 cells were co-infected with the Src 

family kinase baculoviruses and either the GST-Nef wild type, mutant, or the GST control 
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baculoviruses.  Forty-eight hours after infection, cells were lysed in Hck lysis buffer (50 mM 

Tris-HCl, pH 7.4, 50 mM NaCl, 1 mM EDTA, 10 mM MgCl2, 1% Triton X-100) containing 2 

mM PMSF, 25 µg/ml leupeptin, 10 µg/ml aprotinin, 25 mM NaF, and 2 mM Na3VO4. 

Glutathione-agarose beads were added and reactions were incubated for 2 h at 4°C.  Following 

incubation, the beads were washed with RIPA buffer, and bound proteins were eluted by heating 

in SDS-PAGE sample buffer. Nef-associated Src family kinases were detected by 

immunoblotting using commercial antibodies (Santa Cruz Biotechnology).  As a positive control 

for kinase expression, aliquots of the cell lysates were analyzed on the same immunoblot.  

Expression of GST and GST-Nef were confirmed on duplicate immunoblots with an anti-GST 

antibody (Santa Cruz Biotechnology). 

 

3.3.3. GST-SH3 fusion protein binding assay 

 Construction of pGEX-2T vectors and expression of the SH3 domain of Src family 

kinases as GST fusion proteins is described elsewhere (222).  Briefly, E. coli DH5α was 

transformed with pGEX-SH3 constructs and GST fusion protein expression was induced with 

IPTG. Following induction, recombinant fusion proteins were isolated from clarified cell extracts 

with glutathione-agarose beads. The concentration of each protein was determined by 

densitometry of Coomassie-stained gels using BSA as a standard. For the binding reaction, Nef 

variants were expressed as GFP-fusion proteins in Sf9 insect cells using recombinant 

baculoviruses as described elsewhere (229).  Immobilized GST fusion proteins (20 µg) or GST 

alone as a negative control were added to 1 ml aliquots of clarified Sf9 cell lysates and rotated at 

4°C for 2 hours.  Fusion proteins were pelleted by centrifugation and washed once with 1.0 ml 

Hck lysis buffer followed by three washes with  RIPA buffer (50 mM Tris-HCl, pH 7.4, 50 mM 
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NaCl, 1 mM EDTA, 10 mM MgCl2, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS).  

Precipitated proteins were solubilized in SDS-PAGE sample buffer and associated GFP-Nef 

proteins were detected by immunoblotting with an anti-GFP antibody (BD-Clontech). 

 

3.3.4. Transformation assays 

Rat-2 fibroblasts were obtained from the ATCC and growth in Dulbecco’s modified 

Eagle’s medium (DMEM) containing 5% fetal bovine serum and 50 µg/ml gentamycin.  For 

transformation assays, Rat-2 fibroblasts (2 x 104) were plated in 6-well tissue culture plates one 

day prior to infection with the Hck or GFP control retroviruses.  Polybrene was added (4 µg/ml 

final), and plates were centrifuged at 1000 g for 4 h at 18° C to enhance infection efficiency 

(205).  After infection, virus-containing medium was aspirated and replaced with 5 ml of fresh 

medium. The next day, the cells were re-infected with the Nef or control retroviruses using the 

same procedure. Two days later, cells were trypsinized and equally divided into four 60 mm 

dishes, and 5 ml of medium containing G418 (800 µg/ml) was added. G418-containing medium 

was replaced every 3 days for 14 days. At day 14, transformed foci were visualized by Wright-

Giemsa staining and counted from a scanned image using Quantity One software (BioRad).  

Duplicate plates from the same experiment were used to verify Nef, GFP and Hck protein 

expression, Nef-Hck complex formation, and to assess kinase activity as described in the next 

section. 

 

3.3.5. Co-immunoprecipitation assay and immunoblot analysis 

To detect Hck-Nef protein complexes, cells were lysed in 0.5 ml Hck lysis buffer and 

clarified supernatants were incubated with 1 µg anti-Hck antibody and 20 µl protein G-
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Sepharose (50% slurry; AP-Pharmacia Biotech, Inc.) for 2 h at 4o C.  Immunoprecipitates were 

washed three times with 1 ml of RIPA buffer.  Immunoprecipitates were heated in SDS-PAGE 

sample buffer, resolved by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) 

membranes, and probed for associated Nef by immunoblotting with anti-Nef monoclonal 

antibodies.  For analysis of protein-tyrosine phosphorylation and protein expression, the clarified 

cell lysates were separated by SDS-PAGE, transferred to PVDF membranes, and immunoblotted 

with antibodies to Hck, Nef, GFP or phosphotyrosine.  Immunoreactive bands were visualized 

colorimetrically using alkaline phosphatase-conjugated secondary antibodies and nitroblue 

tetrazolium/5-bromo-4-chloro-3-indolyl phosphate as substrate. 
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3.4. Results 

3.4.1. Analysis of the interaction of Nef variants from different HIV-1 alleles with Src 

family kinases in vitro 

 In previous work, we found strong binding of HIV-1 Nef to Hck through its SH3 domain, 

resulting in constitutive Hck activation in both fibroblasts and myeloid cells (118, 205). Nef-

induced activation appeared to be limited to Hck, although binding was observed with Lyn and 

Src (207). All of these previous studies were done with a single Nef allele, SF2. To determine 

whether Nef proteins from other HIV-1 strains interact with Src family kinases in a similar 

manner, three additional Nef proteins were compared to SF2 Nef in Src family kinase binding 

assays: LAI, ELI, and Consensus (Cons). An alignment of all four Nef sequences is presented in 

Figure 6. LAI Nef was chosen because its sequence is nearly identical to NL4.3, which was used 

for the SH3-Nef crystal structure (26).  ELI was chosen because it has a more divergent amino 

acid sequence from SF2 Nef, while Consensus Nef was created to represent sequences common 

to most Nef alleles (226). All four forms of Nef were expressed as GST-fusion proteins in Sf9 

insect cells together with the Src family kinases Hck, Lyn, Fyn, and Src. GST-Nef proteins were 

precipitated with glutathione-agarose and the presence of associated Src kinases was analyzed by 

immunoblotting. As shown in Figure 7, GST-SF2 Nef bound to all four Src family kinases 

tested, although there was some variation in the extent of binding. SF2 Nef bound strongly to 

Hck and Lyn, which may be explained by the fact that these two kinases are the only Src family 

members with Ile at position 96 of the SH3 domain RT loop (206).  The binding of SF2 Nef to 

Src was moderate while Fyn binding was weak, consistent with previous work from our group 

(207). LAI and Cons Nef bound to these Src family kinases in a manner similar to SF2 Nef.  In 

contrast, ELI Nef bound very weakly to Hck and Lyn and failed to bind Src and Fyn.  This result 
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is surprising, given that the ELI sequence contains the PxxPxR motif and hydrophobic pocket 

residues essential for SH3 binding in the crystal structure (see Figure 6).  All four GST-Nef 

proteins were strongly expressed in Sf9 cells (Figure 7B). 

To examine whether this differential binding of Nef alleles to Src family kinases was due 

to SH3-mediated interactions, we examined the binding of purified Src family kinase GST-SH3 

fusion proteins to GFP-Nef proteins in vitro.  As shown in Figure 8, SF2, LAI, and Cons Nef 

showed very similar patterns of binding to these SH3 domains, with strong binding to Hck, Lyn 

and Src and weaker binding to Fyn.  In contrast, ELI Nef failed to bind to the Hck, Lyn or Fyn 

SH3 domains, although strong binding was observed with the isolated SH3 domain of Src.  This 

observation suggests that the Src SH3 may bind ELI Nef through a structural mechanism 

different from that observed in the crystal structure.  However, ELI Nef fails to bind full-length 

Src (Figure 7), suggesting that this alternative binding surface may be occluded in full-length 

Src.  With the exception of the ELI-Src SH3 interaction, however, Nef binding to the isolated 

SH3 domains closely parallels binding observed with the full-length kinases.  A control blot 

shows equivalent expression of each GFP-Nef fusion protein in Sf9 cells. 
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Figure 6. Sequence alignment of HIV-1 Nef alleles SF2, ELI, LAI, and Consensus (Con).   
Left: The PxxPxR motif is strictly conserved in all four Nef alleles and is shown in blue.  
Conserved residues in the hydrophobic pocket are shown in red and include F90 and W113. 
Non-conservative substitutions in the core region of ELI Nef explored in this study are marked 
with the green star.   Amino acids exchanged between SF2 and ELI Nef to create chimeric Nef 
proteins are marked by the arrows.  Right: Crystal structure of the SH3-Nef complex.  The SH3 
domain is shown in grey, while the Nef protein is colored light blue.  A close-up view of the 
Nef-SH3 interface is shown on the right.  Key Nef features include prolines 72 and 75 as well as 
Arg 77 which comprise the PxxPxR motif (blue), and the conserved hydrophobic pocket residues 
Phe 90 and Trp 113 (red).  Arg 77 in the PxxPxR forms an ionic interaction with SH3 Asp 100, 
while Phe 90 and Trp 113 contact Ile 96 in the RT loop of the SH3 domain.  Model and 
numbering is based on the crystallographic coordinates of Lee et al. (26). 
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Figure 7. Differential binding of Nef variants to Src family kinases.  

(A) Sf9 insect cells were co-infected with GST-SF2, -LAI, -ELI or -Consensus (Cons) Nef 
baculovirus or a GST control virus in combination with Hck, Lyn, Fyn, and Src baculoviruses.  
GST fusion proteins were precipitated from cell lysates with glutathione-agarose beads, and 
associated Src family kinases were detected by immunoblotting.  As a control for kinase protein 
expression, aliquots of the cell lysates were run on the same immunoblot.  L, lysate; B, bound.  
(B) Recovery of GST and the GST-Nef fusion proteins was verified by immunoblotting an 
aliquot of each precipitate with anti-GST antibodies 
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Figure 8. Binding of Nef variants to Src family kinase SH3 domains.   
(A) SH3 domains from Hck, Lyn, Fyn, and Src were expressed as GST fusion proteins in 
bacteria and immobilized on glutathione-agarose beads. The GST-SH3 proteins were incubated 
with Sf9 cell lysates expressing each Nef variant as a GFP fusion protein. After incubation, the 
GST-SH3 fusion proteins were pelleted, washed and analyzed by immunoblotting to detect 
associated GFP-Nef. Equivalent recovery of each GST-SH3 fusion protein as well as the GST 
control was verified on a duplicate anti-GST immunoblot (not shown).  (B) Cell lysates were 
immunoblotted with the anti-GFP antibody to verify equivalent expression of each GFP-Nef 
fusion protein. 
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3.4.2. Allelic variation in Nef-induced Hck activation in vivo 

 Previous work from our laboratory has shown that SF2 Nef constitutively activates Hck 

kinase through its SH3 domain and induces a strong transformation signal in Rat-2 fibroblasts 

(183, 205). Because fibroblasts do not express endogenous Hck, they provide a convenient 

model to address the functional consequences of intracellular Nef-Hck interaction.  To determine 

if other Nef alleles also activate Hck in this system, SF2, LAI, ELI, and Cons Nef were co-

expressed with Hck using recombinant retroviruses.  Parallel cultures were infected with the Nef 

retroviruses and a control virus expressing GFP for a negative control. Fibroblasts expressing 

Hck-2PA, a mutant of Hck activated by substitution of proline residues in the SH2-kinase linker, 

served as a positive control (181).  As shown in Figure 9A, cells co-expressing SF2 Nef and Hck 

produced a similar number of foci as the Hck-2PA mutant, in agreement with our previous 

results (181).  LAI and Cons Nef also cooperated with Hck to induce foci formation in 

fibroblasts, although the number of foci was reduced compared to SF2.  The lower activity of 

LAI towards Hck may relate to substitution of Thr for Arg at position 71 (immediately N-

terminal to the PxxPxR motif), which has been shown to impact SH3 binding in vitro (204).  In 

contrast, co-expression of ELI Nef and Hck produced very few transformed foci (less than 10% 

of that observed with SF2), consistent with the in vitro binding data (Figures 7 and 8).  No 

evidence of cellular transformation was observed in cells expressing wild-type Hck alone or 

following co-expression of each Nef variant with the GFP control. These results demonstrate that 

allelic variation exists in the ability of Nef to activate Hck in a defined system.  

We next investigated the interaction of Hck with the Nef variants in Rat-2 fibroblasts. Hck 

was immunoprecipitated from cell lysates, and associated Nef was detected by immunoblotting. 

As shown in Figure 9B, SF2 Nef was readily detected in Hck immunoprecipitates, while LAI 
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and Cons Nef showed an intermediate level of interaction with Hck in Rat 2 cells. In contrast, 

Hck-ELI Nef complexes were not detected in Rat-2 fibroblasts, in agreement with the results of 

transformation assay. 

We next determined whether the differences in transformation and Hck-Nef complex 

formation correlated with Hck kinase activity.  Previous work from our laboratory has 

demonstrated tyrosine phosphorylation of endogenous proteins following transformation by co-

expression of Hck and Nef as well as constitutively activated Hck mutants (181, 183, 205, 207).  

The most prominent of these is a 40 kDa tyrosine phosphoprotein (pp40) which represents a 

convenient endogenous transformation-associated marker.  As shown in Figure 9B, the level of 

p40 tyrosine phosphorylation closely correlates with both focus forming activity and Hck-Nef 

complex formation.  SF2 Nef strongly activated Hck, while LAI and Cons Nef activated Hck to 

an intermediate level.  No detectable tyrosine phosphorylation of p40 was observed in fibroblasts 

expressing Hck and ELI Nef.  Taken together, these results show that Nef proteins from different 

HIV-1 strains recruit and activate Hck to different extents despite the high degree of sequence 

homology in regions associated with SH3 binding.  
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Figure 9. Activation of Hck by HIV-1 Nef variants in vivo.   
Rat-2 fibroblasts were sequentially infected with either a GFP control virus (+ GFP) or a wild-
type Hck retrovirus (+ Hck) followed by the SF2, LAI, ELI, or Consensus (Cons) Nef 
retroviruses.  Cells infected with GFP, wild-type Hck (WT) or active Hck (Hck-2PA) 
retroviruses served as controls.  Infected cells were plated in triplicate cultures under G418 
selection. Transformed foci were visualized after two weeks by Wright-Giemsa staining and 
counted using a scanning densitometer and colony-counting software.  (A) Data are presented as 
the mean number of transformed foci +/- standard deviation for a representative experiment.  (B) 
Clarified cell lysates were prepared from each of the fibroblast cultures and Hck was 
immunoprecipitated and analyzed for associated Nef by immunoblotting (Nef). Recovery of Hck 
in each IP was verified by immunoblotting a replicate membrane (Hck).  Phosphorylation of the 
endogenous Hck substrate protein p40 was detected on anti-phosphotyrosine immunoblots 
(pp40). The expression of the Nef alleles was verified by immunoblot of the cell lysates with an 
anti-Nef antibody. This entire experiment was repeated twice with comparable results in each 
case. 
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3.4.3. Interaction of chimeric SF2-ELI Nef proteins with Hck 

 Results presented in Figure 9 show that ELI Nef fails to bind and activate Hck in vivo.  

Inspection of the alignment of the SF2 and ELI Nef sequences shows that the PxxPxR motif 

required for SH3 binding is intact, and many of the residues that form the hydrophobic pocket 

are also conserved (Figure 6).  However, considerable sequence variation exists in the N- and C-

terminal regions, which have been implicated in other studies as having an indirect effect on the 

Nef core structure and target protein binding (208, 215). To explore the contribution of N- and 

C-terminal Nef sequence variation to Hck binding, we created chimeric forms of Nef using the 

SF2 and ELI sequences, which represent two extremes of Hck binding and activation.   

In the first experiment, we swapped the C-terminal variable region between SF2 and ELI 

Nef. The region exchanged is marked by an arrow in the sequence alignment shown in Figure 6 

and the cartoon in Figure 10A. Chimeric Nef proteins were expressed as GST-fusion proteins in 

Sf9 insect cells and tested for binding to full-length Hck. As shown in Figure 10B, the chimeric 

Nef protein SF2-ELI-C, comprising the N-terminal 131 amino acids of SF2 and the C-terminal 

region of ELI, still bound strongly to Hck.  In contrast, the complementary mutant (ELI-SF2-C) 

showed no detectable Hck binding.  These results indicate that C-terminal sequence variation 

does not influence Nef-Hck interaction in vitro.  

We then created a second pair of chimeric Nef proteins, in which the N-terminal 34 amino 

acids were exchanged between SF2 and ELI (Figure 11A) and tested for Hck binding in Sf9 

cells. As shown in Figure 11B, fusion of the N-terminal SF2 Nef sequence to ELI (SF2-ELI-N) 

did not confer Hck binding activity on ELI Nef.  The reciprocal chimera containing the N-

terminal region of ELI fused to the SF2 core and C-terminal regions (ELI-SF2-N) bound to Hck 

as efficiently as wild type SF2 Nef.  Together with the data in Figure 10, these results 
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demonstrate that the critical residues responsible for the differential interactions of these Nef 

alleles with Hck reside in the core region between aa 34-131, and are not influenced by the N- or 

C-terminal variable regions.  
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Figure 10. Binding of SF2-ELI Nef C-terminal chimeras to Hck.  
(A) The C-terminal chimeric Nef proteins shown were constructed by swapping the coding 
regions of the C-terminal variable portions of SF2 and ELI using a conserved restriction site 
(arrow).  The precise location of the breakpoint can be found in Figure 6.  (B) Control and 
chimeric GST-Nef fusion proteins were expressed in Sf9 cells along with Hck.  Cells co-
expressing GST and Hck were included as a negative control. GST and GST-Nef proteins were 
precipitated from clarified cell lysates using glutathione-agarose beads and associated Hck was 
detected by immunoblotting.  To control for Hck expression, cell lysates were run on the same 
immunoblot.  L, lysate; B, bound.  (C)  Equivalent expression of wild-type and mutant Nef 
proteins is shown on GST immunoblots from infected cell lysates. 
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Figure 11. Binding of SF2-ELI Nef N-terminal chimeras to Hck.  
(A) The N-terminal chimeric Nef proteins shown were constructed by swapping the coding 
regions of the N-terminal variable portions of SF2 and ELI using a conserved restriction site 
(arrow).  The precise location of the breakpoint can be found in Figure 6.  (B) Control and 
chimeric GST-Nef fusion proteins were expressed in Sf9 cells along with Hck.  Cells co-
expressing GST and Hck were included as a negative control. GST and GST-Nef proteins were 
precipitated from clarified cell lysates using glutathione-agarose beads and associated Hck was 
detected by immunoblotting.  To control for Hck expression, cell lysates were run on the same 
immunoblot.  L, lysate; B, bound.  (C)  Equivalent expression of wild-type and mutant Nef 
proteins is shown on GST immunoblots from infected cell lysates. 
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3.4.4. Tyr 120 is required for high affinity binding of SF2 Nef to Hck in vitro and Hck 

activation in vivo 

Alignment of the SF2 and ELI Nef core sequences reveals that SF2 Ala 83, His 116, and 

Tyr 120 are replaced with Glu, Asn, and Ile in ELI, respectively (Figure 6).  Molecular modeling 

based on the Nef-SH3 crystal structure shows that two of these amino acids (Ala 83; Tyr 120) 

are located in the Nef hydrophobic pocket that contacts Ile 96 of the SH3 domain RT loop 

(Figure 12A).  In addition, modeling suggests that substitution of Tyr 120 with Ile will remove 

contacts with SH3 Ile 96 as a possible explanation for the lack of ELI binding to Hck through its 

SH3 domain.  Substitution of Ala 83 with Glu increases steric bulk at this position, which may 

also interfere with binding to the RT loop.  To determine whether Ala 83 and Tyr 120 are crucial 

for SF2 Nef binding to Hck, we replaced these residues with the corresponding residues of ELI 

Nef (Glu, Ile) and tested for Hck binding in the Sf9 cell system. As shown in Figure 12B, 

substitution of Ala with Glu at position 83 did not substantially affect binding of SF2 Nef to Hck. 

In contrast, the replacement of Tyr 120 with Ile dramatically reduced complex formation. 

Furthermore, when both residues were mutated, the interaction between SF2 Nef and Hck was 

completely abolished. This result indicates that Tyr 120 is critical to establish the interaction of 

Nef and Hck in vitro, while Ala 83 has a lesser role. 

 Results shown in Figure 12 demonstrate a requirement for Nef Tyr 120 in Hck binding. 

To assess whether this residue is also essential for Hck recruitment and activation in vivo, the 

SF2 Nef Tyr 120 mutant (Y120I) was co-expressed with Hck in the fibroblast focus-forming 

assay. As shown in Figure 13, this mutation reduced focus-forming activity by more than 90% 

compared to wild-type Nef.  SF2 Y120I also failed to complex with Hck in fibroblasts and did 

79 



 

not stimulate its kinase activity, consistent with the transformation result. These data show that 

Tyr 120 in the Nef hydrophobic pocket is essential for Hck recruitment and activation in vivo. 
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Figure 12. Tyr 120 is required for SF2 Nef binding to Hck in vitro.  
(A) Overall structure of the Nef-SH3 complex is shown on the left.  The boxed area is enlarged 
on the right, with the wild-type structure shown at the top.  The van der Waals surfaces of Ile 96 
in the SH3 domain RT loop (grey) and Nef hydrophobic pocket residues Tyr 120 (red) and Ala 
83 (green) are shown to highlight the tight packing of these residues in the hydrophobic pocket.  
The model at lower right shows substitution of Glu for Ala at position 83 and Ile for Tyr at 
position 120, as is the case for ELI Nef.  (B) SF2 Nef mutants with Glu substituted for Ala 83 
(A83E), Ile substituted for Tyr 120 (Y120I), and with both substitutions (EI) were expressed as 
GST fusion proteins together with Hck in Sf9 cells.  Cells co-expressing GST and Hck were 
included as a negative control. GST and GST-Nef proteins were precipitated from clarified cell 
lysates using glutathione-agarose beads and associated Hck was detected by immunoblotting.  To 
control for Hck expression, aliquots of the cell lysates were run on the same immunoblot.  L, 
lysate; B, bound.  Recovery of GST and the GST-Nef fusion proteins was verified by 
immunoblotting an aliquot of each precipitate with anti-GST antibodies (not shown). 
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Figure 13. Hck activation by SF2 Nef requires Tyr 120 in vivo.   
Rat-2 fibroblasts were sequentially infected with either a GFP control virus (+ GFP) or a wild-
type Hck retrovirus (+ Hck) followed by the SF2 Nef wild-type or Y120I mutant retroviruses.  
Cells infected with GFP, wild-type Hck (WT) or active Hck (Hck-2PA) retroviruses served as 
controls.  Infected cells were plated in triplicate cultures under G418 selection. Transformed foci 
were visualized after two weeks by Wright-Giemsa staining and counted using a scanning 
densitometer and colony-counting software. (A) Data are presented as the mean number of 
transformed foci +/- standard deviation for a representative experiment.  (B) Clarified cell lysates 
were prepared from each of the fibroblast cultures and Hck was immnoprecipitated and analyzed 
for associated Nef by immunoblotting (Nef). Recovery of Hck in each IP was verified by 
immunoblotting a replicate membrane (Hck).  Phosphorylation of the endogenous Hck substrate 
protein p40 was detected on anti-phosphotyrosine immunoblots (pp40). The expression of the 
Nef alleles was verified by immunoblot of the cell lysates with an anti-Nef antibody. This entire 
experiment was repeated twice with comparable results in each case. 
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3.4.5. Multiple substitutions are required to restore ELI Nef interaction with Hck 

 In a complementary series of experiments, hydrophobic pocket residues Glu 83 and Ile 

120 of ELI Nef were substituted with the corresponding amino acids (Ala, Tyr) of SF2 Nef.  The 

resulting single and double mutants were tested for Hck binding in the Sf9 cell assay. As shown 

in Figure 14B, replacement of ELI Ile 120 with Tyr partially reconstituted complex formation 

with Hck, whereas substitution of Glu 83 with Ala was without effect. Substitution of both Glu 

83 and Ile 120 (AY mutant) also failed to restore interaction completely, suggesting that residues 

outside of the hydrophobic pocket may be important.  Molecular modeling suggests that amino 

acid 116 may have an indirect effect on Hck binding, because this residue is positioned to 

influence the flexibility of the PxxP motif (Figure 14A). In SF2 Nef, this position is occupied by 

His, but is substituted with Asn in ELI Nef.  Asn 116 of ELI Nef was replaced with His in the 

WT, I120Y and AY forms of ELI Nef and the resulting mutants were tested for Hck binding 

(Figure 14C).  The single substitution of Asn with His at position 116 in ELI Nef did not restore 

binding to Hck.  However, combining the His 116 substitution with the changes at Tyr 120 and 

Ala 83 restored the binding of ELI Nef to the same level as SF2, suggesting that position 116, 

while not in direct contact with the SH3 domain, can impact Nef-SH3 interaction. 

 We next investigated whether the replacement of ELI Nef residues Glu 83, Asn 116, and 

Ile 120 with the corresponding residues of SF2 (Ala 83, His 116, Tyr 120) was sufficient to 

restore Hck recruitment and activation in the Rat-2 fibroblast transformation assay. As shown in 

Figure 15A, ELI Nef proteins bearing a single substitution of Ile 120 with Tyr or Asn 116 with 

His produced only a small number of transformed foci upon co-expression with Hck in Rat-2 

fibroblasts.  However, the double mutant of ELI Nef with SF2 substitutions at hydrophobic 

pocket positions 83 and 120 (ELI-AY) did cooperate with Hck to transform Rat-2 fibroblasts, 
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producing approximately 40% of the foci observed with SF2 Nef.  Addition of the His 116 

substitution (AHY triple mutant) increased transforming activity further, to 60% of SF2 levels.  

This result is consistent with the binding data and supports a role for His 116 in the regulation of 

Hck recruitment and activation in cells. 

In a final series of experiments, we correlated transforming activity with Hck-Nef 

complex formation and kinase activity for this panel of ELI mutants.  As shown in Figure 15B, 

complexes of the double (AY) and triple (AHY) ELI Nef mutants with Hck were readily 

detected in lysates from Rat-2 cells.  Tyrosine phosphorylation of p40 was also observed in cells 

transformed by these mutants, consistent with Hck activation.  However, the extent of both 

complex formation and p40 tyrosine phosphorylation was reduced for these mutants relative to 

SF2 Nef, consistent with the results of the focus-forming assay.  Taken together, these results 

show that sequence variation in the hydrophobic pocket and allosteric effects of other residues 

can influence Hck activation in vivo. 
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Figure 14. Full recovery of ELI binding to Hck requires substitution of Ala 83, His 116, and 
Tyr 120.   
(A) His 116 does not directly contact the SH3 domain in the Nef-SH3 crystal structure. Overall 
structure of the Nef-SH3 complex is shown on the left, with the side chain of His 116 shown in 
orange.  The boxed area is enlarged on the right, with the wild-type structure shown at the top.  
Note that H116 approaches the PxxP motif (side chains of Pro 72 and Pro 75 are shown in blue).  
Ile 96 in the SH3 domain RT loop (grey) and Nef hydrophobic pocket residues Tyr 120 (red) and 
Ala 83 (green) are also shown for reference.  The model at lower right shows substitution of Asn 
for His at position 116, as found in ELI Nef.  (B) ELI Nef mutants in which Glu 83 was replaced 
with Ala (E83A), Ile 120 was replaced with Tyr (I120Y), or with both substitutions (AY) were 
expressed as GST fusion proteins together with Hck in Sf9 cells.  Cells co-expressing GST and 
Hck were included as a negative control. GST and GST-Nef proteins were precipitated from 
clarified cell lysates using glutathione-agarose beads and associated Hck was detected by 
immunoblotting.  To control for Hck expression, aliquots of the cell lysates were run on the same 
immunoblot.  L, lysate; B, bound.  (C) ELI Nef mutants in which Asn 116 was replaced with His 
(N116H) either alone or in combination with I120Y (HY) or with AY (AHY) were tested for 
binding to Hck in the same manner as described for part B, above.  In both B and C, equivalent 
recovery of GST and GST-Nef fusion proteins was verified by immunoblotting an aliquot of 
each precipitate with anti-GST antibodies (not shown).   
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Figure 15. Activation of Hck by ELI Nef mutants.   
Rat-2 fibroblasts were sequentially infected with a wild-type Hck retrovirus (+ Hck) followed by 
the SF2 Nef, ELI Nef, or the ELI Nef mutant retroviruses indicated.  The point mutations present 
in each ELI Nef mutant are described in the legend to Figure 14.  Cells infected with GFP or 
wild-type Hck (WT) retroviruses served as controls.  Infected cells were plated in triplicate 
cultures under G418 selection. Transformed foci were visualized after two weeks by Wright-
Giemsa staining and counted using a scanning densitometer and colony-counting software. (A) 
Data are presented as the mean number of transformed foci +/- standard deviation for a 
representative experiment.  (B) Clarified cell lysates were prepared from each of the fibroblast 
cultures and Hck was immnoprecipitated and analyzed for associated Nef by immunoblotting 
(Nef). Recovery of Hck in each IP was verified by immunoblotting a replicate membrane (Hck).  
Phosphorylation of the endogenous Hck substrate protein p40 was detected on anti-
phosphotyrosine immunoblots (pp40). The expression of the Nef alleles was verified by 
immunoblot of the cell lysates with an anti-Nef antibody. This entire experiment was repeated 
twice with comparable results in each case.  Co-expression of each ELI Nef mutant with GFP did 
not result in any transformed foci (not shown). 
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3.4.6. Analysis of HIV-1 Nef alleles from long-term non-progressors (LTNPs) reveals 

sequence heterogeneity at amino acid positions 83, 116, and 120 

 To begin to approach the clinical relevance of our findings, we asked the question of 

whether the Nef amino acids at positions 83, 116 and 120 showed heterogeneity in full-length 

Nef isolates from HIV-1-infected individuals that do not progress to clinical disease (long-term 

non-progressors or LNTPs).  A search of the literature revealed five studies reporting full-length 

Nef sequences from LTNPs, and a total of 60 sequences were analyzed for substitutions at 

positions 83, 116 and 120.  As shown in Table 1, sequence variation was observed at all three of 

these Nef residues.  Position 83 showed the greatest variation, with Ala (50%) or Gly (47%) 

occupying this position in the majority of the variants.  Interestingly, isolates from one patient 

showed Glu at this position, as observed for ELI Nef, while another was substituted with Ser.  In 

the Nef-SH3 crystal structure, Ala 83 packs against Tyr 120 and influences its orientation 

(Figure 12).  Substitution of this position with Gly may make this residue more flexible and 

affect its influence on interaction with Ile 96 or other SH3 residues.  At position 116, 17% of 

LTNPs showed substitution of Asn for His, which was also observed for ELI and found to 

influence Hck binding and activation even though it does not contact SH3 directly in the crystal 

structure (Figure 14).  Tyr was strongly conserved at position 120 (88%), although conservative 

substitution with Phe was observed in 12% of the LTNPs.  Whether or not Phe substitution at 

this postion will impact binding or recruitment of Hck through its SH3 domain will require 

further analysis.  Note that all sixty sequences had a consensus PxxPxR motif as well as 

hydrophobic pocket residues Phe 90 and Trp 113, which are essential components of Hck SH3 

binding (Figure 6).   
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Table 1 Variation in Nef amino acid sequences from long-term non-progressors (LTNPs) at 
positions 83, 116, and 120 
 

  Nef Amino Acid  
Study LTNPs A83 G83 E,D83 S83 H116 N116 Y120 F120 Ref. 

Mariani, 
1996 3 1 2 0 0 2 1 2 1 (218) 

Kirchhoff, 
1999a 41 23 18 0 0 36 5 36 5 (230) 

Brambilla, 
1999 7 2 4 1 0 5 2 6 1 (231) 

Catucci, 
2000 5 4 0 0 1 3 2 5 0 (232) 

Tobiume, 
2002 4 0 4 0 0 4 0 4 0 (233) 

Totals 60 30 28 1 1 50 10 53 7  
 

aIncludes data from two earlier studies. 
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3.5. Discussion 

A growing body of evidence supports a central role for the Hck-Nef complex in AIDS 

progression.  Recently Komura et al. have shown that Hck is required for M-tropic HIV 

replication in cultured macrophages (203, 215).  AIDS-like disease induced by expression of Nef 

in a transgenic mouse model also required Hck (202), identifying the Hck:Nef complex as a 

target for anti-HIV therapy.  Nef interacts with Hck through its SH3 domain, and key residues 

involved in the SH3-Nef interface have been identified by structural analysis (26, 28).  The 

functional relevance of residues outside of the PxxP motif that contribute to Nef-SH3 complex 

formation and their impact on Hck activity and signal transduction have not been evaluated.  Our 

study is the first to compare allelic variants of HIV-1 Nef in terms of Hck binding and activation 

in vivo, and to examine the contribution of residues outside of the conserved PxxP motif in these 

molecular events.  We found that not all HIV-1 Nef alleles have a similar affinity for Hck or 

other Src family kinases, despite strong conservation of the PxxPxR motif and hydrophobic 

pocket residues identified in the crystal structure as part of the SH3 interface.  These 

observations suggest that simply aligning HIV-1 Nef sequences may not be predictive of effects 

on Hck or other Src family kinases in vivo. 

In the first set of experiments, we compared the binding of several well-studied laboratory 

Nef alleles to Hck and other Src family kinases using a Sf9 insect cell co-expression system.  

This approach allowed us to compare binding interactions in a background devoid of endogenous 

Src family kinases or other proteins that may compete for binding.  All four of the Nef proteins 

tested in these experiments (SF2, ELI, LAI and Consensus) have conserved PxxP motifs and 

hydrophobic pocket residues predicted in the crystal structure to contribute to high affinity 

binding to the Hck SH3 domain (Figure 6).  SF2, LAI and Cons Nef proteins all bound strongly 

to Hck and Lyn (Figure 7), which are unique among Src family kinases in that their SH3 
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domains have an Ile residue at position 96 in the RT loop.  Previous studies have identified this 

residue as a critical determinant of high affinity Nef-SH3 complex formation (206, 208, 215).  

Binding of these three isolates to c-Src was moderate, while Fyn binding was weak, consistent 

with the lack of the key RT loop Ile residue in their SH3 domains.  In contrast, ELI Nef failed to 

bind to Hck or any of the other Src family kinases examined despite the presence of a PxxP motif 

and conserved hydrophobic pocket residues Phe 90 and Trp 113.  This difference was due to 

substitution of additional residues in the Nef hydrophobic pocket (particularly at position 120) 

and elsewhere in the core region (see below). 

Binding of each of the Nef isoforms to the isolated SH3 domain of these Src family 

kinases was consistent with the result of Nef binding to the corresponding full-length proteins in 

most cases (Figure 8).  The one exception was ELI Nef, which bound strongly to the c-Src SH3 

domain but not to full-length c-Src.  This finding suggests that other regions of Src may 

negatively affect the interaction of its SH3 domain with ELI Nef.  One possibility is that the 

SH2-kinase linker region competes with ELI Nef for SH3 binding. Another possibility is that 

interaction of SH3 with other regions of the Src protein affects the conformation of SH3 domain, 

which in turn influences the stability of the SH3:ELI Nef complex.  This observation is 

consistent with our earlier finding that SH3-Nef binding interactions in vitro are not always 

predictive of Nef interactions with full-length Src family kinases in vivo (207). 

 Among the Nef hydrophobic pocket residues examined in the present study, Tyr 120 

appears to be most important for high affinity binding to Hck.  In the co-crystal structure of the 

high-affinity Nef-SH3 complex, Tyr 120 contributes to a network of hydrogen bonds between 

the hydrophobic pocket and the SH3 domain RT loop (26). This residue is 90% conserved across 

HIV-1, -2 and SIV and 98% conserved within HIV-1 Nef (223).  Mutation of Tyr 120 to Ile 
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nearly abolished the interaction of SF2 Nef with Hck in vitro and in vivo (Figures 12 and 13), 

supporting the functional importance of this residue in binding and activation of Hck. This 

finding is also important from a drug discovery perspective, as it supports the prediction that 

targeting the hydrophobic pocket with a small molecule may be sufficient to disrupt Nef-SH3 

interaction (26).  

Although Tyr 120 is required for SF2 Nef interaction with Hck, replacement of Ile 120 of 

ELI Nef with Tyr restored only partial Hck binding in vitro and failed to restore cooperation with 

Hck in the fibroblast transformation assay.  However, substitution of positions 83, 116, and 120 

of ELI with the corresponding residues of SF2 Nef restored binding and biological activities to 

60% of those observed with SF2 Nef (Figure 14 and 15).  Substantial though incomplete 

activation by the triple mutant relative to SF2 suggests that other sequence variations either 

directly or indirectly govern binding and activation. 

While our study focused on differences in residues within or close to the hydrophobic 

pocket, several other sequence differences exist between the SF2 and ELI Nef core regions that 

may affect Hck binding.  One possibility is a serine inserted within the ELI Nef acidic cluster 

(EEEE; Figure 6).  This motif has been suggested to mediate Nef binding to PACS-1, a molecule 

that controls intracellular protein trafficking from the endosome to the Golgi (234).  Nef-PACS-1 

interaction leads to the retention of MHC class I in the trans-Golgi, resulting in downregulation 

of MHC I from the cell surface (235, 236), an event that is dependent upon the Nef PxxP motif. 

Although this acidic cluster is not directly involved in the interaction of Nef and Src family 

kinases, this insertion may affect the conformation of Nef, which in turn may influence binding 

to Hck. 
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In contrast to the Nef core region, there is considerable sequence variation in the N- and 

C-terminal regions (Figure 6), which may contribute to differences in interactions with Src 

family kinases.  The N-terminal flexible region or C-terminal disordered loop could interact with 

the core domain, and thus conceal or expose PxxP and other motifs responsible for Src family 

kinase recruitment.  Contact with other binding partners could also trigger conformational 

changes, indirectly affecting the complex stability.  For example, the presence of the flexible N-

terminal arm has been shown to influence binding to SH3 domains in vitro (208, 215).  

Nevertheless, we were unable to show an effect of the ELI N- or C-terminal regions on high 

affinity binding of SF2 Nef to Hck (Figures 10 and 11).  Conversely, replacing the N- or C-

terminal regions of ELI Nef with those of SF2 failed to restore binding, suggesting that the core 

region of Nef has the dominant role in the interaction with Hck. 

Other studies have shown that Nef proteins derived from HIV-1, HIV-2 or SIV bind to Src 

family kinases through distinct mechanisms (237).  For example, HIV-1 Nef preferentially binds 

to Hck among other Src family kinases via the SH3-dependent mechanism described above (204, 

207, 238), whereas HIV-2 Nef has a much weaker affinity for Hck (238, 239).  SIV Nef binds to 

Src much more strongly than to Hck. The interaction of SIV Nef and Src appears to be 

predominantly SH3-independent, as the PxxP motif of SIV Nef is dispensable for Src binding 

(237, 238). These observations suggest that although the interaction of Nef proteins of divergent 

HIV/SIV strains with Src family kinases appears to be a conserved Nef function, the specific 

molecular mechanisms responsible for the interactions differ among these strains. 

Our data may help to explain reports of Nef sequences from long-term non-progressors 

(LTNPs) with intact Nef alleles.  Analysis of Nef sequences from 60 such individuals revealed 

two remarkable features.  First, all 60 had intact PxxPxR motifs as well as Phe 90 and Trp 113, 
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which are essential for SH3 binding in the crystal structure.  Second, sequence variations were 

observed at positions 83, 116 and 120 (Table 1), the same residues that accounted for most of the 

inactivity of ELI Nef towards Hck in the fibroblast assay (Figures 14 and 15).  These 

observations further support the idea that sequence variations outside of the core motifs involved 

in SH3 binding may have an impact on interaction with Hck and disease progression as a 

consequence.  Future studies will address this question in the context of a whole animal model of 

AIDS. 
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4.1. Abstract 

The Nef protein of HIV-1 is essential for the progression from human and simian 

immunodeficiency virus (HIV/SIV) infection to full-blown AIDS. Recent studies indicate that 

Nef generates anti-apoptotic signals in HIV-infected T-cells, suppressing cell death early in 

infection to allow productive viral replication.  Previous work from our laboratory has shown 

that Nef also promotes proliferation of myeloid cells through a Stat3-dependent pathway. Here 

we demonstrate that Nef suppresses cell death induced by cytokine deprivation in the human 

macrophage precursor cell line, TF-1.  Nef selectively induced up-regulation of Bcl-XL, an anti-

apoptotic gene that is also regulated by GM-CSF in this cell line. Activation of the Erk MAPK 

pathway also correlated with the survival of TF-1/Nef cells. Using the selective Mek inhibitor 

PD98059, we found that Nef-induced Erk signaling is essential for Bcl-XL up-regulation and cell 

survival.  In contrast, expression of Bcl-XL and TF-1 survival was not affected by dominant-

negative Stat3.  These data suggest that Nef produces survival signals in myeloid cells through 

Erk-mediated Bcl-XL induction, a pathway distinct from Nef survival pathways recently reported 

in T-lymphocytes. 
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4.2. Introduction 

 Nef is an accessory protein unique to human and simian immunodeficiency viruses (HIV-

1, HIV-2, and SIV), and is an essential AIDS progression factor (216, 240). Nef plays a crucial 

role in the maintenance of high viral loads and subsequent development of AIDS-like disease in 

rhesus monkeys infected with SIV (16). Similarly, long-term survivors of AIDS are often 

infected with Nef-defective HIV strains (17, 18). Recent development of a transgenic mouse 

model for AIDS demonstrated that expression of Nef alone is sufficient to cause AIDS-like 

pathology (66, 202).  Although these and other studies implicate Nef as a major progression 

factor in AIDS, the mechanism by which it contributes to HIV replication and pathogenesis is 

still unclear. 

A 25-30 kDa cytosolic protein with an N-terminal myristoylation signal, Nef has no 

known catalytic activity.  Instead, Nef associates with diverse cellular proteins and modifies their 

functions in host cells (216, 217). Nef downmodulates cell-surface CD4 and major 

histocompatibility complex I (MHC I) receptors, which contributes to evasion of host immune 

surveillance. Protein kinases and other signaling molecules have also been found to interact with 

Nef. For example, Nef binds directly to multiple Src family kinases, including Hck, Lck and Fyn 

(217, 241). Genetic evidence suggests that Nef-Hck interaction may be essential for AIDS 

progression (202). Nef also interacts with several Ser/Thr kinases, including Pak, PKC, and the 

Erk MAPKs (217, 241).  Nef was shown to increase Erk1/2 activity initiated by T cell receptor 

stimulation in primary CD4+ T cells obtained from peripheral blood (160).  Enhanced Erk 

activity may be responsible for increased T cell activation by Nef, which facilitates HIV 

replication in this target cell type. Erk is also involved in induction of the AP-1 transcription 

factor by Nef in macrophages, another major target cell for HIV infection (242). The induction 
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of AP-1 may contribute to the activated phenotype of Nef-transfected and HIV-1-infected 

macrophages.  

Several recent reports have suggested that Nef plays a role in longevity of HIV infected T-

cells by affecting mediators of apoptosis. Death receptor mediated apoptosis, which is critical to 

the host cell immune reaction, is blocked by Nef through ASK1 (Apoptosis signal regulating 

kinase 1) inhibition (112). In addition, Nef suppresses T-cell apoptosis initiated by serum 

starvation or HIV replication. In this case, Nef was shown to induce serine phosphorylation of 

Bad, the mitochondrial pro-apoptotic mediator, through a previously described p21-activated 

protein kinase (Pak) known to associate with Nef (114). 

Recent work from our laboratory has shown that Nef promotes cytokine independent 

proliferation of the macrophage precursor cell line, TF-1, through a mechanism that requires the 

Stat3 transcription factor (118).  In the present report, we show that Nef suppresses apoptosis in 

this cell line by selectively up-regulating the mitochondrial anti-apoptosis gene, Bcl-XL (116).  

Experiments with pharmacological inhibitors indicate that cell survival and Bcl-XL induction by 

Nef are dependent on the Erk MAPK pathway, but independent of PI3K and Akt activation.  

Surprisingly, dominant-negative Stat3 did not impact Nef-induced cell survival or Bcl-XL 

induction, despite the identification of Bcl-XL as a Stat3 target gene in other systems (243, 244).  

These results show for the first time that Nef generates anti-apoptotic signals in cells of the 

myelomonocytic lineage, through a pathway distinct from that observed in T-cells.  
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4.3. Materials and methods 

4.3.1. Materials  

The anti-Nef antibody (EH-1, mouse monoclonal) was generously provided by the NIH 

AIDS Research and Reference Reagent Program. Anti-Erk1/2 and anti-phosho-Erk antibodies 

were purchased from Santa Cruz Biotechnology. The anti-Stat3 antibody, anti-Akt and phospho-

Akt antibodies were obtained from Cellular Signaling. The anti-pStat3 antibody to p-Tyr 705 

was purchased from Upstate Biotechnology. The Mek-specific inhibitor, PD98059, and the PI3K 

inhibitor, LY294002, were purchased from Calbiochem. 

 

4.3.2. Cell Culture  

The human myeloid leukemia cell line TF-1 (245)was obtained from the American Type 

Culture Collection (ATCC) and grown in RPMI 1640 medium supplemented with 10% fetal 

bovine serum, 50 µg/ml gentamycin, and 1 ng/ml human GM-CSF (Calbiochem). 

 

4.3.3. Nef, Nef-ER, and Stat3YF expression constructs  

To create the Nef-ER fusion construct, the coding sequence of HIV-1 Nef (SF2 strain) 

was amplified by PCR and subcloned into the mammalian expression vector, pCDNA3.1 

(InVitrogen).  The coding sequence of the murine ER ligand-binding domain (amino acids 281 to 

599) was PCR-amplified from the plasmid pANMerCreMer (246).  A point mutation in this ER 

sequence (G525R) abrogates estrogen-binding activity while retaining high affinity for the 

synthetic estrogen 4-hydroxytamoxifen (4-HT) (247).  The ER segment was subcloned 

downstream and in-frame of the Nef C-terminus to generate pCDNA3.1-Nef-ER. Nef and Nef-

ER constructs were subcloned into the retroviral expression vector pSRαMSVtkneo, which 
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carries a G418 resistance marker (248). The resulting constructs were used to generate high-titer 

stocks of recombinant retroviruses by co-transfection of 293T cells (249) with an amphotropic 

packaging vector as described elsewhere (118).  The Stat3 dominant-negative mutant carries a 

Phe substitution for Tyr 705 in the C-terminal tail.  A pSRαMSVtkneo construct containing this 

mutant was used to prepare recombinant retrovirus for infection of TF-1/Nef-ER cells as 

described elsewhere (118). 

 

4.3.4. Cell lysis and Western blot analysis  

TF-1 cells were lysed in modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 1 

mM EDTA, 10 mM MgCl2, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) 

supplemented with the protease inhibitors aprotinin (25 µg/ml), leupeptin (25 µg/ml) and PMSF 

(1 mM) and the phosphatase inhibitors NaF (10 mM), and Na3VO4 (1 mM).  TF-1 cell lysates 

were clarified by centrifugation at 13,000 rpm for 10 min at 4°C. To detect phosphorylation of 

Erk and Akt, cell lysates were immunoprecipitated with anti-Erk1, Erk2, or Akt antibodies, 

respectively.  Immunoprecipitates were resolved on 10% SDS-polyacrylamide gels, transferred 

to PVDF membranes and blotted with phosphospecific antibodies to the active forms of Erk1/2 

or Akt.  Immunoreactive bands were visualized with secondary antibodies conjugated to alkaline 

phosphatase with NBT-BCIP as colorimetric substrate (Southern Biotechnology Associates) or 

with the CDP star detection system (Tropix). 
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4.3.5. Apoptosis Assay  

 Apoptosis was assessed as cell-surface Annexin V-FITC binding according to 

manufacturer's protocol (BD Pharmingen). Briefly, 106 cells were centrifuged at 1,000 x g for 5 

min, and washed twice with cold PBS.  Cells were then resuspended in Annexin V binding 

buffer and 105 cells were pelleted and incubated with 5 µl Annexin V-FITC and 5 µl propidium 

iodide (50 µg/ml) in a final volume of 100 µl for 15 min. Apoptosis was measured using a FACS 

Calibur flow cytometer (Becton-Dickinson) set for two-color acquisition, and data were analyzed 

using CellQuest software.  For inhibitor experiments, cells were treated with 30 µM PD98059 

(250), 10 µM LY294002 (251) or 0.15% DMSO vehicle control for 16 h at 37° C prior to 

Annexin V-FITC staining and flow cytometry. 

  

4.3.6. RNase protection assay   

TF-1 cells (107) were treated for 16 h with either 30 µM PD98059 or 10 µM LY294002.  

Following incubation, total cellular RNA was isolated from each cell line using the Totally RNA 

kit (Ambion Inc.) according to the manufacturer's instructions.  To measure expression of Bcl-

XL, a multi-probe set containing cDNA template of nine Bcl-2 family members as well as 

GAPDH and L32 as internal controls was utilized according to the manufacturer's protocol (BD 

Biosciences/Pharmingen).  Briefly, 32P-labeled riboprobes of defined length were generated 

using T7 RNA polymerase and 50 ng of the DNA template in the presence of 150 µCi of [α-32P] 

UTP (New England Nuclear). Template DNA was digested with RNase-free DNase, followed by 

precipitation of labeled RNA. Five µg of total cellular RNA was mixed with 6.2 x 105 cpm of the 

32P-labeled riboprobe in hybridization buffer (40 mM PIPES, 1 mM EDTA, 0.4 M NaCl, and 

80% formamide) and incubated for 5 min at 90o C followed by 12 h at 56o C.  The hybridized 
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RNA duplexes were then treated with RNase A and RNase T1, followed by proteinase K 

digestion. RNase-resistant RNA duplexes were extracted with phenol and precipitated by the 

addition of equal volumes of 4 M ammonium acetate and 2 volumes of ethanol.  Labeled RNA 

samples were resolved on 6% urea denaturing gels and visualized by autoradiography, and the 

relative RNA signals were quantitated by densitometry. The relative expression level of Bcl-XL 

was normalized to that obtained with the GAPDH control for each sample. 

 

4.3.7. Detection of Nef-ER dimers  

TF-1/Nef-ER cells (106) were treated for 24 h with or without 1 µM 4-HT, followed by 

incubation in the presence or absence of GM-CSF for 16 h.  For crosslinking, cells were washed 

twice with PBS and incubated in 2 mM DSS for 30 min at room temperature.  The reaction was 

terminated by adding 1M Tris⋅HCl (pH 7.5) and incubating for 15 min.  The cells were washed 

once with PBS and then lysed in 200 µl lysis buffer (50 mM Tris⋅HCl, pH 7.4, 50 mM NaCl, 10 

mM MgCl2, 1 mM EDTA, 1% Triton X-100, 25 µg/ml aprotinin, 50 µg/ml leupeptin, 0.5 mM 

PMSF, 20 mM NaF, and 1 mM Na3VO4). The protein concentration of the cell lysate was 

determined using the Coomassie Plus Protein Assay Reagent (Pierce) and bovine serum albumin 

as standard.  Cell lysates containing 30 µg of protein were resolved on 10 % SDS-

polyacrylamide gels, transferred to PVDF membranes, and blotted with a Nef antibody. 

   

4.3.8. Electrophoretic Mobility Shift Assay  

TF-1 cells (107) were centrifuged, washed once with PBS, and nuclear extracts were made 

using the Nuclear Extract Kit (Active Motif) and the manufacturer’s protocol. The protein 

concentrations of nuclear extracts were determined using BCA protein assay reagents (Pierce) 
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and bovine serum albumin as standard.  The probe used for the Stat3 gel-shift assay is based on 

the sis-inducible element (SIE) (118). Complementary SIE oligonucleotides (20 pmol) were 

annealed in 10 µl of TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) and labeled by 

combining 1 µl of annealed oligonucleotide with 4 µl of Labeling Mix-dATP (Pharmacia), 2 µl 

of [α-32P] dATP (10 mCi/ml; Amersham), and 1 µl of the Klenow fragment of DNA polymerase 

(Gibco-BRL, 3.7 units/µl) in a final volume of 20 µl.  Gel-shift reactions contained 10 µg of TF-

1 cell nuclear extract and 40,000 cpm of labeled SIE probe in a final volume of 20 µl as 

described elsewhere (222).  The mixture was incubated at 37° C for 1 h and unincorporated 

nucleotides were removed using a G-25 Sephadex spin column (Millipore).  Reactions were 

incubated at 30° C for 30 min and run on 5 % polyacrylamide gels in 0.25X Tris-Borate-EDTA 

buffer. Gels were fixed with 10% acetic acid/10% methanol, rinsed with water, dried and 

exposed to BioMax film (Kodak). 
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4.4. Results 

4.4.1. HIV-1 Nef inhibits apoptosis induced by cytokine deprivation in the human 

myeloid leukemia cell line, TF-1  

Previous work from our laboratory has shown that HIV-1 Nef induces cytokine-

independent proliferation of the human macrophage precursor cell line, TF-1 (118).  This cell 

line is dependent on GM-CSF for growth, and undergoes apoptosis following cytokine 

withdrawal.  To investigate whether the GM-CSF-independent proliferation induced by Nef 

results from suppression of apoptosis in TF-1 cells, we first expressed HIV-1 Nef in TF-1 cells 

by retroviral transduction.  Cells were then plated in the presence or absence of GM-CSF, and 

apoptosis was measured as cell-surface Annexin V staining four days later.  As shown in Figure 

16, 60% of the control cells infected with empty vector underwent apoptosis upon GM-CSF 

withdrawal, demonstrating the cytokine requirement for survival of this cell line. In contrast, 

only 25% of TF-1 cells expressing Nef underwent apoptosis following GM-CSF withdrawal, 

demonstrating that Nef suppresses apoptosis induced by cytokine deprivation in cells of myeloid 

lineage.  

Although only 25% of TF-1/Nef cells underwent apoptosis following GM-CSF 

withdrawal, this number was reduced to 10% in the presence of GM-CSF (Figure 16).  However, 

immunofluorescent staining of the Nef-expressing cell population and flow cytometry revealed 

that only 60-70% of the cells express detectable levels of the Nef protein (data not shown). This 

heterogeneity in Nef expression in the TF-1 cell population may account for the incomplete 

survival effect.  As described in a later section, experiments with clonal populations of TF-1 cells 

expressing a conditional form of Nef show responses equivalent to GM-CSF. 
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Figure 16. Expression of HIV-1 Nef suppresses apoptosis induced by cytokine deprivation 
in the human GM-CSF-dependent myeloid leukemia cell line, TF-1.  
TF-1 cells were infected with recombinant retroviruses carrying Nef or with retroviruses carrying 
only the neo selection marker as a negative control. Cells were selected with G-418 in the 
presence of GM-CSF, and Nef protein expression was verified by immunoblotting (Inset). The 
control and Nef-expressing cell populations were washed and replated in the presence or absence 
of GM-CSF for 4 days.  Apoptotic cells were stained with Annexin V-FITC and detected by flow 
cytometry.  Results show the mean percentage of Annexin V-positive cells observed from three 
independent determinations ± S.E.M. 
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4.4.2. Induction of Bcl-XL expression in TF-1 cells expressing Nef  

Nef-induced proliferation of TF-1 cells requires the Stat3 transcription factor (118), which 

has been implicated in many growth factor and cytokine signaling pathways controlling cell 

proliferation, differentiation and survival (252). Stat3-mediated survival signaling has been 

linked to Bcl-XL expression in tumor cells and other systems (243, 244).  Bcl-XL is an anti-

apoptotic member of the Bcl-2 family of mitochondrial apoptotic regulators (116, 253). The 

relative levels of the pro- and anti-apoptotic Bcl-2 family proteins are key determinants in the 

regulation of cell death and survival. Therefore, we investigated Bcl-2 family gene expression in 

Nef-expressing TF-1 cells using an RNase protection assay. As shown in Figure 17, Bcl-XL 

transcript levels from TF-1/Nef cells were selectively increased 2.5-fold relative to control cells 

in the absence of GM-CSF.  The steady-state levels of Bcl-XL transcripts in TF-1/Nef cells are 

very close to those observed in parental cells grown in the presence of GM-CSF, suggesting that 

the level of Bcl-XL gene expression maintained by Nef is sufficient to support survival.  In 

contrast, expression of other Bcl-2 family members was unaffected by Nef, including the genes 

encoding the anti-apoptotic proteins Bcl-2, Bcl-w, Mcl-1 and Bfl-1 and the pro-apoptotic 

proteins Bax, Bak, Bad, and Bik.  These results identify Bcl-XL as a candidate downstream target 

gene that may contribute to the anti-apoptotic effects of Nef in this myeloid cell context. 
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Figure 17. HIV-1 Nef selectively induces upregulation of anti-apoptotic gene, Bcl-XL.   
TF-1 cells expressing Nef or GFP as a negative control were incubated in the presence or 
absence of GM-CSF for 16 h.  A) Total RNA was extracted and analyzed for expression of Bcl-2 
family members by RNase protection assay as described under “Experimental Procedures”.  
Yeast tRNA was included in the reaction as a negative control, while HeLa cell RNA served as a 
positive control.  Labeled RNA bands were visualized by autoradiography. The position of each 
undigested RNA probe is indicated on the left, with a line indicating the position of the smaller 
protected fragments that result from RNase treatment.  The position of the protected Bcl-XL 
fragment is indicted by the arrow.  B) The relative level of Bcl-XL transcripts in each sample 
were normalized to GAPDH expression and are presented as the fold increase relative to the GFP 
control. Results represent the mean ± S.E.M. of three independent experiments. 
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4.4.3. Nef survival signaling in TF-1 cells requires MAPK but not PI3K activation  

The Erk MAPK pathway is involved in proliferative and survival signaling from a wide 

variety of growth factors and cytokines (254, 255). Previous studies have shown that Nef 

activates the AP-1 transcription factor in macrophages through a pathway involving Hck and Erk 

(242). Other work has shown that Erk activation is involved in the GM-CSF-induced 

proliferation of TF-1 cells (256), suggesting that Nef may mimic this aspect of GM-CSF 

signaling in this cell line.  To test the requirement for Erk activation in Nef-induced cellular 

survival, we treated TF-1/Nef cells as well as control cells with the Mek inhibitor PD98059 (250) 

in the presence or absence of GM-CSF. Apoptosis was measured as Annexin V staining four 

days post-treatment. As shown in Figure 18A, PD98059 completely reversed Nef-induced cell 

survival.  In contrast, PD98059 produced only a partial reversal of GM-CSF-induced TF-1 cell 

survival, indicating that the Nef but not the GM-CSF survival signal is highly dependent upon 

Erk activation. 

To test the ability of Nef to activate Erk/MAPK signaling in TF-1 cells, control and Nef-

expressing cells were incubated in the presence or absence of GM-CSF for 16 hours.  Erk1 and 

Erk2 were then immunoprecipitated followed by immunoblotting with phosphospecific 

antibodies.  As shown in Figure 18B, Nef expression dramatically increased both Erk1 and Erk2 

activation in the absence of GM-CSF.  The extent of Nef-induced Erk activation was similar to 

that observed with GM-CSF treatment.  PD98059 suppressed Erk1/2 activation by both Nef and 

GM-CSF.  Control immunoblots for Erk proteins displayed no differences, demonstrating that 

the Nef-mediated increase in Erk1/2 activity was not due to changes in protein levels.  

Recent work has shown that anti-apoptotic signaling by HIV-1 Nef involves the PI3K 

pathway in T cells (114). To examine whether PI3K also contributes to Nef survival signaling in 
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myeloid cells, we tested the effect of a specific PI3K inhibitor, LY294002 (251), on cell survival 

induced by Nef in the TF-1 model system. In contrast to the Mek inhibitor, LY294002 had little 

effect on the Nef anti-apoptotic signal in TF-1 cells (Figure 19A). We next investigated whether 

the anti-apoptotic effects of Nef involved the phosphorylation and activation of PKB/Akt, a well 

known effector of PI3K/survival signaling (257).  Control and TF-1/Nef cells were incubated in 

the presence or absence of GM-CSF, followed by immunoprecipitation of Akt and 

immunoblotting with phosphospecific antibodies.  Unlike Erk1/2, very low levels of active Akt 

were observed in TF-1/Nef cells in the presence or absence of GM-CSF (Figure 19B), suggesting 

that PI3K is not critical to anti-apoptotic signaling by Nef in cells of myeloid lineage. 
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Figure 18. The Mek inhibitor PD98059 blocks the anti-apoptotic effect of Nef in TF-1 cells.   
A) Control and Nef-expressing TF-1 cells were incubated in the presence or absence of PD98059 
(30 µM) and GM-CSF as shown.  Apoptosis was measured by flow cytometry of Annexin V-
FITC-stained cells four days later.  This experiment was repeated three times and the mean 
percentage of apoptotic cells +/- S.E.M. are indicated.  B) Lysates were prepared from control 
and TF-1/Nef cells following incubation in the presence or absence of PD98059 (30 µM) and 
GM-CSF as indicated.  Erk1 and Erk2 were immunoprecipitated and immunoblotted with 
phosphospecific antibodies to the active kinases (top two panels).  The same blots were reprobed 
with Erk1 or Erk2 antibodies to verify equivalent protein recovery (bottom two panels).  This 
experiment was repeated twice with comparable results. 
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Figure 19. The PI3K inhibitor LY294002 does not suppress Nef-induced survival signaling 
in TF-1 cells.  

A)  Control and TF-1/Nef cells were incubated in the presence or absence of LY294002 (10 µM) 
and GM-CSF as shown.  Apoptosis was measured by flow cytometry of Annexin V-FITC-
stained cells four days later.  This experiment was repeated twice and the mean percentages of 
apoptotic cells +/- S.E.M. are indicated.  B) Control and Nef-expressing TF-1 cells were treated 
in the presence or absence of LY294002 (10 µM) and GM-CSF for 16 h as indicated.  Akt was 
immunoprecipitated from clarified cell lysates, followed by immunoblotting with a 
phosphospecific antibody to active Akt (pAkt).  The same blot was reprobed with anti-Akt 
antibody to verify equivalent protein recovery (Akt).  This experiment was repeated twice with 
comparable results. 
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4.4.4. The Erk MAPK pathway regulates Bcl-XL induction by Nef   

We next investigated the role of Erk and PI3K activation in Nef-induced Bcl-XL 

expression in TF-1 cells.  Control and Nef-expressing cells were treated with PD98059 or 

LY294002 in absence of GM-CSF, followed by total RNA isolation and RNase protection assay 

using a Bcl-2 family probe set.  As shown in Figure 20, Nef selectively up-regulated Bcl-XL in 

the absence of GM-CSF without affecting the expression of other Bcl-2 family members, 

confirming the previous result (Figure 17).  Surprisingly, up-regulation of Bcl-XL expression by 

Nef was completely inhibited by PD98059 treatment.  In contrast, the PI3K inhibitor LY294002 

did not affect Bcl-XL induction by Nef, demonstrating that the Erk MAPK but not the PI3K 

pathway is crucial for Nef-induced Bcl-XL expression.  
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Figure 20. Induction of Bcl-XL expression by HIV Nef requires the Erk MAPK pathway.   

A) Nef-expressing TF-1 cells were treated with the Mek inhibitor, PD98059 (30 µM) or the 
PI3K inhibitor, LY294002 (10 µM) for 16 h in the absence of GM-CSF. Total RNA was 
extracted and the RNase protection assay was performed as described in the legend to Fig.2.  As 
a control, RNA was prepared from TF-1 cells expressing the G418 selection marker and 
incubated with or without GM-CSF for 16 h.  A representative autoradiogram is shown.  B)  The 
relative level of Bcl-XL transcripts in each sample were normalized to GAPDH expression and 
are presented as the fold increase relative to the control. Results represent the mean ± S.E.M. of 
three independent experiments. 
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4.4.5. Fusion of Nef to the estrogen receptor (ER) hormone binding domain creates a 

conditional Nef protein (Nef-ER) capable of inducible survival signaling  

All of the experiments described so far have been conducted with a retrovirally-

transduced TF-1 cell population in which the expression of Nef varies from one cell to another.  

In addition, survival of TF-1/Nef cells may be influenced by G418 selection of the infected cell 

population, and not due to a direct signal from Nef itself.  To address these issues, we created a 

conditionally active Nef protein by fusing it to the hormone binding domain of the estrogen 

receptor (ER) using a strategy similar to one originally reported by Walk, et al. (258). Structural 

and biochemical studies have shown that Nef can form dimers and higher-order oligomers (26, 

28, 58, 259) which may be important for some signaling functions (258).  One effect of ER 

fusion is to allow regulated dimerization, which may in turn control the functional activity of Nef.  

Fusion to ER may also render the protein inactive due to the steric hindrance caused by binding 

of cellular chaperones, such as Hsp 90.  Treatment with the cell-permeable synthetic estrogen 4-

hydroxytamoxifen (4-HT) induces Nef-ER dimer formation, as well as release of bound 

chaperones and protein stabilization (see below). A similar Nef-ER construct has been shown to 

induce CD4 downregulation and to associate with the Pak kinase activity in a 4-HT-dependent 

fashion (258). 

TF-1 cells were infected with Nef-ER retroviruses and cloned by limiting dilution under 

G418 selection in the presence of GM-CSF. Cell clones were then screened for expression of the 

Nef-ER fusion protein (~60 kDa) by anti-Nef immunoblotting of cell lysates. Four of eleven TF-

1 cell clones tested strongly positive for Nef-ER expression (Figure 21A). To determine whether 

Nef-ER activation protects TF-1 cells from apoptosis in response to GM-CSF deprivation, cells 

were pretreated with 4-HT for 24 hours followed by GM-CSF withdrawal. Following 16 hours of 
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GM-CSF starvation, cells were analyzed for initiation of apoptosis by Annexin V staining. As 

shown in Figure 21B, 4-HT suppressed programmed cell death following cytokine withdrawal in 

the TF-1/Nef-ER cell lines, confirming that the survival signal is directly driven by Nef and is 

not a secondary effect of selection.  Furthermore, Nef-ER suppressed apoptosis in TF-1 cells in 

the presence of 4-HT almost as effectively as GM-CSF. This result is in contrast to the partial 

effect observed in the bulk TF-1/Nef cultures (Figure 16), which may reflect heterogeneity of 

Nef expression in this cell population as described above.  TF-1/Nef-ER cell clone #10 was 

studied further because its responsiveness to 4-HT in terms of cell survival was indistinguishable 

from that of GM-CSF.  TF-1 cell clones negative for Nef-ER expression were not protected from 

apoptosis by 4-HT following GM-CSF withdrawal (data not shown). 

  

4.4.6. Inducible stabilization and dimerization of Nef-ER in TF-1 cells   

We next investigated the mechanism by which 4-HT induced Nef-ER activation in TF-1 

cells.  Based on work in other systems, we expected to observe 4-HT-dependent formation of 

Nef-ER dimers (258).  To test this idea, TF-1 cells were incubated in the presence or absence of 

4-HT and GM-CSF, followed by treatment with the homobifunctional cross-linker DSS to 

stabilize the dimers prior to cell lysis. Nef-ER proteins were then separated by SDS-PAGE, 

transferred to PVDF and probed with a Nef-specific antibody. As shown in Figure 22, 4-HT-

dependent Nef-ER dimerization was detected regardless of the presence of GM-CSF. 

Interestingly, the Nef-ER protein level was also higher in the presence of 4-HT, suggesting that 

ligand binding may stabilize the Nef-ER protein in addition to promoting dimerization.   
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Figure 21. Fusion of Nef to the estrogen receptor hormone-binding domain (Nef-ER) allows 
for 4-HT-dependent survival signaling.   
A) TF-1 cells were infected with a Nef-ER retrovirus and cloned by limiting dilution in the 
presence of G418 and GM-CSF.  Eleven G418-resistant clones were screened for Nef-ER 
expression by immunoblotting of cellular lysates with an anti-Nef antibody (top).  Control blots 
were probed with actin antibodies to verify equivalent protein loading (bottom).  B) The four TF-
1 cell clones positive for Nef-ER expression were treated with or without 1 µM 4-HT for 24 h 
and then incubated in the presence or absence of GM-CSF for another 16 h.  Apoptotic cells 
were stained with Annexin V-FITC and visualized by flow cytometry.   
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Figure 22. Treatment with 4-HT stabilizes the Nef-ER protein and induces its dimerization 
in TF-1/Nef-ER cells.   

TF-1 cells expressing Nef-ER were treated with or without 1 µM 4-HT for 24 h, followed by 16 
h incubation in the presence or absence of GM-CSF.  Cells were then treated with or without 
DSS for 30 min, lysed, and analyzed for Nef-ER proteins by immunoblotting with an anti-Nef 
antibody (top panels).  Control blots were probed with actin antibodies to verify equivalent 
protein loading (bottom panels). The positions of the Nef-ER dimer and monomer as well as 
actin are indicated by the arrows.  The entire experiment was repeated twice with comparable 
results. 
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Similar observations have been reported following expression of Nef in T-cells (258), and 

provide an additional level of control over Nef activity. 

  

4.4.7. Cell survival and Stat3 activation by Nef-ER requires Erk activation  

Constitutive expression of Nef in TF-1 cells promotes survival in an Erk-dependent 

manner (Figure 18).  To test whether the inducible survival effect of Nef-ER also requires Erk 

activation, we treated TF-1/Nef-ER cells with the Mek specific inhibitor, PD98059. As shown in 

Figure 23, PD98059 completely blocked the protective effect of activated Nef-ER following 

withdrawal of GM-CSF. In contrast, PD98059 did not affect cell survival in the presence of GM-

CSF, indicating that GM-CSF survival signals are not Erk-dependent in this cell line.  These 

results are consistent with those obtained from the TF-1/Nef cell populations (Figure 18).  

Using Stat3 dominant negative mutants, we observed previously that constitutive Stat3 

activation is required for GM-CSF-independent growth of TF-1/Nef cells in soft agar (118). Here 

we show that Erk signaling is also essential, suggesting a possible connection between the two 

pathways.  To investigate cross-talk between Stat3 and Erk downstream of Nef, we tested the 

effect of PD98059 on Nef-ER-driven Stat3 signaling.  PD98059 was added to control and Nef-

ER-expressing cells pretreated with 4-HT in the presence or absence of GM-CSF. Stat3 

activation was then assayed using an electrophoretic mobility shift (gel-shift) assay with an 

oligonucleotide probe corresponding to the sis-inducible element (SIE), which is strongly bound 

by active Stat3.  As shown in Figure 24, nuclear extracts prepared from 4-HT-treated TF-1/Nef-

ER cells revealed strong SIE-binding activity, which agrees with our previous findings in TF-

1/Nef cell populations (118).  Surprisingly, the levels of the Stat3/SIE complex were 

substantially reduced in the presence of PD98059, suggesting a requirement for Erk in Stat3 
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activation by Nef-ER. In contrast, SIE-protein complex formation induced by GM-CSF in 

control TF-1 cells was unaffected by PD98059 treatment, indicating that the Erk requirement is 

unique to Nef-dependent Stat3 activation. Competition with unlabeled SIE completely blocked 

Stat3-SIE complex formation in each case, indicating that this interaction is specific.  

To determine whether Stat3 DNA-binding activity induced by Nef correlates with Stat3 

tyrosine phosphorylation, nuclear extracts from the control and TF-1/Nef-ER cells were 

immunoblotted with anti-phospho-Stat3 antibodies. Figure 24B shows that Stat3 Tyr 705 is 

strongly phosphorylated following Nef-ER activation by 4-HT, consistent with the gel-shift 

result. In contrast, nuclear extracts from TF-1/Nef-ER cells treated with PD98059 showed 

greatly diminished levels of Stat3 Tyr 705 phosphorylation, indicating that Nef-induced tyrosine 

phosphorylation of Stat3 also requires Erk activation. In contrast, Stat3 Tyr 705 phosphorylation 

by GM-CSF was unaffected by PD98059. Control immunoblots show that approximately 

equivalent levels of Stat3 protein were expressed in each culture. Taken together, these results 

provide strong evidence that Nef-mediated activation of Stat3 requires active Erk and that the 

mechanism of Stat3 activation by Nef is distinct from that of GM-CSF. 
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Figure 23. Survival signaling from Nef-ER requires the Erk MAPK pathway in TF-1 cells.  
A) TF-1 cells expressing Nef-ER (right) and parental TF-1 cells (left) were incubated in the 
presence or absence of 4-HT for 24 h.  The cells were then washed to remove GM-CSF and 
replated in the presence or absence of GM-CSF and 30 µM PD98059 as indicated. Apoptotic 
cells were stained with Annexin V-FITC and detected by flow cytometry. Results show the mean 
percentage of apoptotic cells observed in three independent determinations ± S.E.M. 
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Figure 24. Inducible activation of Stat3 by Nef-ER requires Erk activity.   

A) Control and TF-1/Nef-ER cells were incubated in the presence or absence of 4-HT for 24 h.  
Cells were then treated with PD98059 (30 µM) or vehicle for 16 h in the presence or absence of 
GM-CSF. Nuclear extracts were prepared from each sample and tested for the presence of 
activated Stat3 by gel-shift analysis with an SIE probe.  To control for the specificity of DNA 
binding, parallel assays were performed in the presence of a 100-fold molar excess of unlabeled 
SIE (+ Comp). The position of the shifted Stat3/SIE complex is indicated by the arrow.  B) 
Nuclear extracts from part A were immunoblotted with phosphospecific antibodies to active 
Stat3.  Control immunoblots show equivalent levels of Stat3 protein in each of the nuclear 
extracts.  This experiment was repeated twice with comparable results. 
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4.4.8. Dominant-negative Stat3 does not affect survival or Bcl-XL induction by Nef-ER  

In a final series of experiments, we investigated the requirement for Stat3 activation in 

Nef-induced survival signaling and induction of Bcl-XL gene expression.  For these experiments, 

we used a retrovirus carrying a dominant-negative form of Stat3 in which the tyrosine 

phosphorylation site at position 705 is replaced with phenylalanine (Stat3YF).  Previous studies 

have shown that this mutant blocks GM-CSF-independent growth of TF-1/Nef cells in soft-agar 

colony assays, suggesting that Stat3 may contribute to Nef-induced suppression of apoptosis 

resulting from cytokine withdrawal in this cell line (118).  TF-1/Nef-ER cells were infected with 

the Stat3YF retrovirus or with a control virus carrying only the drug selection marker.  Forty-

eight hours later, 4-HT was added and cells were washed free of GM-CSF and incubated for an 

additional 16 hours.  As shown in Figure 25A, activation of Stat3 by Nef-ER in the presence of 

4-HT or by GM-CSF was dramatically suppressed in cells infected with the Stat3YF retrovirus 

but not the control virus.  Surprisingly, Stat3YF did not affect the suppression of apoptosis by 

active Nef-ER (Figure 25B), nor did it impact expression of Bcl-XL (Figure 25C).  These data 

show that while Nef strongly activates Stat3 in TF-1 cells, this pathway may not be required for 

Bcl-XL induction or survival signaling. 
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Figure 25. Dominant-negative Stat3 does not affect Nef-induced survival or Bcl-XL RNA 
levels.   
TF-1 cells expressing Nef-ER were infected with a recombinant retrovirus carrying a Stat3 
dominant-negative mutant lacking the tyrosine phosphorylation site (Stat3YF).  Control cells 
were infected with a virus carrying the puromycin selection marker alone.  Forty eight hours 
later, cells were treated with or without 1 µM 4-HT for 24 h. The cells were then washed to 
remove GM-CSF and incubated for another 16 h in the presence or absence of GM-CSF and 4-
HT as indicated.  Cell aliquots (107) were removed for Stat3 gel-shift and Bcl-XL RNase 
protection assays.  Cells were also re-plated for analysis of apoptosis by Annexin V staining 
following an additional three days of culture.  A) Nuclear extracts were prepared and tested for 
the presence of activated Stat3 by gel-shift analysis with an SIE probe.  B) Apoptotic cells were 
stained with Annexin V-FITC and detected by flow cytometry.  C) Total RNA was extracted and 
analyzed for expression of Bcl-2 family members by RNase protection assay as described in the 
legend to Figure 17.  The presence of the protected RNA fragment corresponding to Bcl-XL as 
well as the control transcripts L32 and GAPDH are indicated by arrows.  This entire experiment 
was repeated twice with comparable results.  
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4.5. Discussion 

 Previous work from our laboratory has shown that Nef promotes the cytokine- 

independent proliferation of the human myeloid progenitor cell line TF-1 through a mechanism 

dependent upon the Stat3 transcription factor (118).  Here we show for the first time that Nef 

protects TF-1 cells from apoptosis following cytokine withdrawal and selectively up-regulates 

expression of the anti-apoptotic gene, Bcl-XL (Figures 16 and 17). Several studies have 

established that Bcl-XL, a member of Bcl-2 family of mitochondrial apoptotic regulators, is 

directly induced by the Stat3 transcription factor.  For example, Catlett-Falcone et al. (244) 

reported constitutive Stat3 activation and upregulated Bcl-XL expression in human multiple 

myeloma cells. Using a dominant-negative form of Stat3, they also demonstrated that functional 

Stat3 is required for Bcl-XL induction and the anti-apoptotic response in this system.  Using a 

similar dominant-negative approach, we tested the requirement for Stat3 in Bcl-XL induction and 

survival signaling by Nef in TF-1 cells.  Surprisingly, expression of a well-established dominant-

negative mutant of Stat3 (Stat3YF) did not affect Bcl-XL upregulation or suppression of 

apoptosis by Nef (Figure 25), suggesting that Nef induces Bcl-XL and promotes survival through 

a Stat3-independent mechanism involving Erk activation (see below).  While Nef-driven survival 

and Bcl-XL expression were not affected by Stat3YF, this mutant was able to completely block 

cytokine-independent soft-agar colony formation by TF-1/Nef cells in previous studies (118).  In 

light of work presented here, this observation suggests that the Nef-Stat3 pathway may affect 

other Stat3-dependent responses in myeloid cells such as adhesion or migration (260).  

The Erk kinases are members of the MAP kinase family and regulate a wide variety of cell 

functions, including the survival response to cytokines and other soluble factors (254).  Relevant 

to our study is recent work by Kolonics et al. (256) which showed that GM-CSF-induced 

survival of TF-1 cells correlates with Erk1/2 activation and Bcl-XL induction, consistent with our 
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findings.  GM-CSF-dependent changes in Bcl-XL proteins levels in this study correlate closely 

with changes in transcript levels reported here (Figure 17).  In related studies, Kinoshita et al. 

(261) reported that activation of the Ras-MAPK pathway may be essential for anti-apoptotic 

signaling by the GM-CSF receptor.  They found that a mutant GM-CSF receptor uncoupled from 

MAP kinase activation was unable to protect transfected Ba/F3 cells from apoptosis in the 

presence of GM-CSF.  Expression of active Ras complemented the signaling defect from the 

mutant receptor and supported long-term proliferation of the cells, suggesting that GM-CSF 

prevents apoptosis of some hematopoietic cells by activating Ras-MAPK signaling.  Here we 

show that Nef mimics this effect of GM-CSF, and that Nef-induced Erk activation is required for 

TF-1 cell survival in cytokine-free medium.  Supporting this hypothesis, inhibition of Nef-

induced Erk activation with PD98059 completely abolished the survival of Nef-expressing cells 

following cytokine withdrawal (Figures 18 and 23).  In addition to the role of Erk in the Nef-

induced anti-apoptotic effect described here, Erk MAPK activity has been shown to increase 

transcription from the HIV proviral long terminal repeat and HIV replication in T-cells (262, 

263).  Furthermore, expression of constitutively activated forms of Ras, Raf, or Mek, as well as 

activation of Erk signaling with serum or phorbol esters enhanced the infectivity of HIV virions 

in T-cells (263).  Conversely, virus infectivity was reduced by treatment of cells with PD98059 

or with antisense oligonucleotides directed against Erks (263).  Erk MAPKs have also been 

identified as HIV virion-associated kinases by density gradient fractionation (81).  In this study, 

viral infectivity was increased by stimulation of virion-associated Erk activity with phorbol 

esters and impaired by specific inhibitors of the MAPK cascade.  Taken together, these studies 

support the conclusion that HIV takes advantage of the Erk MAPK pathway to enhance viral 
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replication as well as promote survival of infected cells, and that HIV Nef plays an essential role 

in these processes. 

Results presented here show for the first time that Nef induces Bcl-XL induction as a 

mechanism for cytokine-independent survival of myeloid cells (Figure 17).  Although Nef-

induced Bcl-XL induction depends upon Erk activation (Figure 20), the mechanism by which this 

MAPK pathway contributes to Bcl-XL regulation is less clear.  One possibility is that Erks 

regulate Bcl-XL directly through AP-1 induction. Nef has been found to activate the AP-1 

transcription factor through Hck and Erk in macrophages (242), and a consensus motif for AP-1 

binding has been identified in the promoter region of Bcl-XL (264).  However, whether or not 

AP-1 binds to Bcl-XL promoter region and directly induces transcription of Bcl-XL remains to be 

examined. 

Work presented here also suggests that Nef induces cross-talk between the Erk and Stat3 

signaling pathways. This hypothesis is supported by the surprising observation that 

pharmacological inhibition of Erk signaling suppresses the tyrosine phosphorylation and DNA 

binding activity of Stat3 downstream of Nef-ER (Figure 24).  Erks have been implicated in 

phosphorylation of Stat3 at Ser 727, which may be required for full transcriptional activity (265) 

but has a more controversial role in the regulation of DNA binding (266, 267).  Using 

phosphospecific antibodies, we did not detect changes in the phosphorylation status of Stat3 Ser 

727 in response to Nef expression in TF-1 cells (data not shown).  However, Nef-induced Erk 

activation is linked to activation of Rsk and other Ser/Thr kinases related to survival of 

hematopoietic cells through phosphorylation of CREB and other transcription factor targets 

(254).  Whether or not these kinases can also influence the activity of Stat3 by phosphorylation 

of sites other than Ser 727 remains to be tested.  Another possibility is that Nef-induced Erk 
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activation may affect dephosphorylation of active Stat3 by SHP2 or other protein-tyrosine 

phosphatases.  Erk1 has been shown to phosphorylate SHP2 and inhibit its activity in vitro, 

consistent with this possibility (268). 

HIV and other pathogenic viruses have developed protective mechanisms to suppress 

apoptosis of infected host cells, to allow time for viral replication prior to cell lysis (240).  

Recent studies have shown that Nef inhibits death receptor-mediated apoptosis by interacting 

with ASK1 and blocking its activity in T-cells (112, 240).  More recently, it has been 

demonstrated that HIV-1 Nef also suppresses apoptosis by stimulating Akt-independent Bad 

phosphorylation through PI3K and PAK pathways in T-lymphocytes (114).  In contrast to these 

studies, we found that Nef-induced survival does not require PI3K activity (Figure 20) or involve 

Bad phosphorylation (data not shown) in cells of myeloid lineage.  Instead, Nef appears to 

suppress cell death in this macrophage precursor cell line through a distinct mechanism 

involving the Erk MAPK pathway and Bcl-XL induction.  A growing number of studies 

implicate HIV-infected macrophages as key elements in AIDS pathogenesis (269).  For example, 

in severe combined immunodeficient mice transplanted with human peripheral blood leukocytes 

(hu-PBL-SCID mouse model), extensive CD4+ T-cell depletion is induced by non-cytopathic, 

macrophage-tropic strains of HIV.  Surprisingly, HIV strains that are highly cytopathic towards 

T-cells in vitro showed little activity in the hu-PBL-SCID mouse model (210).  Also, monkeys 

infected with HIV-1, which does not infect simian monocytes/macrophages, showed no signs of 

disease and fail to show accelerated T-cell apoptosis (270).  The anti-apoptotic signal generated 

by HIV Nef described here may allow for persistence of HIV-infected macrophages, promoting 

viral replication and spread to uninfected T cells. Our findings support the hypothesis that Nef 
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may contribute to the establishment and maintenance HIV reservoirs by conferring a survival 

advantage on HIV-infected macrophages.  
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While the Nef protein of HIV and SIV has been suggested as a key molecule in AIDS 

pathogenesis for over a decade, the molecular mechanisms of Nef action in HIV replication and 

disease progression are still elusive. Elucidation of the interactions of Nef with cellular signaling 

proteins is central to understanding its role in disease progression in vivo, since Nef has no 

known catalytic activity. In support of this idea, the physical and functional association of Nef 

with a large number of cellular proteins including members of the Src protein-tyrosine 

kinasefamily has been demonstrated.  

Previous studies from our laboratory have shown that HIV Nef strongly binds and 

activates the macrophage-specific Src family member Hck, leading to cellular transformation in 

Rat-2 fibroblasts. Genetic evidence suggests that Nef-Hck interaction may be essential for AIDS 

progression (202). The interaction between Nef and Hck has been intensively studied and the 

interface of this association has been well-defined in structural studies. In these studies, we have 

focused our efforts on the further characterization of the molecular mechanism specific to HIV-1 

Nef interaction with Hck in a well-defined model system (Rat-2 fibroblasts).  

The interaction of Nef with other cellular proteins, particularly those involved in signal 

transduction, has also been demonstrated to affect viral life cycle and disease progression. One 

way to facilitate the viral replication is to promote survival of infected cells. Supporting this 

notion, recent studies have shown that Nef protects CD4+T lymphocytes from the death 

receptor-mediated and virus infection-induced apoptosis. Our laboratory has previously 

demonstrated that Nef also induces the proliferation of macrophage lineage cells, which are the 

other key target of HIV infection. Based on these findings, we set out to investigate the survival 

signaling induced by HIV Nef in macrophage precursor cells. Studies presented in this 
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dissertation add significantly to our understanding of Nef function as a signaling molecule in 

HIV-infected cells. 

 

Chapter III: Conserved Residues in the HIV-1 Nef Hydrophobic Pocket are Essential for 

Recruitment and Activation of the Hck Tyrosine Kinase. The purpose of this study was to identify 

the residues responsible for the differential interaction of Hck and Nef variants and evaluate the 

functional relevance of those residues in the hydrophobic pocket in recruitment and activation of 

Hck in vivo. Nef binds to Hck through its SH3 domain with the unusually high affinity. To 

investigate whether interaction with Hck is a conserved property of Nef alleles of different 

strains of HIV-1, the binding of several well-studied laboratory HIV-1 Nef alleles (SF2, LAI, 

ELI, and Consensus) to Hck and other Src family kinases was first compared in vitro and in 

cells. Surprisingly, not all four of the Nef proteins tested in these experiments have a similar 

affinity for Hck even though they all contain the PxxPxR motif and hydrophobic pocket residues 

essential for SH3 binding in the crystal structure. While SF2 Nef had the strongest affinity for 

Hck, ELI Nef had the weakest binding. Sequence alignment and molecular modeling of these 

two Nef alleles identified Ala 83 and Tyr 120 in the hydrophobic pocket as critical residues for 

establishing stable interaction between Nef and Hck in vivo as well as in vivo. We also found the 

important role His 116 in facilitating the stable PxxP-Hck SH3 interaction, which is located 

outside of hydrophobic pocket. This finding suggests the importance of the Nef hydrophobic 

pocket in activation of Hck. In addition, this study provides evidence that allosteric effect of 

other residues of Nef which do not directly contact the SH3 domain in the crystal structure (e.g. 

His 116) can also influence Hck activation. The clinical relevance of this study was addressed by 

comparative analysis of the Nef sequences of long-term non-progressors (LTNP) which have 
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been reported in the literature. Some sequence heterogeneity at position 83, 116 and 120 was 

found in LTNPs with a full-length nef gene. In contrast, consensus PxxPxR motifs as well as 

hydrophobic pocket residues identified in the crystal structure as an essential part of the SH3 

interface were strictly conserved. These findings support the hypothesis that the presence of 

these highly conserved features alone does not assure interaction with Hck, and sequence 

variation outside of these core motifs involved in SH3 binding impact interaction with Hck and 

may affect disease progression as a consequence. 

This study is the first to assign a necessary biological function to the Nef hydrophobic 

pocket, in terms of recruitment and activation of the Hck tyrosine kinase in living cells. In 

addition to that, these results provide a rationale for the design of small molecules targeted to the 

pocket, which could disrupt Nef signaling through Hck in HIV-infected macrophages in vivo. 

Such agent is predicted to delay disease progression based on genetic studies from other group 

(202).  

Future studies. To assess the physiological relevance of the differential recruitment and 

activation of Hck by HIV-1 Nef alleles and the functional importance of the specific interaction 

of Nef and Hck in HIV infection and pathogenesis, SF2 and ELI Nef could be compared in their 

capacity to promote replication of an M-tropic HIV-1 strain in cultured macrophages. Since Hck 

was recently demonstrated to be required for HIV replication in macrophage culture (203), the 

comparison of role for SF2 and ELI Nef in viral replication would determine whether the 

essential role for Hck in HIV replication is mediated through its interaction with Nef in 

macrophages. To determine the effect of each identified sequence variation of Nef on viral 

replication, the SF2 mutants with substitutions at position 83, 116, and/or 120 could be used. 

Whether or not these substitutions alone can account for non-progressor status could be tested in 
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a whole-animal (mouse) model by generating transgenic mice expressing these same Nef 

mutants. Previously, Hanna et al. observed the AIDS-like disease development in transgenic 

mice expressing Nef in CD4 T lymphocytes and macrophages (66). It would also be interesting 

to investigate the effect of these substitutions on binding to T cell specific Src tyrosine kinases. 

While Hck kinase is expressed mainly in macrophages, other Src family kinases such as Lck and 

Fyn are expressed in T lymphocytes and play an important role in TcR signaling. Since both cell 

types are key targets for HIV infection, the differential effect of these substitutions at positions 

83, 116, and/or 120 on Nef interaction with other Src family kinases may contributes to viral 

tropism. Similarly, the Nef sequences of macrophage tropic- or T cell tropic-HIV isolates could 

be compared for correlations with specificity for T-cell vs macrophage-specific Src family 

members. 

 

Chapter IV: HIV-1 Nef Promotes Survival of TF-1 Macrophages by Inducing Bcl-XL Expression 

in an Erk-dependent Manner. The goal of this study was to investigate the mechanism of 

survival signaling induced by the HIV-1 Nef protein in cells of the myelomonocytic lineage. 

HIV Nef has been demonstrated to generate anti-apoptotic signals in CD4+ T lymphocytes, 

protecting infected cells from immune cell bound death receptor- or virus infection-induced 

apoptosis to allow productive viral replication. Previous work from our laboratory has shown 

that Nef promotes proliferation of myeloid cells through a Stat3-dependent pathway. Based on 

these findings we hypothesized that the HIV Nef protein also suppresses cell death by altering 

signal transduction in macrophages. The present study supports this hypothesis by showing that 

Nef protects the human macrophage progenitor cell line, TF-1 from apoptosis induced by 

cytokine deprivation. This cell survival phenotype induced by Nef correlated with upregulation 
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of Bcl-XL, an anti-apoptotic gene. We additionally found cell survival and up-regulation of Bcl-

XL by Nef requires Erk MAPK activation since the inhibition of Erk MAPK pathway with a 

specific antagonist suppressed cell survival and Bcl-XL induction by Nef. However, in contrast to 

previous findings which suggested a requirement for Stat3 in the Nef-induced proliferation 

signal, the Nef anti-apoptotic pathway was independent of Stat3 in TF-1 cells. Dominant-

negative of Stat3 did not impact the survival of Nef-expressing cells or Bcl-XL up-regulation. 

These observations suggest that Nef may use distinctive pathways to induce either cell 

proliferation or anti-apoptotic signals in macrophages .  

Since Hck is a well-known binding partner of Nef as discussed in Chapter III and 

expressed mostly in macrophages/monocytes, we hypothesized Nef may exert its survival 

signaling through its binding and activation of Hck in TF-1 cells. However, we were unable to 

demonstrate a requirement for Hck kinase activity in Nef-induced survival signaling in TF-1 

cells. We tested the role of Hck kinase activity in Nef-induced survival signaling using the Src 

kinase-specific inhibitors PP2 and A-419259 (271). No effect of these inhibitors on Nef-induced 

cell survival or Bcl-XL upregulation was observed, although the inhibition of Src family kinase 

activity by these drugs was confirmed in TF-1 cells. This finding suggests that Hck kinase 

activity may not be necessary for anti-apoptosis signaling pathway of Nef in macrophages. 

However, we still cannot exclude the possibility that the Hck protein itself may be required for 

this Nef-induced survival. Because Hck contains SH2 and SH3 domains, it may function as an 

adaptor to link Nef with other cellular targets. To test this possibility, several methods can be 

used, such as an antisense RNA or siRNA to knockdown the total protein level of Hck in these 

cells. Hck kinase activity may also play an important role in other Nef-induced signal 

transduction pathways, which requires further investigation.  
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One unexpected finding in this study was the involvement of the Erk MAPK pathway in 

Stat3 activation in Nef-expressing TF-1 cells. Inhibition of Erk MAPK activity by a specific Erk 

blocker suppressed not only the survival of Nef-expressing cells but also Stat3 activation. 

Although Stat3 was not required for Nef-induced survival signal, activation of Stat3 was 

essential for proliferative phenotype of Nef-expressing TF-1 cells, which was demonstrated by 

soft-agar assay in our previous work (118). These observations suggest that Erk may contribute 

to both the survival signal by up-regulating Bcl-XL and proliferation featured by Stat3 activation 

in TF-1 cells.   It is, however, mysterious how Erk mediates Stat3 activation, particularly the 

aspects of DNA-binding activity and tyrosine phosphorylation (Figure 24). Erk has been shown 

to mediate the serine phosphorylation of Stat3 which is required for full transcriptional activity 

of Stat3. However, the role of serine phosphorylation in DNA binding activity of Stat3 is still 

controversial. The mechanism by which this MAPK pathway contributes to Bcl-XL regulation 

has also to be determined. Although the exact mechanism of Erk functions in Nef-induced 

signaling remain unclear, Erk has been implicated in enhanced viral infectivity in T cells. Erk 

increases transcription from the HIV proviral long terminal repeat and replication in T cells (69, 

73) and is identified as a virion-associated kinase (81), which may contribute to serine 

phosphorylation of matrix proteins. The phosphorylation of matrix correlates with the increased 

viral infectivity (80). However, the role of Erk in viral replication in macrophages has been 

elusive. Although the direct effect of Erk on viral replication in macrophages has not been shown 

in this study, Erk appears to play an important role in prolonging the survival of macrophages, 

which may indirectly contribute to viral replication in this cell type possibly through facilitating 

the formation of a viral reservoir. 
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Significance of this study includes the following. (1) This study is the first to show the 

survival signaling generated by Nef in macrophage lineage cells. Macrophages serve as a 

reservoir of HIV and disseminate viral particles to the other target cells. Despite this important 

role, the mechanism of anti-apoptosis in HIV-infected macrophages to secure the productive 

viral replication for a long period has not been studied in detail. Our study supports the role of 

macrophages as a potential viral reservoir of HIV. (2) We are the first to observe the Bcl-2 

family regulation by Nef in macrophage lineage cells. Although Wolf et al. (114) showed that 

Nef inhibits T cell death by phosphorylating and thus inactivating Bad, a proapoptotic Bcl-2 

family member, the same events have not been demonstrated to occur in macrophages. While 

regulating the posttranslational modification of Bad in T lymphocytes, Nef regulates 

transcriptionally the expression level of Bcl-XL. (3) Our study demonstrates for the first time the 

Erk MAPK requirement for Nef-induced survival signal and Bcl-XL up-regulation in 

macrophage lineage cells.  

Future studies. The anti-apoptotic effect of Nef should be assessed in primary macrophage 

culture, particularly HIV-infected macrophages. Since macrophages express membrane bound 

cell death ligands/receptors which play an important role in killing infected cells by autocrine or 

cell-cell contacts, a suppressive effect of Nef on death-receptor mediated apoptosis of primary 

macrophages or macrophage lineage cells would suggest direct relationship to disease 

progression. It would also be interesting to see whether HIV-1 Nef alleles used in the previous 

chapter (Chapter III) induce differentially the survival signal in TF-1 cells. Although the 

requirement for Hck kinase activity in Nef-induced survival was not observed in TF-1 cells, it is 

certainly possible that other Nef alleles differentially bind to Hck, resulting in distinctive 

outcomes. Another interesting follow-up study would be to examine the effect of Erk inhibition 
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on viral replication in macrophages. The role of Erk MAPK in HIV life cycle has been suggested 

in T cells but not in macrophages. Since the prolonged cell survival facilitates the viral 

replication, the survival effect of Nef-induced Erk activation on infected macrophages may 

indirectly enhance the viral replication. This hypothesis could be tested by blocking Erk kinase 

activity using a specific inhibitor. Also, since we were unable to show the direct interaction of 

Nef and endogenous Hck in TF-1 cells, it is possible that other signaling molecules directly 

binding to Nef may mediate these signaling events. One potential candidate to transduce the 

survival signal from Nef to Erk activation downstream may be PAK family kinases. PAK 

kinases have been well documented to bind to Nef and mediate the signal to MAPK kinases. 

Particularly, PAK2 kinase is also involved in apoptosis signaling as discussed in the introduction 

(see section 1.7.2.). Whether or not Nef binds and activates PAK kinases in this cell type could 

be tested by immunoprecipitation and in vitro kinase assay. Finally, understanding the 

requirement of specific motifs, such as PxxP motif or N-terminal myristylation for survival 

signaling in macrophages could provide an important clue about the binding partners of Nef 

mediating these signaling events in macrophages. 

In summary, there are two major conclusions from this dissertation: (1) Residues in Nef 

hydrophobic pocket play a critical role for recruitment and activation of the Hck tyrosine kinase, 

which may be important in disease progression. Targeting the Nef hydrophobic pocket with a 

small molecule may be sufficient to prevent recruitment and activation of Hck in vivo, delaying 

disease progression. (2) Nef promotes survival of macrophage lineage cells by upregulating Bcl-

XL expression. Cell survival and Bcl-XL induction by Nef require Erk MAPK pathway. This anti-

apoptotic signal generated by Nef may ensure the persistence of HIV-infected macrophages, 

facilitating the establishment and maintenance of HIV reservoirs. 
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