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2. ABBREVIATIONS
β-COP β-subunit of COP I coatomer
2-APB 2-aminoethoxydiphenyl borate
AIDS Acquired immunodeficiency

syndrome
AP-1 Activator protein-1
AP-2 Adaptor protein complex 2
ARRE-2 Antigen receptor response element

of the interleukin-2 gene
ATP Adenosine 5'-trisphosphate
BSA Bovine serum albumin
CA Capsid protein
CCE Capacitative calcium entry
cDNA Double-stranded DNA copy of the

viral RNA
CMV Cytomegalovirus
CN Calcineurin
CRIB-motif Cdc42/Rac-interactive binding

motif
CsA Cyclosporin A
CTL Cytotoxic T lymphocyte
DAG Diacylglycerol
DN Dominant-negative
DTT Dithiotreitol
EDTA Ethylenediamine N,N,N',N'

tetraacetic acid
EGTA Ethyleneglycol-bis-β-aminoethyl

ether N,N,N',N' tetra-acetic acid
ER Endoplasmic reticulum
Erk Extracellular signal-regulated

kinase
FCS Fetal calf serum
FITC Fluorescein isothiocyanate
GEF Guanosine nucleotide exchange

factor
gp Glycoprotein
GST Glutathione-S-transferase
GTP Guanosine 5'-trisphosphate
HA Hemagglutinin
HAART Highly active anti-retroviral

therapy
HEPES N-2-hydroxyethylpiperazine-N´-2

ethanosulfonic acid
HIV Human immunodeficiency virus
HSV Herpes virus saimiri
hTEII Human thioesterase II
HTLV Human T cell leukemia virus
IL Interleukin
IN Integrase
IP3R Inositol trisphosphate receptor
ITAM Immunoreceptor tyrosine-based

activation motif
IVKA In vitro kinase assay
JNK/p38 Jun N-terminal kinase/p38

mitogen-activated protein kinase

kb Kilobase
kDa KiloDalton
LAT Linker for activation of T cell
LTR Long terminal repeat
MA Matrix protein
MAPK Mitogen-activated protein kinase
MBP Maltose-binding protein
MHC I Major histocompatibility complex class I
MIP Macrophage inflammatory protein
mRNA Messenger-ribonucleic acid
NAK Nef-associated kinase
NC Nucleocapsid protein
Nef Negative factor
NF-κB Nuclear factor κB
NFAT Nuclear factor of activated T cells
NMR Nuclear magnetic resonance
ONPG O-nitrophenyl-β-D-galactopyranoside
PAK p21-activated kinase
PBMC Peripheral blood mononuclear cells
PBS Phosphate-buffered saline
PI3-K Phosphatidylinositol 3-kinase
PIC Pre-integration complex
PIP2 Phosphatidylinositol 4,5-bisphosphate
PIX/Cool Pak-interactive exchange factor/

cloned-out of library
PKC Protein kinase C
PLC Phospholipase
PMA Phorbol 12-myristate, 13-acetate
PMSF Phenylmethylsulfonylfluoride
PP1 4-amino-5-(4-methylphenyl)-7-

(t-butyl)-pyrazolo-[3,4-d]-pyrimidine
PPII-helix Polyproline type 2 helix
PR Protease
Rev Regulator of viral protein expression
RT Reverse transcriptase
SDS-PAGE Sodium dodecylsulphate polyacryl-

amide gel electrophoresis
SH Src-homology
SIV Simian immunodeficiency virus
SLP-76 SH2 domain-containing leucocyte

protein of 65 kDa
SMAC Supramolecular activation cluster
SOC Store-operated calcium channel
SPR Surface plasmon resonence
SRE Serum response element
TAT Transactivator protein
TCR T cell receptor
TNF Tumour necrosis factor
Vif Viral infectivity factor
Vpr Viral protein R
Vpu Viral protein U
WM Wortmannin
ZAP-70 Zeta-associated protein-70
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3. INTRODUCTION

Nef is a 25-34 kilodalton (kDa) accessory protein of the primate lentiviruses
(HIV-1/2 and SIV). Despite being dispensable for viral life cycle in most
transformed cell lines, Nef has an essential role in vivo by promoting efficient
viral replication and subsequent evasion of host immune defence to develop
AIDS. Several cellular functions of Nef, downregulation of the surface expression
of CD4 and major histocompatibility complex class I (MHC I) molecules,
enhancement of viral replication kinetics as well as intrinsic infectivity of HIV
particles, have been described. In addition, Nef has been shown to modulate
cellular signal transduction pathways, an effect that may contribute to the
functions of Nef described above.

The molecular mechanisms of Nef-mediated downregulation of CD4 and MHC I
molecules are relatively well understood, but correlating these functions with the
pathogenesis of AIDS has not been straightforward. On the other hand, although
enhanced HIV virion infectivity and kinetics of virus replication could readily
explain the pathogenesis-promoting effects of Nef, the molecular mechanisms of
these functions have remained elusive. A number of interesting connections
between Nef and various cellular signaling proteins have been reported but the
direct relevance of these interactions for the positive effects of Nef on viral
replication has not been proven. Thus, although Nef seems to exert its effects by
interacting with host proteins, the mechanisms have not yet been fully elucidated
at a molecular level.

The purpose of this work was to set up model systems and use them to study the
effects of Nef on cellular signaling pathways, especially in T cells. Another goal
was to characterize Nef-interacting cellular proteins and the molecular
mechanisms of such interactions in order to assess their relevance for Nef
functions.
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4. REVIEW OF LITERATURE

4.1. Human immunodeficiency virus

Introduction

In the early 1980’s Luc Montagnier and Robert Gallo independently identified a
novel retrovirus as a possible cause of acquired immune deficiency syndrome
(AIDS) (Barre-Sinoussi et al. 1983, Gallo et al. 1983). The two groups called
their viruses lymphadenopathy-associated virus (LAV) and human T cell
leukaemia virus III (HTLV-III) respectively. These findings were followed by
characterization of an AIDS-associated retrovirus (ARV) by Levy and co-workers
(Levy et al. 1984). Although sharing some characteristics with human T cell
leukaemia viruses (HTLV), these novel retroviruses were shortly shown to have
several properties quite distinct from HTLV and were all recognized as members
of the Lentivirinae family. Subsequently, they were collectively named human
immunodeficiency viruses (HIV) (Coffin et al. 1986). HIV-infected individuals
develop severe defects in their immune systems and suffer from opportunistic
infections and various forms of cancer. The eventually fatal immune dysfunction
is due to a gradual depletion of CD4-positive T helper cells, an indicative of a
progressive disease, that leads to perturbed functions of cytotoxic T cells (CTLs)
and B lymphocytes. Now after twenty years of HIV research, despite remarkable
advances in understanding the molecular biology of HIV and development of
antiviral drugs, more than 30 million people, (according to World Health
Organization), live with HIV/AIDS worldwide. A highly active anti-retroviral
therapy (HAART) has been successively used to restrict virus replication in HIV-
infected patients. However, current combinations of drugs presumably cannot
eradicate the virus and thus require a life-long treatment that poses a risk for
development of drug-resistant HIV mutants. Moreover, these drug regimens are
expensive and not well tolerated by all patients, which indicates that novel
approaches in drug development are required (for a review of HAART see
Bonfanti et al. 1999, Shafer and Vuitton 1999, Crowe and Sonza 2000).

Molecular characteristics of HIV-1

Human immunodeficiency virus type 1 (HIV-1), along with related HIV-2 and
simian immunodeficiency viruses (SIV) belong to primate lentiviruses
(Lentivirinae) that are a subgroup of the retrovirus (Retroviridae) family. The
genome of HIV-1 consists of a 9.7 kb long single-stranded RNA molecule
(Figure 1). The organization of the HIV-1 genome is complex as all three reading
frames are used in a partially overlapping manner to encode for nine genes. These
genes can be divided into two groups: structural genes common to all retroviruses
(Figure 1, light bars) and regulatory genes (dark bars) that aid viral replication at
different stages of viral life cycle.
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Figure 1.  Schematic representation of the HIV-1 genome

The primary transcript of HIV-1 is a full-length viral mRNA that is translated into
Gag- and Pol-precursor proteins. These precursor proteins are proteolytically
cleaved: Gag into capsid (CA or p24), matrix (MA), p6 and nucleocapsid (NC)
proteins and Pol into virus-specific enzymes, protease (PR), reverse transcriptase
(RT) and integrase (IN). The precursor protein gp160 is encoded by a singly
spliced message from the full-length viral mRNA. gp160 is processed into
envelope (Env) proteins gp120 and gp41. The regulatory proteins are translated
from different multiply spliced mRNAs (Levy 1998).

Virion structure of HIV-1

The virion structure of HIV-1 is schematically shown in figure 2 (for a review see
Turner and Summers 1999). The outermost surface consists of a lipid bilayer to
which the envelope proteins or spikes of the virus are embedded. The lipid bilayer
originating from virus producing host cell also contains several cellular
membrane proteins (Arthur et al. 1992). A matrix shell, formed by multimerized
matrix proteins, lines the inner surface of the viral membrane. Inside the matrix
layer is the conical capsid core which encapsidates two copies of the unspliced
viral RNA genome. Oligomerized nucleocapsid proteins stabilize the genome.
Virus-specific enzymes: RT, IN and PR are associated with the ribonucleoprotein
complex. Of the regulatory proteins, viral protein R (Vpr) is likely to be closely
associated with the matrix layer (Lu et al. 1993). Viral infectivity factor (Vif)
(Liu et al. 1995, Camaur and Trono 1996) and Negative factor (Nef) (Welker et
al. 1996) are also associated with viral particles whereas the three remaining
regulatory proteins, regulator of viral protein expression (Rev), transactivator
protein (Tat) and viral protein U (Vpu) do not appear to be packaged into virions.
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Figure 2. Morphology of HIV virion

Functions of HIV-1 proteins

The roles of the structural proteins in constructing the basic architecture of virions
and providing the key enzymatic functions required for viral life cycle are more
readily understood, whereas the roles of the six regulatory proteins in HIV
infection have remained partially unresolved. Two of them, namely Tat (reviewed
in Karn 1999) and Rev (reviewed in Hope 1999), are prerequisites for viral life
cycle. Tat stimulates transcription from proviral long terminal repeat by
facilitating the elongation of viral mRNAs. The Rev protein regulates the
transport of unspliced mRNAs from the nucleus to the cytoplasm and thus
enables the translation of structural proteins from full-length viral mRNAs. This
event allows the production of new progeny viruses and determines the shift from
early to late phase in the viral replication cycle.

The remaining four regulatory proteins, Vif, Vpr, Vpu and Nef are not essential
for viral replication in vitro, but they have been shown to be required for efficient
viral replication and full pathogenicity in vivo. Because of their dispensability in
vitro, these factors have been called accessory proteins. The Vif protein has been
implicated in the stabilization of newly synthesized virion DNA intermediates
during the late stages of viral assembly (Simon and Malim 1996). Additionally,
Vif may have a role in the nuclear transport of the preintegration complex (PIC)
(Karczewski and Strebel 1996). The primary functions of Vpr are targeting of the
PIC to the nucleus in non-dividing cells (Heinzinger et al. 1994, Yao et al. 1995)
and induction of an arrest in the G2 phase of the cell cycle (Di Marzio et al. 1995,
He et al. 1995, Jowett et al. 1995, Re et al. 1995). Vpu induces degradation of the
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CD4 molecule in the endoplasmic reticulum (Willey et al. 1992, Bour et al. 1995)
and enhances release of virions from infected cells, presumably by forming ion
channels in cell membranes (Gottlinger et al. 1993, Ewart et al. 1996, Schubert et
al. 1996). The Nef protein with its pleiotropic effects is the subject of this study
and will be discussed in detail in the chapter below.

Replication cycle of HIV-1

A schematic representation of the HIV life cycle is shown in figure 3. The viral
envelope glycoprotein gp120 specifically binds to a CD4 molecule on the surface
of a target cell (Capon and Ward 1991). For efficient entry and infection
lentiviruses also require additional cell surface molecules, and recently
chemokine receptors were identified as functional co-receptors for HIV (reviewed
in Berger et al. 1999). These interactions trigger a series of conformational
changes in gp120, which are likely to result in exposure of the fusion peptide in
the gp41 protein and subsequent fusion of viral and cellular membranes (Berger
et al. 1999). Following the fusion of membranes, the nucleocapsid enters the
cytoplasm. The viral RNA, still enclosed in the viral capsid, is uncoated in a
process aided by capsid proteins (p24) and cellular proteins called cyclophilins
(Luban et al. 1993). Uncoating is followed by reverse transcription of the viral
RNA, generating a double-stranded DNA copy (cDNA) of the genome (reviewed
in Gotte et al. 1999). The resulting preintegration complex consisting of at least
cDNA, MA, Vpr and IN proteins is transported into the nucleus, where
integration of the viral genome into host chromosome takes place (Esposito and
Craigie 1999, Hindmarsh and Leis 1999). Following virus integration, the
transcription of HIV genes begins and in the early phase Tat, Rev and especially
Nef mRNA expression predominate (Kim et al. 1989, Robert-Guroff et al. 1990,
Greene 1991). Eventually, accumulating levels of Rev protein result in a shift
from the expression of the regulatory proteins to the structural proteins. The
assembly of the new virus progeny takes place at the plasma membrane, where
viral RNA genome is packaged into capsids that bud off from the membrane
along with the viral envelope proteins (Garnier et al. 1998). Cellular cyclophilins
may serve a crucial function also during the assembly (Luban 1996). The HIV life
cycle’s final event is the maturation of cell-free particles upon action of virion-
incorporated PR (Navia and McKeever 1990). These matured viruses, if
assembled correctly, are then capable of productive infection when they
encounter appropriate target cells.
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Figure 3. Viral life cycle of HIV

1. Attachment and entry 2. Uncoating 3. Reverse transcription (
RNA,    - - -DNA) 4. Nuclear transport of the preintegration complex
5. Integration 6. Transcription 7. Translation and transport of viral
proteins to the plasma membrane 8. Assembly and budding 9.
Maturation. Adapted from (Levy 1998).

HIV-2 and SIV

Shortly after the discovery of HIV-1, Clavel et al. found another AIDS-associated
virus in Africa, which turned out to be surprisingly different from HIV-1 (Clavel
et al. 1986, Guyader et al. 1987). This new type of HIV virus, named HIV-2,
causes a similar disease but seems to be less pathogenic. Moreover, some
investigators believe that HIV-2 is also less contagious, which may explain why it
has not spread as extensively as HIV-1 (Li et al. 1998a, Mansinho 1999).

Simian immunodeficiency viruses (SIV) are a large and complex group of
lentiviruses (Hirsch et al. 1995). Some SIV isolates are capable of inducing an
AIDS-like disease in certain primate species, other than their original host. Such
models have been used to study the in vivo pathogenesis of immunodeficiency
viruses (reviewed in Geretti 1999).
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4.2. The Nef protein

Nef is a small (27-34 kDa) myristoylated protein unique to primate lentiviruses
that, despite being dispensable for viral replication in vitro, has been shown to
have a critical role in the pathogenesis of AIDS. The first piece of evidence for
this came from studies on simian immunodeficiency virus (SIV) when Kestler et
al. demonstrated that macaques inoculated with SIV viruses containing a deleted
Nef gene neither developed high viremia nor simian AIDS (Kestler et al. 1991).
Subsequently, several groups have reported similar phenomenon in human
patients infected with Nef-deficient HIV-1 viruses. These individuals have
significantly delayed onset of the symptoms or have remained asymptomatic for
up to 20 years (Deacon et al. 1995, Kirchhoff et al. 1995, Salvi et al. 1998,
Learmont et al. 1999). Interestingly, Hanna et al. recently showed that in a
transgenic mouse model, expression of Nef alone was sufficient to induce an
AIDS-like disease (Hanna et al. 1998). Although the crucial role of Nef for viral
replication in vivo has been recognized for years, the underlying molecular
mechanisms remain unclear. Addressing this question is complicated due to the
fact that Nef-defective viruses replicate efficiently in most transformed cell lines.
However, in vitro studies have revealed several cellular functions for Nef
especially highlighting its capacity to modulate cellular signaling pathways.

4.2.1 Cellular functions of Nef

Downregulation of CD4 and Major Histocompatibility Complex class I
(MHC I) molecules

In 1987 Guy and co-workers observed that expression of HIV-1 Nef
downregulated the surface expression of CD4 (Guy et al. 1987). This event was
subsequently confirmed by others and was found to be a consequence of
lysosomal transport and degradation of CD4 (Garcia and Miller 1991, Anderson
et al. 1993, Garcia et al. 1993, Mariani and Skowronski 1993). The molecular
mechanism of this function is now relatively well understood. It seems that Nef
regulates the surface expression of CD4 at multiple levels. The cytoplasmic tail of
the CD4-molecule contains a dileucine motif that has been implicated as a
universal sorting signal for endocytotic transport (reviewed in Kirchhausen et al.
1997, Le Borgne and Hoflack 1998). In T cells, CD4 is maintained at the cell
surface by Src-family tyrosine kinase Lck that, by binding to the dileucine motif
in CD4, prevents its recognition by the endocytotic machinery (reviewed in
Marsh and Pelchen-Matthews 1996). Protein kinase C (PKC)-mediated
phosphorylation of serines, proximal to the dileucine motif, induces both
dissociation of Lck and interactions with the AP-2 clathrin adaptor complex. The
CD4-molecule is subsequently rapidly internalized and degraded in the lysosomes
(Marsh and Pelchen-Matthews 1996). Nef has been shown to interact with the
cytoplasmic tail of CD4-molecules in a dileucine motif-dependent manner (Aiken
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et al. 1994, Bandres et al. 1995, Salghetti et al. 1995, Gratton et al. 1996,
Grzesiek et al. 1996a, Rossi et al. 1996, Preusser et al. 2001). Therefore, by
binding to the dileucine motif, Nef disrupts Lck/CD4-interaction (Salghetti et al.
1995). Consequently, the internalization signal in CD4 is exposed (Garcia and
Miller 1991, Aiken et al. 1994, Bandres et al. 1995, Salghetti et al. 1995).

In the absence of serine phosphorylation, however, internalized CD4 is recycled
from the early endosomes back to the plasma membrane (Marsh and Pelchen-
Matthews 1996). Interestingly, Mangasarian and co-workers demonstrated that
substituting Nef for the cytoplasmic domains of CD4 or CD8 targeted the
resulting chimeras for rapid endocytosis and lysosomal degradation (Mangasarian
et al. 1997). As these chimeras do not contain the endogenous internalization
signals of CD4 or CD8, this data indicated that Nef has an internalization signal
of its own. In other words, Nef can target CD4 for endocytosis and subsequent
degradation by serving as a link between CD4 and components of the endocytotic
machinery. It was subsequently shown that Nef interacts with the medium (µ)
subunits of clathrin adaptor complexes (Greenberg et al. 1997, Le Gall et al.
1998, Piguet et al. 1998). Unexpectedly, Nef proteins from HIV-1 and HIV-
2/SIV appear to have evolved different strategies in binding to these adaptor
complexes. A highly conserved dileucine-based motif in the C-terminal
disordered loop of HIV-1 Nef is critical for binding to adaptors (Bresnahan et al.
1998, Craig et al. 1998, Greenberg et al. 1998a). In contrast, the corresponding
motif seems to have a more minor role for HIV-2/SIV Nefs (Piguet et al. 1998,
Bresnahan et al. 1999). An N-terminal sequence, that resembles a tyrosine-based
internalization motif and is not present in HIV-1 Nef alleles, plays an additional
role for HIV-2/SIV Nefs (Piguet et al. 1998, Bresnahan et al. 1999). The
tyrosine-based internalization motif, like the dileucine motif, mediates
endocytosis by interacting with adaptor complexes (Kirchhausen et al. 1997, Le
Borgne and Hoflack 1998).

Certain studies have suggested that coupling of CD4 via Nef to the clathrin
adaptor complexes is not sufficient for lysosomal targeting (Kim et al. 1999,
Piguet et al. 1999). Nef has been reported to bind to the β-subunit of COP I
coatomer (β-COP) (Benichou et al. 1997, Piguet et al. 1999, Janvier et al. 2001).
Piquet et al. proposed a model where Nef sequentially interacts with the adaptor
complexes to internalize CD4 into early endosomes and with β-COP to target
CD4 for lysosomal degradation (Piguet et al. 1999).

The capacity of Nef to bind to the human thioesterase II (hTE II) has been shown
to correlate with Nef-mediated CD4-downregulation (Benichou et al. 1997, Liu et
al. 1997, Watanabe et al. 1997). However, not all Nef variants bind to hTE II
with high affinity (Cohen et al. 2000).
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Vma13p, a catalytic subunit of the universal proton pump (vacuolar proton
ATPase) was found in a yeast two-hybrid screen to bind to Nef (Lu et al. 1998).
A di-acidic motif consisting of two aspartates was found to be crucial for both the
ability of Nef to downregulate CD4 and to associate with Vma13p (Lu et al.
1998). As Vma13p itself interacts with adaptor complexes it might provide an
alternative connection between Nef/CD4 and these complexes. The vacuolar
proton ATPase is responsible for acidifying intracellular organelles. Therefore, it
is possible that Nef/Vma13p-interaction affects the formation and acidification of
endosomes and lysosomes. To this end, Nef has been shown to increase the
plasma membrane area occupied by clathrin-coated structures, as well as the
number of endosomes and lysosomes (Foti et al. 1997, Sanfridson et al. 1997).

Nef-mediated downregulation of CD4 could enhance virus replication by several
mechanisms. Rapid internalization of the HIV-receptor may prevent potentially
harmful superinfection of productively infected cells (Benson et al. 1993).
Moreover, reduced levels of the surface expression of CD4 can facilitate the
release and/or enhance the infectivity of newly synthesized virions from the
producer cells (Bour et al. 1999, Lama et al. 1999, Ross et al. 1999).
Furthermore, the immunological defects resulting from rapid loss of cell surface
CD4 in infected cells may provide indirect mechanisms by which Nef could
promote viral replication in vivo. In addition to Nef, Env and Vpu are
independently capable of down-modulation of CD4 (Chen et al. 1996). Therefore,
this phenomenon is likely to be important for optimal virus replication (Chen et
al. 1996).

Nef has also been shown to downregulate the surface expression of MHC I
(Schwartz et al. 1996). Surprisingly, the molecular mechanism of Nef-induced
MHC I-downregulation fundamentally differs from that of CD4-downregulation
and was shown to be due to retention of MHC I in the trans-Golgi compartment
(Greenberg et al. 1998a, Greenberg et al. 1998b, Le Gall et al. 1998,
Mangasarian et al. 1999). As with the CD4-downregulation function of Nef, the
molecular mechanisms underlying MHC I-trafficking by HIV-1 and SIV Nef
alleles are different (Swigut et al. 2000). An interaction between HIV-1 Nef and
cytosolic sorting protein PACS-1 has been reported to be required for this
function (Piguet et al. 2000). By reducing the abundance of MHC I on the plasma
membrane Nef reportedly protects infected cells against cytotoxic T lymphocyte
(CTL)- and natural killer (NK) cell-mediated killing (Collins et al. 1998, Cohen
et al. 1999).

Enhancement of HIV infectivity and the kinetics of virus replication

Although initially named as a negative factor (Nef) because of early studies that
described an inhibitory role of Nef in HIV replication (Ahmad and Venkatesan
1988, Cheng-Mayer et al. 1989), this hypothesis was later disproved by several
groups who demonstrated the positive effects of Nef on viral replication both in
vivo and in vitro (Kestler et al. 1991, de Ronde et al. 1992, Zazopoulos and
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Haseltine 1993, Jamieson et al. 1994). Nef was found to enhance the infectivity
of virions and the kinetics of viral replication (Chowers et al. 1994, Miller et al.
1994, Spina et al. 1994). The Nef phenotype was most pronounced when a low
viral input was used to infect resting peripheral blood mononuclear cell (PBMC)
cultures followed by activation with mitogen (Miller et al. 1994, Spina et al.
1994). After entering the target cells, the viral genomes associated with wild-type
Nef (+) virions underwent reverse transcription more efficiently than those
incorporated into Nef-deficient virions (Aiken and Trono 1995, Chowers et al.
1995, Schwartz et al. 1995). It was shown that the Nef-mediated enhanced virion
infectivity and the CD4-downregulation by Nef were separate functions
(Goldsmith et al. 1995, Saksela et al. 1995).

Several possible mechanisms could explain the Nef-mediated induction of the
synthesis of proviral DNA. Nef is incorporated into virions (Pandori et al. 1996,
Welker et al. 1996, Welker et al. 1998, Kotov et al. 1999) and could thus directly
assist the reverse transcription process. The virion-associated Nef is processed by
viral protease into a truncated form that may have specific functions (Pandori et
al. 1996, Welker et al. 1996). However, evidence opposing such a hypothesis has
been reported (Miller et al. 1997, Chen et al. 1998, Pandori et al. 1998). In
addition, the resulting truncated Nef is likely to be inactive in all known cellular
functions of Nef (Aiken et al. 1994, Chowers et al. 1994, Wiskerchen and Cheng-
Mayer 1996). Therefore, the biological significance of proteolytic processing of
virion-associated Nef remains to be proven. Moreover, the reduced infectivity of
Nef-defective virions cannot be complemented by ectopic expression of Nef in
the target cells arguing against a direct role for Nef in proviral DNA synthesis
(Aiken and Trono 1995, Miller et al. 1995, Pandori et al. 1996). Furthermore,
while up to 80 per cent of the mRNA species synthesized from the newly
integrated provirus encode for Nef (Robert-Guroff et al. 1990; Ranki et al. 1994),
only 10-100 Nef molecules are incorporated into each virion (Pandori et al. 1996,
Welker et al. 1996, Welker et al. 1998, Kotov et al. 1999).

In light of the above-mentioned studies, it seems likely that the critical function of
Nef is exerted at an early post-integration step rather than in the context of a
mature virion. Fitting to such a scenario, Swingler et al. reported that Nef
expression enhanced incorporation of a cellular serine kinase to the virion
(Swingler et al. 1997). This correlated with enhanced serine phosphorylation of
the viral matrix protein (MA) (Swingler et al. 1997). Although the role of the
serine phosphorylation of MA is elusive, it has been suggested that this
modification is required for optimal virion infectivity (Bukrinskaya et al. 1996).

Nef may also enhance the viral infectivity by modulating the cellular environment
in infected cells to be optimal for efficient and accurate assembly of the new
progeny virions. For example, Nef-mediated changes in cellular signaling could
alter post-translational modification of viral components. Furthermore, Lama and
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co-workers recently reported that due to Nef-mediated downregulation of CD4,
Nef (+) virions produced from cells expressing high levels of CD4 were more
infectious than those produced in the absence of Nef (Lama et al. 1999). The Nef
(-) virions failed to efficiently incorporate gp120 envelope protein (Lama et al.
1999). In contrast, Ross et al., by using essentially the same experimental system,
concluded that virions produced in the absence of Nef, resulted in lower yields
but equal infectivity (Ross et al. 1999). However, earlier reports have
demonstrated a difference in virion infectivity between Nef (+) and Nef (-)
viruses produced in CD4-negative cells (Miller et al. 1994) and shown that CD4-
downregulation and enhancement of viral infectivity are independent functions of
Nef (Goldsmith et al. 1995, Saksela et al. 1995, Wiskerchen and Cheng-Mayer
1996, Hua et al. 1997, Iafrate et al. 1997). These data indicate that Nef-mediated
CD4-downregulation can only partially mediate the positive effect of Nef on HIV
particle infectivity.

4.2.2. Modulation of cellular signaling pathways by Nef

In addition to CD4-downregulation and enhanced HIV-infectivity functions, Nef
has been shown to modulate cellular signaling pathways. Because of
contradictory results and incomplete understanding of the signaling pathways
implicated in Nef studies, the exact mechanisms and consequences of this
function of Nef remain unresolved. Several issues could contribute to the
observed variation in results: the choice of the Nef allele, the cellular study
system (fibroblasts vs. lymphocytes, primary cells vs. different immortalized cell
lines) and cell culture conditions (Renkema and Saksela 2000). Moreover,
because Nef is capable of interacting with a plethora of cellular proteins, many of
which are involved in signaling, the levels as well as the duration of Nef
expression are likely to contribute to the cellular response to Nef. In this respect,
it is also important to consider the effects of Nef on the expression patterns of cell
surface molecules with signaling capacity, such as CD4, as downregulation of
these molecules might indirectly interfere with cellular signaling.

In order to understand the molecular mechanisms by which Nef modulates signal
transduction, several studies have aimed at identification of Nef-interacting
cellular proteins. Some clues for such interactions can be found by studying the
structure of the Nef protein, especially by comparing different Nef variants with
each other. Although the Nef proteins from HIV-1 and HIV-2/SIV seem to have
similar cellular functions, their amino acid sequences are considerably less well
conserved (~50-60% identity). Recent data indicate that HIV-1 and HIV-2/SIV
Nef proteins have evolved different molecular mechanisms for some of the
common functions (Howe et al. 1998, Bresnahan et al. 1999, Cheng et al. 1999,
Greenway et al. 1999, Xu et al. 1999, Carl et al. 2000, Swigut et al. 2000).
Perhaps for this reason, some of the structural motifs conserved among HIV-1
strains may have a less significant role or be completely absent from HIV-2 or
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SIV Nef and vice versa. Nevertheless, several regions in HIV-1 and HIV-2/SIV
are highly conserved, suggesting an important role for these motifs in mediating
the crucial functions of Nef.

The proline-rich sequence (PxxP-motif) in the core domain of Nef is one such
example. The PxxP-motif is a minimal consensus sequence found in the ligands
of Src homology 3 (SH3) domains (Cicchetti et al. 1992, Ren et al. 1993). The
SH3/PxxP-pairs serve as mediators of protein-protein interactions and are
particularly abundant among cellular signaling proteins (Pawson 1994, Lim 1996,
Dalgarno et al. 1997, Mayer and Gupta 1998, Sudol 1998). An intact PxxP-motif
in Nef is required for enhanced virus replication and particle infectivity, as well
as for other Nef functions - with the notable exception of the downregulation of
CD4 (Goldsmith et al. 1995, Saksela et al. 1995, Wiskerchen and Cheng-Mayer
1996, Iafrate et al. 1997, Khan et al. 1998, I). Interestingly, several SH3-
containing proteins have been reported to bind to Nef (see below).

N-terminal-myristylation and an adjacent cluster of basic amino acids is another
conserved domain of Nef. This bipartite motif that is reminiscent of the so-called
SH4 domain (Resh 1994) mediates association of Nef with cellular membranes
(Kaminchik et al. 1991). Approximately 50% of Nef expressed in cells is
membrane-bound (Kaminchik et al. 1994, Welker et al. 1996). Targeting of Nef
to the plasma membrane has been shown to be required for virtually all of its
functions (Aiken et al. 1994, Chowers et al. 1994, Wiskerchen and Cheng-Mayer
1996). However, certain data suggest that the cytosolic Nef may have special
functions different from those of the membrane-associated Nef (Baur et al. 1994).
In some circumstances, Nef seems to localize in the nucleus but the relevance of
these findings remains unknown (Murti et al. 1993, Ranki et al. 1994).

A striking example of the capacity of Nef to modulate cellular signaling is
provided by observations of Nef-mediated malignant transformation of
immortalized murine fibroblasts (Du et al. 1995, Briggs et al. 1997). Expression
of the SIVpbj14 Nef variant in murine 3T3 fibroblasts led to morphological
transformation of these cells (Du et al. 1995). pbj14 is a rare SIV strain, which
causes an acute disease and death in infected macaques (Fultz et al. 1989). This
phenotype of pbj14 Nef seems to depend solely on an immunoreceptor tyrosine-
based activation motif (ITAM) located close to the aminoterminus (Luo and
Peterlin 1997). However, ITAM-based activation seems to be a special feature of
pbj14 Nef because such motifs have not been found in other Nef variants. Briggs
et al. reported that co-expression of a native HIV-1 Nef together with a cellular
proto-oncogene Hck transformed Rat2 fibroblasts (Briggs et al. 1997). This was
due to Nef-mediated activation of Hck (Briggs et al. 1997). In addition, Nef has
been shown to affect signaling in other non-lymphoid cell systems (De and Marsh
1994, Graziani et al. 1996, Romero et al. 1998, Fackler et al. 1999, Kohleisen et
al. 1999, Plemenitas et al. 1999). The natural hosts supporting the majority of



18

HIV replication in vivo are T lymphocytes where the cellular functions of Nef
were initially described. Therefore, the effects of Nef on T cell signaling are
likely to be relevant for the pathogenesis-promoting functions of Nef.

T cell receptor (TCR) signaling

Signals emanating from T cell receptor (TCR)-complex are implicated in
regulation of all of the major aspects of T lymphocyte function (Figure 4).
Physiological stimulation of T cells by antigens via TCR is followed by a
clustering of TCRs and formation of supramolecular activation clusters (SMACs)
(Penninger and Crabtree 1999). Src-family tyrosine kinases, Lck and Fyn, are
recruited to these specialized plasma membrane domains (Penninger and Crabtree
1999). Subsequent activation of Lck and Fyn leads to phosphorylation of the
immunoreceptor tyrosine-based activation motifs (ITAMs) on the cytoplasmic
tails of the TCR-components (Clements et al. 1999). Phosphorylated ITAMs
recruit zeta associated protein-70 (ZAP-70) tyrosine kinases that become
activated. Upon ZAP-70/Lck-mediated phosphorylation, adaptor molecules
Linker for activation of T cell (LAT) and SH2 domain-containing leucocyte
protein of 65 kDa (SLP-76) serve as platforms for highly orchestrated assemblies
of large heterogenous protein complexes consisting of for example, other adaptor
proteins, serine/threonine kinases, small GTPases and their guanine nucleotide
exchange factors (GEFs) (Qian and Weiss 1997, van Leeuwen and Samelson
1999). These complexes integrate signals from the plasma membrane receptors
and convey them to appropriate activation of various downstream signaling
cascades, most notably the mitogen-activated protein kinase (MAPK) cascade and
the Ca2+/calcineurin (CN) cascade. An important intermediate in TCR-triggered
activation of both of these cascades is phospholipase Cγ-1 (PLCγ1) which
catalyzes the conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). These in turn
regulate Protein kinase C (PKC) activity and intracellular calcium levels,
respectively (Guse 1998, Carpenter and Ji 1999).
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Figure 4. Schematic representation of TCR-triggered activation of
NFAT-dependent transcription.

In the nucleus these two important signaling pathways again converge on a family
of transcription factors referred to as the Nuclear Factor of Activated T cells
(NFAT), which regulates a set of genes important for T cell activation, such as
IL-2, IL-4, tumour necrosis factor (TNF)-α and FasL (Shaw et al. 1988, Goldfeld
et al. 1993, Szabo et al. 1993, Latinis et al. 1997). The NFAT family consists of
four "classical" members NFAT1/NFATp/NFATc2, NFAT2/NFATc/NFATc1,
NFAT3/NFATc4 and NFAT4/NFATx/NFATc3 (Masuda et al. 1998, Crabtree
1999). Recently, a novel member of the NFAT family, NFAT5/TonEBP, was
characterized but its biological properties seem to be quite distinct from those of
the other four (Lopez-Rodriguez et al. 1999, Miyakawa et al. 1999).
Transcriptional activation of NFAT target genes usually requires coincident
activation of NFAT together with certain other transcription factors, most often
the activator protein 1 (AP-1) complex. The AP-1 complex, activated via the
Ras/MAPK pathway, is a dimer composed of members of the Jun and Fos
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families of transcription factors (Crabtree 1999). The cooperative binding of the
NFAT and the AP-1 complex to the NFAT-binding sites enhances the stability of
NFAT/DNA-interaction (Crabtree 1999).

The activity of the NFAT is regulated by Ca2+-dependent serine/threonine
phosphatase, calcineurin, which dephoshorylates NFAT and thereby triggers its
nuclear translocation. In order to activate its target genes, NFAT has to be
maintained in the nucleus. Since rephosphorylation of NFAT by a constitutive
cellular kinase activity results in nuclear export of NFAT, a prolonged Ca2+

stimulus is required for effective activation of NFAT (Timmerman et al. 1996,
Dolmetsch et al. 1997). In T cells, such a Ca2+ signal is generated by activation of
the capacitative calcium entry (CCE) (Putney 1999). Activation of TCR
stimulates production of IP3 (via PLCγ1 activation) that evokes a biphasic
increase in intracellular free Ca2+ levels. An IP3-dependent activation of inositol
1,4,5-trisphosphate receptor (IP3R) in the endoplasmic reticulum (ER) membrane
triggers a rapid and transient Ca2+ signal by releasing Ca2+ from the intracellular
Ca2+ stores in the ER. Depletion of these stores activates store-operated calcium
channels (SOCs) in the plasma membrane by a mechanism that is incompletely
understood (Putney 1999). Some investigators believe that a soluble messenger
mediates this signal whereas others have suggested that physical connection
between the channel molecules, IP3R and SOC, is required for activation of CCE
(Putney 1999).

Effects of Nef on T cell signaling

The effects of Nef on T cell signaling have been extensively studied. However,
drawing a coherent picture based on these observations is difficult because not all
of the experimental systems are comparable with each other. Productive infection
of resting peripheral blood mononuclear cells (PBMCs) requires activation of
CD4-positive T lymphocytes (Stevenson et al. 1990). Furthermore, HIV-LTR-
driven transcription is induced by T cell mitogens (Siekevitz et al. 1987, Tong-
Starksen et al. 1987). Because of such a correlation between T cell activation and
viral replication it would seem logical that the effects of Nef on T cell signaling
were positive. Accordingly, studies in Nef-transgenic mice demonstrated
hypersensitive T cell responses (Skowronski et al. 1993, Hanna et al. 1998).
Surprisingly, several studies in lymphoid cell lines implicate Nef as a negative
regulator of T cell signaling (Table 1). Although the proposed mechanisms of
how Nef modulates T cell activation are diverse, the T cell receptor (TCR)-
triggered cascades, especially the receptor proximal events, have frequently been
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suggested to be the targets for Nef function (positive or negative). The possible
roles of some of the reported Nef effectors are discussed below.

Table 1. Reported effects of Nef on T cell activation

Negative effects • Nef blocks TCR- or mitogen-induced production of IL-2
mRNA (Luria et al. 1991)

• Nef inhibits TCR- or mitogen-induced DNA-binding of
NF-κB and AP-1 (Niederman et al. 1992, Niederman et
al. 1993, Bandres and Ratner 1994)

• Inhibition or activation of the early events of TCR-
signaling by Nef depending on its intracellular
localization (Baur et al. 1994)

• Nef interacts with Lck and inhibits its catalytic activity
(Collette et al. 1996)

• Nef binds to Lck and MAPK and inhibits their catalytic
activities (Greenway et al. 1996)

• Nef inhibits induction of an early activation antigen
CD69 by blocking a TCR-proximal event (Iafrate et al.
1997)

No effects • Nef does not alter mitogen- or various receptor-mediated
T cell responses (Schwartz et al. 1992, Carreer et al.
1994)

• Expression of Nef from a stably integrated provirus does
not modify responses in antigen-dependent T cells upon
antigenic stimulus (Page et al. 1997)

• Nef does not modulate mitogen-induced activation of
NF-κB or AP-1 (Yoon and Kim 1999)

Positive effects • Thymocytes from Nef-transgenic mice are
hyperresponsive to TCR-mediated stimulus (Skowronski
et al. 1993, Hanna et al. 1998)

• Activation or inhibition of the early events of TCR-
signaling by Nef depending on its intracellular
localization (Baur et al. 1994)

• Nef stimulates production of IL-2 from Herpesvirus
saimiri transformed T cells (Alexander et al. 1997)

• Nef from an aggressive strain of SIV (pbj14) activates T
cell signaling (Luo and Peterlin 1997)

• Nef upregulates FasL expression by interacting with the
TCRζ chain (Xu et al. 1999)

• Nef enhances T cell responsiveness for TCR-mediated
activation (Schrager and Marsh 1999, Schibeci et al.
2000, Wang et al. 2000)

• Nef interacts with IP3R1 to activate Ca2+/calcineurin
pathway independently of TCR-proximal signaling
events (IV, V, VI)
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Nef and T cell receptor zeta chain (TCRζζζζ)

The Nef proteins of HIV-2 and SIV (but not HIV-1) were shown by two groups
to interact with the zeta chain of T cell receptors (TCRζ) (Bell et al. 1998, Howe
et al. 1998). Subsequently, Xu et al. demonstrated that a membrane-targeted form
of HIV-1 Nef associated with TCRζ but via different molecular interactions (Xu
et al. 1999). A functional PxxP-motif of HIV-1 Nef was required for TCRζ-
binding (Xu et al. 1999), whereas abrogating this region in HIV-2 or SIV Nef had
little effect on their association with TCRζ (Howe et al. 1998). Possible
biological functions related to these interactions included downregulation of
components of the T cell receptor (Bell et al. 1998) and upregulated surface
expression of FasL in infected cells (Xu et al. 1999). Upregulation of FasL
expression by Nef has been reported also in several other studies (Dittmer et al.
1995, Xu et al. 1997, Hodge et al. 1998b, Zauli et al. 1999). The increased
abundance of this pro-apoptotic ligand for Fas (Apo-1, CD95) on the cell surface
may protect infected cells from CTL-mediated killing by inducing apoptosis in
Fas-expressing HIV-specific CTLs (Xu et al. 1997, Xu et al. 1999, Zauli et al.
1999).

Nef and Src-family tyrosine kinases

The interactions between the PxxP-motif of Nef and the SH3 domains of Hck and
Lyn were the first PxxP-mediated interactions characterized for Nef (Saksela et
al. 1995). More recently an SH3-mediated binding of other Src family kinases,
Lck (Greenway et al. 1995, Collette et al. 1996, Greenway et al. 1996, Dutartre et
al. 1998, Cheng et al. 1999), Fyn (De and Marsh 1994, Lee et al. 1995, Arold et
al. 1997, Arold et al. 1998, Cheng et al. 1999) and Src (Du et al. 1995, Lang et
al. 1997) to Nef have been reported. The affinity of these interactions, however,
seems to be several orders of magnitude lower than those of Nef to Hck or Lyn
(Lee et al. 1995, Arold et al. 1998). The interaction surfaces between the PxxP-
motif of Nef and the SH3 domains of Hck or Fyn have been described in detail
(Grzesiek et al. 1996b, Lee et al. 1996, Arold et al. 1997, Grzesiek et al. 1997). A
left-handed polyproline helix formed by the proline-rich sequence is the minimal
ligand for SH3 domains, and additional specificity and strength are provided by
stabilizing interactions between the SH3 variable loop (RT-loop) and regions in
Nef outside of the PxxP-motif (Lee et al. 1996).
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Nef induces a catalytically active conformation of Hck in vitro by binding to its
SH3 domain and thereby relieving intramolecular inhibitory interactions (Moarefi
et al. 1997). Briggs et al. reported that such activation also takes place in
fibroblasts as co-expression of Nef and Hck led to malignant transformation in
Rat1 fibroblasts (Briggs et al. 1997). Also in monocyte/macrophage-like cells,
which are a more relevant model for studying Hck activation, Nef and Hck have
been shown to interact with each other (Foti et al. 1999). Moreover, Biggs et al.
observed Hck-dependent induction of AP-1 DNA-binding in Nef-expressing
macrophages (Biggs et al. 1999). In addition to the enhanced transcription of the
integrated provirus, Nef-mediated activation of Hck in infected
monocytes/macrophages could lead to stimulated secretion of cytokines and/or
other factors that establish a favourable environment for virus spread as reported
by Swingler et al. (Swingler et al. 1999, see page 27).

The expression pattern of Hck, as well as the lesser-studied Lyn that is likely to
be analogously regulated by Nef, suggests that upregulation of its catalytic
activity may play a role only in a subset of HIV-susceptible cells, namely
macrophages and monocytes (Brickell 1992). However, most of the HIV
replication takes place in CD4-positive T lymphocytes that predominantly
express Lck and Fyn (Brickell 1992). Lck and Fyn are intimately involved in the
early events of T cell receptor-mediated signaling, where they have partially
redundant roles (Denny et al. 2000). In contrast to Hck, Lck activity seems to be
negatively regulated by Nef (Collette et al. 1996, Greenway et al. 1996). Whether
Nef has any effects on the activity of Fyn in T cells is not known, but in Rat2
fibroblasts co-expression of Nef inhibits the transforming activity of Fyn (Briggs
et al. 2000). It is not clear how inhibition of the catalytic activities of Lck and/or
Fyn in T cells could contribute to the positive effects of Nef on viral replication.
In any case, the molecular mechanism must be fundamentally different from that
suggested for Nef and Hck in monocytes/macrophages.

An uncharacterized serine kinase reportedly associates with the N-terminus of
Nef (Baur et al. 1997). The biological relevance of this interaction is not known
but it may stabilize the association between Nef and Lck (Baur et al. 1997).

Nef and VAV

Fackler et al. implicated VAV, a guanine nucleotide exchange factor centrally
involved in T cell signaling, as a Nef effector molecule (Fackler et al. 1999). Nef
was found to bind via its proline-rich region to the C-terminal SH3 domain of
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VAV1 and VAV2 (Fackler et al. 1999). This led to cytoskeletal rearrangements
and activation of the JNK/p38-cascade in murine fibroblasts (Fackler et al. 1999).
Although it is not known whether the activation of VAV by Nef occurs in T cells,
this observation represents another possible mechanism how Nef may promote
viral replication by activating T cells.

Nef and p21-activated kinase 2 (PAK2)

Sawai et al. reported that Nef associates with a cellular 62kDa serine threonine
kinase, which they called Nef-associated Kinase (NAK) (Sawai et al. 1994).
Subsequently, accumulating evidence suggested that this kinase belongs to the
family of p21-activated kinases (PAKs) (Lu et al. 1996, Nunn and Marsh 1996,
Sawai et al. 1996, Sawai et al. 1997, I). Recently, we identified this kinase as
PAK2 (II). This finding was confirmed by others (Arora et al. 2000) while
Fackler et al. suggested that also PAK1 could also act as NAK (Fackler et al.
2000).

Figure 5. Schematic representation of human PAK2

PAKs have been implicated in a variety of cellular responses, reorganization of
the actin cytoskeleton, activation of the MAPK-signaling cascades and apoptosis
(Sells and Chernoff 1997, Bagrodia and Cerione 1999). Interestingly, PAK
signaling seems to play an important role also during T cell activation (Bubeck
Wardenburg et al. 1998, Yablonski et al. 1998). Four mammalian PAK family
members have been identified, PAK1 (PAKα), PAK2 (PAKγ), PAK3 (PAKβ),
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which are highly homologous and PAK4 that is less conserved (Bagrodia and
Cerione 1999). PAK1, -2 and -3 contain, in addition to nearly identical C-
terminal kinase domain, several conserved motifs known to mediate protein-
protein interactions. The N-terminal PxxP-motif binds to the second (of three)
SH3-domain of an adaptor protein Nck (Bagrodia et al. 1995b, Lu et al. 1997,
Zhao et al. 2000). The autoregulatory (AR) region consisting of a Cdc42/Rac1
interactive binding (CRIB)-domain and an autoinhibitory domain is also located
in the N-terminus (Burbelo et al. 1995, Thompson et al. 1998, Lei et al. 2000,
Morreale et al. 2000). The PIX/Cool-binding motif preceding the kinase domain
connects PAKs with the guanine exchange factor (GEF) β-PIX/Cool-1 (Bagrodia
et al. 1998, Manser et al. 1998). Interestingly, only PAK2 has a recognition site
for DEVD-sensitive caspases (Rudel and Bokoch 1997). The caspase-mediated
proteolytic cleavage generates a constitutively active form of PAK2 that seems to
be involved in apoptotic processes (Rudel and Bokoch 1997, Rudel et al. 1998).

The catalytic activities of the three highly homologous PAKs (1-3) are controlled
at multiple levels. In the absence of a bound G-protein, the catalytic domain of
PAK interacts with the autoinhibitory domain adjacent to the CRIB-motif thereby
locking the enzyme in an inactive conformation (Frost et al. 1998, Zhao et al.
1998, Tu and Wigler 1999). Upon CRIB-mediated binding of PAK to the GTP-
bound Cdc42 or Rac1, the intramolecular inhibitory interaction is disrupted
resulting in an active conformation of PAK (Manser et al. 1994, Martin et al.
1995). Another level of control is brought about by regulation of the cellular
localization of PAK by intermolecular interactions. The PIX/Cool proteins appear
to recruit PAK to the focal complexes (Manser et al. 1998). Although the
PIX/Cool-mediated targeting of PAKs to these complexes is important for PAK-
induced changes in the cytoskeletal organization, such as formation of membrane
ruffles, lamellipodia, filopodia and focal complexes, the exact role of PAK in
these phenomena has remained somewhat elusive because of the incoherence of
the reported findings (Bagrodia and Cerione 1999). A partial explanation for
these differences could be that PAK seems to regulate morphological changes by
both kinase-dependent and -independent mechanisms (Frost et al. 1998).
Engagement of receptor tyrosine kinases (RPTKs) or TCR leads to plasma
membrane targeting of the adaptor protein Nck that recruits PAK by binding to its
N-terminal PxxP-motif (Galisteo et al. 1996, Lu et al. 1997, Yablonski et al.
1998). Membrane-recruitment seems to be sufficient for PAK activation that is
likely to be mediated by Cdc42/Rac1-dependent mechanisms (Lu et al. 1997).
PAKs have been implicated in activation of the MAPK subgroups JNK/p38
(Bagrodia et al. 1995a, Zhang et al. 1995, Brown et al. 1996) and Erk2 (Lu et al.
1997, King et al. 1998, Yablonski et al. 1998). Whereas a functional interplay
between PAK and Raf-1 at least partially mediates the Erk2 activating effects of
PAK (King et al. 1998), the mechanism by which PAK regulates the JNK/p38-
activity is less clear.
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Multiple regions in Nef have been shown to be important for association with
PAK2. Although PAK2 does not contain SH3 domains, the PxxP-motif of Nef is
critical for its ability to coprecipitate with PAK2 (Wiskerchen and Cheng-Mayer
1996, Khan et al. 1998, I). Therefore, it is possible that another protein containing
an SH3 domain is involved in forming a trimeric complex with Nef and PAK2.
Residues outside the proline-rich region of Nef have also been implicated in
PAK2 interaction (Sawai et al. 1995, Wiskerchen and Cheng-Mayer 1996, I).

The ability of Nef to associate with PAK2 has been correlated with enhanced
viral replication, particle infectivity and induction of simian AIDS (Wiskerchen
and Cheng-Mayer 1996, Khan et al. 1998). In contrast, Luo et al. found that the
enhancement of HIV infectivity by Nef is independent of PAK association, at
least for some viral isolates (Luo et al. 1997). Moreover, Lang et al. observed that
macaques infected with a mutant virus developed simian AIDS before significant
amount of reversions to the PAK-binding phenotype emerged (Lang et al. 1997).
Whether the capacity to bind to PAK2 represents a biologically significant
function of Nef, remains to be proven.

Nef and protein kinase C-θθθθ (PKCθθθθ)

Protein Kinase C isozyme theta (PKCθ) is the only PKC isozyme that is recruited
to the supramolecular activation clusters (SMACs) upon TCR activation (Monks
et al. 1997). Moreover, several lines of evidence suggest an important role for
PCKθ in T cell activation (Werlen et al. 1998, Villalba et al. 2000). Nef has been
reported to coprecipitate with PKCθ (Smith et al. 1996). Upon activation (e.g.
with mitogens), PKC isoforms translocate from the soluble fraction to the
particulate fraction. In Nef-expressing cells, such a translocation of PKCθ did not
occur (Smith et al. 1996). Moreover, the levels of PKCθ were reduced in Nef-
expressing cells, and the authors speculated that Nef inhibits binding of PKCθ to
its natural substrates and thereby renders it susceptible for degradation. These
effects of Nef on PKCθ may lead to impaired signaling in T cells (Smith et al.
1996).

Nef and c-Raf1

The c-Raf-1 serine/threonine protein kinase is an integral part of the Ras/MAPK
cascade that plays a critical role in the proliferation of most cell types, including
T cells (Yuryev and Wennogle 1998). A highly conserved acidic carboxy-
terminal region in Nef was shown to mediate binding of Nef to c-Raf1 (Hodge et
al. 1998a). Interestingly, mutating this motif abrogated the ability of Nef to
downregulate CD4 expression (Aiken et al. 1996, Iafrate et al. 1997). These same
residues have also been implicated in binding of Nef to the catalytic subunit of
vacuolar ATPase (Lu et al. 1998).
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Nef and mitogen activated protein kinase p44 (MAPK/Erk1)

Greenway et al. demonstrated that the mitogen activated protein kinase p44
(MAPK/Erk1) could be coprecipitated from cellular extracts with a recombinant
glutathione-S transferase (GST)-Nef fusion protein (Greenway et al. 1995). The
binding of Nef to Erk1 required the PxxP-motif of Nef and led to inhibition of the
catalytic activity of Erk1 (Greenway et al. 1996). It is unclear how the SH3-
ligand domain of Nef contributes to this interaction because Erk1 does not have
SH3 domains.

Other mechanisms of modulation of T cell signaling by Nef

Swingler et al. recently reported that Nef-expression in macrophages induced
secretion of two chemokines, macrophage inflammatory protein (MIP)-1α and
MIP-1β and a yet uncharacterized T cell activating protein (Swingler et al. 1999).
Via recruitment and activation of T lymphocytes, these factors could provide new
susceptible target cells at sites of viral replication (Swingler et al. 1999). Perhaps
related to this finding, Nef has been shown to upregulate activator protein 1 (AP-
1)-mediated signaling (Biggs et al. 1999) and to modulate calcium metabolism
(Foti et al. 1999) in macrophage/monomyelocytic cell lines. Another interesting
possibility is raised by studies suggesting that also extracellular Nef protein could
contribute to the deregulation of cellular signaling in T cells and/or
monocytes/macrophages (Brigino et al. 1997, Alessandrini et al. 2000, Haraguchi
et al. 2001).
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5. AIMS OF THE STUDY

Nef has been shown to modulate cellular signal transduction pathways, but the
molecular mechanism of this function of Nef as well as the critical cellular Nef
effector molecules have remained elusive. The aim of this study was to develop in
vitro models and use them to study the effects of Nef expression on cellular signal
transduction pathways and to characterize cellular proteins interacting with Nef.

Detailed aims of the study were:

1. To characterize the Nef-associated kinase (NAK) and the structural/
functional requirements for Nef/NAK interaction

2. To study the effects of Nef expression on T cell activation and characterize
the molecular mechanisms of these effects
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6. MATERIALS AND METHODS

6.1. Cell lines

The human T cell leukaemia cell line Jurkat E-6 (JE-6) derived from American Type Culture
Collection (ATCC; Bethesda, MD), J.CaM1.6 (a Jurkat clone devoid of functional Lck
expression provided by Dr. Tomas Mustelin), J.51-31 (a Jurkat clone stably expressing inducible
BH10 Nef construct) and its parental clone MT11 (Cooke et al. 1997) (both kindly provided by
Dr. Mark Harris, Leeds Univ., UK), A3.01 (a CEM, human T cell line derivative obtained from
National Institutes of Health AIDS Research and Reference Reagent Program), a Jurkat subclone
stably expressing the antisense cDNA for IP3R1 (Jayaraman et al. 1995), referred to as
J.IP3R1AS later in this study (kindly provided by Dr. A. Marks, Columbia University, New
York) and MT-4 T cells (a kind gift from Anssi Lagerstedt from our institute) were grown in
RPMI 1640 (BioWhittaker) medium supplemented with 2mM glutamine (Hyclone), 10% fetal
bovine serum and with or without antibiotics (100units/ml penicillin and streptomycin; Gibco,
Lifetechnologies) as indicated. HEK293T cells, a human embryonic kidney fibroblast-derived
cell line (ATCC), HepG2, a human hepatoma cell line (ATCC) and HeLa (BH10) cell line stably
transfected with inducible BH10 Nef construct (Cooke et al. 1997) were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Hyclone) containing 10% FCS, 2mM L-glutamine, and
100units/ml of penicillin and streptomycin (Gibco, Lifetechnologies).

6.2. Antibodies

Polyclonal αCD3 (HIT3a) was purchased from Pharmingen (San Diego, CA). Polyclonal sheep-
αNef (BH10)/αGST-antibody was kindly provided by Dr. Mark Harris (Leeds University, UK).
Mouse monoclonal antibodies (2A3, 3A2, 6.2, 2H12, 3E6, 3F2.1, 3D12 and 2F2) raised against
different epitopes of Bru isolate of HIV-1 Nef were provided by Dr. K. Krohn from our institute.
Fluorescein isothiocyanate (FITC)-conjugated CD4-antibody was purchased from Pharmingen.
Anti-PAK antibodies (P1N, P1C, P2N, PAK2V and P3N) were purchased from Santa Cruz
Biotechnology. Antibodies against PAK1-R1, PAK2-R2 and PAK3-R3 were raised in rabbits
against cocktails of selected sequences that are divergent in the different PAK proteins. Peptides
were made as multiple-antigen peptides, (peptide)8-K4-K2-K-A. Anti-HA antibodies were from
BabCO.

6.3. Transfection

Calcium phosphate (I)

Plasmid DNA was mixed with 62µl of 2M CaCl2 and sterile water was added up to 500 µl. An
equal volume of 2×HEPES solution (280mM NaCl, 1.5mM Na2HPO4, 55mM N-2-
hydroxyethylpiperazine-N´-2-ethanosulfonic acid (HEPES) pH 7.0) was added dropwise into the
DNA/CaCl2 mixture while tapping the tube. Transfection mixture was immediately dispersed
onto exponentially growing 293T cells (~ 50-70 % confluency) in a 10-cm dish (Greiner). The
next day the medium was replaced with fresh medium.

Lipofectamine (II, IV)

Lipofectamine (Gibco Life Technologies) transfections of 293T cells were carried out in 6-well
plates (Greiner) according to the manufacturer’s instructions. In brief, 24 hours before
transfections, 6×105 cells were seeded per well. A total of 2µg of plasmid DNA was diluted by
100µl of OPTIMEM (Gibco Life Technologies) and mixed with 5µl of Lipofectamine in 895µl
of OPTIMEM. The mixture was incubated for 30 minutes at room temperature, after which it
was added dropwize onto the cells. After 4 hours of incubation (+37°C, 5% CO2), 2ml of
complete DMEM was added to the wells.
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Fugene (III, IV)

Jurkat E-6 cells (JE-6; from ATCC) were maintained in complete RPMI 1640 medium without
antibiotics. The cultures were diluted to 5-6×105 cells per millilitre one day prior to transfection.
Two million exponentially growing cells were transfected with Fugene transfection reagent
(Roche Molecular Biochemicals) according to the manufacturer’s instructions. In short, Fugene
(3:2 ratio {µl Fugene/µg DNA}; total amount of DNA ~ 4µg/2 million cells) was incubated with
OPTIMEM medium (Gibco, Life Technologies) for 5 minutes at RT before adding the mixture
onto undiluted DNA in an eppendorf tube. The Fugene/DNA mixture was incubated for a further
15-30 minutes at RT followed by dropwize pipetting onto cells.

DMRIE-C (IV, V, VI)

Jurkat E-6, JIP3R1AS, A3.01 and MT-4 cells were maintained in complete RPMI 1640
(BioWhittaker) medium. DMRIE-C (5:6 ratio {µl DMRIE-C/µg DNA}: total amount of DNA ~
4µg/1.5million cells) was incubated in 250µl of OPTIMEM for 20 minutes at room temperature.
Plasmid DNA was diluted in 250µl of OPTIMEM. DMRIE-C and DNA dilutions were mixed
and incubated at RT for 45 minutes. Exponentially growing cells were pelleted, washed once
with OPTIMEM, resuspended into OPTIMEM at 1.5×106 cells/ml and pipetted onto lipid/DNA
mixture. The cells were incubated in a humidified incubator (37°C, 5% CO2) for 4 hours, and
1.5ml of RPMI 1640 supplemented with 2mM glutamine and 15% FCS per well was added.

6.4. Measurement of protein concentration (I, II, III)

The protein concentrations of cytoplasmic cell extracts were measured with Biorad protein assay
kit (Biorad) according to the manufacturer’s instructions. In brief, 12µl of the lysate was mixed
with 62µl of the A+S solution in a 1cm light path cuvette (Kartell). Five hundred microliters of
solution B was added into the cuvette followed by immediate gentle vortexing. After 15-30
minutes incubation absorbance was read at 750nm wavelength with a Genesys 5
spectrophotometer (Spectronic).

6.5. Immunoprecipitation (I, II, III, IV)

The cells were washed once with standard phosphate-buffered saline and lysates were prepared
using either In Vitro Kinase assay (IVKA) lysis buffer (50mM N-2-hydroxyethylpiperazine-N´-
2-ethanosulfonic acid (HEPES) pH 7.4; 150mM NaCl; 10% glycerol; 1% Triton X-100; 1mM
ethyleneglycol-bis-β-aminoethyl ether N,N,N',N' tetra-acetic acid (EGTA); 1.5mM MgCl2,
containing 1mM phenylmethylsulfonylfluoride (PMSF), 10µg/ml aprotinin, 10mM sodium
fluoride and 1mM sodium orthovanadate) (I, II, VI) or 1×Cell Culture Lysis buffer (Promega)
(IV). Appropriate antibodies were added to the cell lysates followed by a 4 hours to overnight
agitated incubation at +4°C. Protein A (or G) Sepharose beads (Sigma) were added and the
incubation was continued for 30 minutes. The beads were pelleted (table-top centrifuge, 5000
rpm, 30 seconds), washed three times with 500µl of IVKA lysis buffer, with a centrifugation
step in between each successive wash.

6.6. Western blotting (I, II, III, V, VI)

Immunocomplexes (from immunoprecipitation) were boiled in ~ 30 µl of 1×Laemmli sample
buffer (200mM Tris-HCl pH8.8, 20% glycerol, 5mM ethylenediamine N,N,N',N' tetraacetic acid
(EDTA), 0.02% bromophenol blue (BPB), 4% sodium dodecylsulphate (SDS), 50mM
dithiotreitol (DTT)). Whole cell extracts and cytoplasmic extracts were mixed with an equal
volume of 2×Laemmli sample buffer. Proteins were separated by sodium dodecylsulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose filters
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(Hybond) with a semi-dry blotter (Biorad) according to standard protocols. Filters were rinsed
once in standard phosphate-buffered saline (PBS) containing 0.05% Tween 20 (PBS-T 0.05%)
and blocked either in PBS-T 0.05% containing 5% bovine serum albumin (BSA) and 0.05%
NaN3 or in PBS-T 0.05% containing 5% non-fat milk at RT for 45 minutes or overnight at +4°C.
The blocking solution was removed and a primary antibody was added in PBS-T 0.05%
followed by one hour (RT) to overnight (+4°C) incubation. After three washes with PBS-T
0.05%, the membranes were incubated for 30 minutes with a 1:3000 dilution of biotinylated
αmouse- or αrabbit-IgG in PBS-T 0.05% containing 3% BSA and 0.05% NaN3, washed three
times with PBS-T 0.05%, incubated 20 minutes with a 1:5000 dilution of streptavidin-
conjugated horseradish peroxidase (Amersham) in PBS-T 0.05% and washed again three times.
Antibody/enzyme-complexes were visualized by enhanced chemiluminescence (ECL)
(Amersham) according to the manufacturer’s instructions.

6.7. In vitro kinase assay (I, II, III)

The immunoprecipitated complexes on beads were subjected to two additional washes with
IVKA buffer (50mM HEPES, pH 7.4; 10mM MgCl2). γ-32P-ATP (2,5µCi) was added to the
bead-bound immunocomplexes (in 50-100 µl of IVKA buffer) and incubated at +37�C for 20
minutes. The beads were washed twice with ice-cold PBS and boiled for 2 minutes in
1×Laemmli sample buffer. The phosphorylated proteins were separated by SDS-PAGE and
visualized by autoradiography.

6.8. Re-immunoprecipitation assay (II, III)

After immunoprecipitations and subsequent in vitro kinase assays, the beads were washed with
PBS and incubated with 1mg/ml of the peptide corresponding to the epitope used for
immunoprecipitations. Eluted proteins were subjected to beads prebound with antibodies and
incubated overnight at +4°C. The beads were washed with PBS and boiled in 1×Laemmli
sample buffer. Proteins were run on SDS-PAGE and visualized by autoradiography.

6.9. Limited in-gel protease digestion (II)

Radiolabelled bands were cut from SDS-polyacrylamide gels and allowed to rehydrate in a 1:10
diluted Laemmli sample buffer. Gel pieces were transferred into the wells of a 13 % SDS-
polyacrylamide gel and minced with a needle. Chymotrypsin (500ng per well, Sigma) or
endoproteinase Glu-C from Staphylococcus Aureus V8 (2µg per well, Sigma) were added into
the 1:10 Laemmli sample buffer. After stacking, the electrophoresis was stopped for 30 minutes
and then continued overnight. After the electrophoresis, the gel was dried and exposed to
Biomax MR film (Kodak).

6.10. In vitro caspase digestion (II)

After the in vitro kinase assay, the beads were washed with PBS, equilibrated with digestion
buffer (DB; 25mM HEPES pH7.4, 1mM DTT) and incubated with 40ng of caspase 3
(Calbiochem) in DB at +37°C for the indicated time points. The reactions were stopped by the
addition of 1×Laemmli sample buffer.

6.11. Luciferase reporter assay (IV, V)

Twenty hours after transfection the cells were either left untreated or were treated with various
agents (50ng/ml αCD3, 1µg/ml αCD28, 50 ng/ml PMA, 1µg/ml A23187, 30ng/ml thapsigargin)
or their combinations for 4-6 hours prior to their harvest and lysis. When indicated, cells were
pretreated for 30 minutes before stimulations with one of the following substances: 200nM
cyclosporin A (CsA), 500µM EGTA, 200µM wortmannin (WM), 5nM 4-amino-5-(4-
methylphenyl)-7-(t-butyl)-pyrazolo-[3,4-d]-pyrimidine (PP1) or 75nM 2-aminoethyoxydiphenyl
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borane (2-APB). Cells were pelleted and washed once with standard phosphate buffered saline
and lysed in 200µl of cell culture lysis buffer (Promega, Madison, WI). Luciferase activity was
measured with Promega luciferase reagents and a Luminova 1254 (Labsystems, Finland)
luminometer. For the measurement of β-galactosidase activity 100µl of lysate was mixed with
10µl of LacZ-buffer (500nM NaCl, 100nM MgCl2, 100mM β-mercaptoethanol) followed by
addition of 100µl of 10mM O-nitrophenyl-β-D-galactopyranoside (ONPG; from Sigma). The
reactions were incubated at +37°C overnight or until yellow colour appeared, after which their
absorbances were measured at 420 nm. The absorbance value of each sample was divided by the
mean of all the samples. The raw luciferase counts of each sample were divided by this ratio to
normalize for transfection efficiency.

6.12. Assay for analyzing CD4-downregulation (V)

Forty-eight hours after transfection the cells (cotransfected with either empty pEF-BOS
expression vector or different Nef mutants together with pEF-BOS-GFP and pSV40-CD4) were
harvested and washed with PBS containing 0,1 % BSA (PBS-B). The cells were labeled with
10µl phycoerythrin-conjugated anti-human CD4-antibody (Pharmingen) for 30 minutes. After
two washes with PBS-B, the labeled cells were fixed with PBS containing 1%
paraformaldehyde. The surface expression of CD4 was analyzed on GFP-positive cells by
FACScan flow cytometry (Becton Dickinson).

6.13. Recombinant protein production in Escherichia coli (I)

The expression and purification of the GST and MBP fusion proteins in Escherichia coli BL21
were carried out according to manufacturer's instructions (Pharmacia and New England Biolabs,
respectively). After elution from their respective affinity beads, the fusion proteins were
concentrated and changed into the desired buffers by successive rounds of micro concentration
using Centrex UF2 columns (Schleicher & Schuell). The buffer of the GST-Nef proteins was
changed to HBS (10mM HEPES pH7.4, 150mM NaCl, 3mM EDTA) containing 0.005% (v/v)
surfactant P20 and 1mM dithiotreitol (DTT), (HBS-plus) in which they were subjected to
thrombin cleavage (1U/0.2mg fusion protein) for 4-6 hours at +37°C. The MBP proteins were
biotinylated using the EZ-Link Sulfo-NHS-LC-Biotin reagent as suggested by the manufacturer
(Pierce), but less biotin was used, molar ratio of protein:biotin was 1:2). The samples were then
subjected to multiple additional rounds of microconcentration to remove any free biotin.

6.14. Measurement of protein-protein interactions by surface plasmon resonance (I)

Surface plasmon resonance (SPR) experiments were carried out using Biacore X apparatus
(Pharmacia Biosensor, Uppsala). An SA biosensor chip (Pharmacia Biosensor) with pre-
immobilized streptavidin was coated with biotinylated MBP (to the reference channel) or MBP-
Hck-SH3 (to the test channel) proteins (100ng/ml in HBS-plus) by serial short injections (at a
flow rate of 5µl/minute). The attachment of the ligands was monitored by the changes in the
refractive index and was set to ~2200 (MBP-Hck-SH3) and ~2000 (MBP) response units (RU),
corresponding to the relative difference in their molecular weights. After the immobilization of
the biotinylated ligands, the chip was subjected to three rounds of preregeneration cycles, which
were subsequently applied once between each Nef injection. One regeneration cycle consisted of
successive 1-min pulses (flow rate of 5µl/min) of pH 2.2 glycine buffer, 0.05 % SDS and 4 M
urea. Some loss of the refractive index was observed during the first and the second cycles but
no longer during the third cycle of this regeneration treatment. The injections of different Nef
proteins were done using concentrations ranging from 4.0 to 0.0125 µM, with a flow rate of 5
µl/min at +25°C in HBS-plus buffer. Each chip was used for approximately 50 Nef injections,
during which no loss of the immobilized ligand or the capacity of the chip to bind a standard
solution of R71 Nef was observed. The sensograms, in which the refractive index values from
the reference channel were subtracted (to give corrected resonance units {cRU}), were analyzed
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using BIAevaluation (v3.0) software (Pharmacia Biosensor). The Scatchard plots and line fitting
was done with Excel (Microsoft) and were based on values from the sensograms at a 20-min
post-injection time point.

6.15. Nef/IP3R1-coimmunoprecipitation assay (VI)

Twenty-four million Jurkat or J.IP3R1 cells were transfected with 25µg of Nef or an empty pEF-
BOS vector using DMRIE-C (Gibco, Life Technologies) as described above. Twenty hours later,
the cells were washed once in standard phosphate-buffered saline and lysed in 700µl of IVKA
lysis buffer. Five hundred microliters of this lysate was mixed with 2µl of the polyclonal rabbit-
αIP3R1-antisera (A.G. Scientific Inc.) and into the remaining 200µl of the lysate 3µl of the
sheep-αNef/αGST polyclonal antisera was added. The mixtures were incubated at +4°C for 2
hours. Twenty-five microliters of Protein A-Sepharose beads (1:1 suspension in IVKA lysis
buffer) were added and the incubation was continued for 30 minutes at +4°C. The beads were
washed three times with 500µl of IVKA, boiled in 1×Laemmli sample buffer and proteins were
separated by SDS-PAGE. The proteins were transferred onto a nitrocellulose filter and subjected
to western blotting with the mixture of monoclonal αNef-antibodies followed by ECL detection
as described above.

6.16. Measurement of intracellular calcium with recombinant aequorin (VI)

Three million Jurkat cells were transfected with 3 µg of pEF-BOS-HA-aequorin (the
recombinant aequorin cDNA was derived from pcDNA-HA-aequorin, Molecular Probes)
together with other plasmids (total DNA amount up to 6 µg) by using DMRIE-C as described
above. Twenty hours later cells were pelleted and resuspended into 500µl of complete RPMI-
1640 medium containing 2.5µM coelenterazine h (Molecular Probes). The cells were incubated
with coelenterazine h for 1-4 hours, washed twice with 800µl of RPMI-1640 containing 2mM
glutamine and 1% FCS but without phenol red. The cells were suspended into 300µl of this
medium and calcium-dependent light production was continuously monitored with a Luminova
1254 (Labsystems, Finland) luminometer. At the end of each experiment, the cells were lysed in
300µl of hypotonic lysis buffer (10 mM Tris-HCl pH7.2, 0.1 mM EGTA) followed by addition
of 30mM CaCl2 to consume the remaining aequorin from each transfection. The total aequorin
signal measured along the whole experiment was used to normalize for transfection efficiency.

6.17. Fluorescent confocal microscopy analysis of the GFP-tagged NFATc

One million Jurkat cells were transfected with 2µg of pCMV-GFPNFATc (a kind gift from Päivi
Koskinen, University of Turku) together with 1µg of pEBB-Nef or an empty pEF-BOS
expression vector with DMRIE-C as described above. Twenty hours later cells were spun down
and resuspended into 30µl of RPMI-1640 complete medium. An equal volume of prewarmed
(40°C) PBS containing 1% low melting point agarose (molecular biology grade, FMC) was
added and the mixture was immediately pipetted between a glass slide and a coverslip (separated
by thin plastic spacers). Fluorescence microscopy images were taken with an Ultraview confocal
imaging system (Perkin Elmer) using Olympus X70 microscope.
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7. RESULTS AND DISCUSSION

7.1. Characterization of NAK as PAK2 (I, II, III)

Recent studies have indicated that Nef-associated kinase (NAK) has several
properties resembling those of the p21-activated kinases (PAKs) (Lu et al. 1996,
Nunn and Marsh 1996, Sawai et al. 1996). Four PAK isoforms have been
characterized: PAK1, PAK2, PAK3 and PAK4 (Bagrodia and Cerione 1999).
PAK1, 2 and 3 are highly homologous while PAK4 is more divergent and lacks
an aminoterminal PxxP-motif that has been shown to bind to Nck (Bokoch et al.
1996, Lu et al. 1997). Because NAK was found to associate with Nck (I, see
below), PAK4 was not a probable candidate for NAK.

We found that NAK was activated by a myristylated-Nck-SH3-2 (myrNck-SH3-
2) construct (I) that has been shown to activate PAK (Lu et al. 1997). Moreover,
we could confirm that a constitutively active form of a small p21GTPase Cdc42
(Cdc42V12), implicated in activation of PAK (Bagrodia and Cerione 1999),
robustly activated NAK as reported by others (I, Lu et al. 1996).

We used immunological and protease digestion-based methods to characterize
whether NAK represents a specific PAK-isoform or whether several members of
the PAK family can serve as NAK. We found that NAK was immunologically
related to PAK2 but not to PAK1 or PAK3 (II). The proteolytic digestion patterns
of PAK2 and NAK were seemingly identical and clearly differed from those of
PAK1 and PAK3 (II). Furthermore, NAK, like PAK2, was efficiently cleaved by
caspase 3 (II, Cohen 1997).

One of the problems in characterization of NAK has been that, although readily
visible in autoradiograms, NAK cannot be seen by western blotting techniques.
Surprisingly, having identified NAK as PAK2, overexpression of PAK2 did not
increase the amount of PAK2 coprecipitating with Nef (II). We therefore
examined if exogenous PAK2 can, however, replace endogenous NAK in the
complex with Nef. Our results clearly showed that exogenous PAK2, but not
PAK1, could substitute for endogenous NAK (II).

Fackler et al. suggested that a Nef allele from the SF2 strain of HIV-1 interacted
with PAK1 (Fackler et al. 2000). To test if different Nef proteins bind to different
PAK isoforms, we analysed different Nef variants (NL4-3, SF2 and HAN-2) in a
re-immunoprecipitation assay using our isoform specific anti-PAK antisera (III).
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Our results showed that regardless of the HIV-1 Nef variant used, NAK was
PAK2. Fackler et al. used a commercial αPAK1 antiserum that we have shown to
recognize both PAK1 and PAK2 (Fackler et al. 2000). Moreover, the PAK1-
derived peptide used by Fackler et al. to inhibit NAK-activity overlaps with the
conserved PAK autoregulatory domain and is expected to inhibit the CRIB-
mediated activation of all PAKs (Zhao et al. 1998, Tu and Wigler 1999, Lei et al.
2000). Therefore, the conclusion by Fackler et al. that SF2 Nef associates with
PAK1 seems to be a misinterpretation caused by reagents that fail to distinguish
PAK1 from PAK2. Furthermore, we demonstrated that NAK specifically
associates with PAK2 also in different cell lines (II). Recently, others have
confirmed our conclusion (Arora et al. 2000).

7.1.1. Structural features of Nef/PAK2 interaction (I, III)

PAK1 and PAK2 are highly homologous proteins but yet only PAK2 can
associate with Nef. To better understand the Nef/PAK2-interaction we pursued a
study to characterize the structural/functional determinants of both Nef and PAK2
required for their association.

The SH3 domain-binding function of HIV-1 Nef is required for association
with PAK2 (I)

None of the known PAK isoforms contain SH3 domains. Nevertheless, previous
studies suggested a role for the SH3-ligand domain of Nef in association with
NAK (Wiskerchen and Cheng-Mayer 1996, Lang et al. 1997). To study this
requirement in more detail, we examined the role of the SH3-binding function of
NL4-3 Nef in association with NAK by a mutational approach. As a model for
PxxP/SH3-mediated interaction we used a well-characterized interaction between
Nef and an SH3 domain of Hck (Lee et al. 1995, Lee et al. 1996).

Point mutations in the Nef gene were designed, based primarily on the previously
published Nef/SH3 cocrystal (Lee et al. 1996) and nuclear magnetic resonance
(NMR) structures (Grzesiek et al. 1997). The core of the PxxP-motif of NL4-3
Nef consists of P72Q73V74P75L76R77 residues that correspond to an SH3-ligand
consensus sequence (PxφPXR, where φ is a (typically small) hydrophobic amino
acid, see figure 6A) (Ren et al. 1993, Lim 1996, Mayer and Gupta 1998). The
P72 and P75 residues are the PxxP-defining prolines important for the correct
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folding of the polyproline type II helix (PPII helix). The V74 and R77 residues of
Nef form intermolecular (with an SH3 domain) and intramolecular (within Nef)
interactions that not only provide stability but also govern the minus orientation
of the PxxP-motif of Nef in binding to an SH3 domain (i.e. the PxxP-motifs can
bind to SH3 domains in two orientations, N- to C-terminal direction (+) and C-to
N-terminal direction (-)) (Feng et al. 1994, Lim et al. 1994, Lee et al. 1996). Due
to the helical structure of the PxxP-motif, the side chains of the Q73 and L76
residues point out of the helix on the opposite side as the SH3-contacting residues
and are thus not likely to directly participate in formation of the binding surface
for an SH3 domain (Figure 6A). In addition to the core PxxP-motif, a
hydrophobic pocket located outside the PxxP region provides stability and, more
importantly, specificity for Nef/SH3 interaction by accommodating an isoleucine
residue on the RT-loop of Hck-SH3 domain (Figure 6B). A phenylalanine residue
in Nef at position 90 in part contributes to this hydrophobic pocket.

Figure 6. PxxP-mediated interactions of Nef with SH3 domains.

A) The PxxP-motif of NL4-3 Nef. Due to helical structure of the polyproline
type II (PPII)-helix, Q73- and L76-residues (dark spheres) point away from
the SH3-contacting surface (light spheres)
B) Additional strength and specificity for the PxxP-mediated binding of
Nef to an SH3 domain is provided by a hydrophobic pocket that is in part
formed by F90 residue (white fonts). Similarly, the capacity of Nef to
coprecipitate PAK2 depends on the surfaces essential for SH3-binding
(white fonts). This implies that Nef/NAK-interaction depends on an
additional SH3-containing component. In addition, other residues, not
involved in SH3-binding, are required for Nef/NAK-interaction (black
fonts). These residues could directly participate in binding to PAK2.
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Table 2. Summary of the Nef-mutant proteins used in study I

Category 1:
Wild-type Nef variants Nef-T71, Nef-R71
Category 2:
Mutations in SH3-contacting residues
within the PxxP-motif

Nef-AxxP {P72A}, Nef-PxxA {P75A},
Nef-AxxA {P72A;P75A}, Nef-V74D,
Nef-R77E, Nef-VDRE {V74D;R77E}

Category 3:
Changes in non-SH3-contacting residues
within the PxxP-motif

Nef-P69A, Nef-QPLA {Q73P;L76A}

Category 4:
Mutations in SH3-contacting residues
outside the PxxP-motif

Nef-F90R

Category 5:
Mutations in non-SH3-contacting
residues outside the PxxP-motif

Nef-R106A, Nef-L112R, Nef-F121R

The effects of mutations on the SH3-binding capacity of Nef (I)

We studied the effects of these mutations on the prototypic PxxP/SH3-mediated
binding between Nef and the SH3 domain of Hck by measuring the surface-
plasmon resonance (SPR) with biacore biosensor apparatus as described in
materials and methods. In agreement with earlier reports (Lee et al. 1995), the
wild-type Nef alleles bound to the Hck-SH3 domain with high affinities. As
expected, the Nef mutants in category 2 with changes in SH3-contacting residues
had dramatically reduced SH3-binding capacity. Similarly, mutating the critical
phenylalanine (Nef-F90R) contacting the RT-loop of the Hck-SH3 domain
(category 4) reduced the affinity 10-fold as compared to the wild-type Nef-R71.
The Nef mutants with changes in residues not expected to participate in SH3-
binding (categories 3 and 5), on the contrary, bound to Hck-SH3 equally well as
wild-type Nef variants.

The effects of mutations on the capacity of Nef to coprecipitate PAK2 (I)

To correlate the data representing the SH3-binding capacity of different Nef
proteins to their ability to coprecipitate PAK2, we transiently expressed the same
Nef mutant proteins in 293T cells followed by Nef-immunoprecipitation and an
in vitro kinase assay. We found that only the wild-type Nef proteins (Nef-R71
and Nef-T71) efficiently coprecipitated PAK2. All of the Nef mutant proteins,
which were negative in SH3-binding, failed to associate with PAK2 indicating
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that an SH3-binding function of Nef is required. However, Nef proteins with
mutations in residues that were not involved in SH3-binding (categories 3 and 5)
also failed to coprecipitate PAK2. A similar finding has recently been reported by
others (Craig et al. 1999).

We confirmed that an intact diarginine motif (category 5) in the core region of
Nef is critical for association with PAK2 (Sawai et al. 1995). Nef-QPLA
(category 3) was capable of binding to Hck-SH3 but did not associate with PAK2.
By studying the available Nef/SH3-cocrystal and Nef-NMR data we found that
Q73 and L76 together with several other residues (including the L112 and F121,
category 5) form a hydrophobic surface that is exposed even when Nef is bound
to an SH3 domain. It is possible that this hydrophobic domain participates in
binding to PAK2 (Figure 6B). However, recent reports implicate the residues
involved in the formation of this hydrophobic surface, as well as R106, in
oligomerization of Nef (Arold et al. 2000, Liu et al. 2000). In such a scenario the
effects of these mutations would be less direct as they disrupt the oligomeric
structures of Nef that are thougth to be important for many of its cellular
functions.

Another interesting residue is P69 (category 3) since we and others have shown it
to be important for PAK2 interaction (I, Wiskerchen and Cheng-Mayer 1996).
Despite being the first of four prolines in the tetraproline repeat of Nef, P69 does
not contribute to SH3-binding. It is likely that the role of P69 is to correctly
position the N-terminal flexible arm of Nef. Whether the goal is to prevent the N-
terminus from interfering with the above-mentioned hydrophobic patch of Nef or
to allow contribution of some N-terminal residues to these interactions is not
known. An incorrectly bent N-terminus could also affect the membrane
association of Nef. However, Nef-P69A retains its capacity to downregulate CD4
and is therefore most likely membrane-bound (Wiskerchen and Cheng-Mayer
1996, our unpublished data).

The functional motifs of PAK2 required for association with Nef (III)

As mentioned earlier, none of the PAK species have SH3 domains but they do
have several other sequence motifs shown to mediate interactions with cellular
proteins. The PxxP-motif in the amino terminus of PAK binds to Nck (Bagrodia
et al. 1995b, Lu et al. 1997, Zhao et al. 2000), and the PIX-binding motif
mediates interaction with β-PIX/Cool-1 (Bagrodia et al. 1998, Manser et al.
1998). Rac1 and Cdc42, bind to the CRIB-motif in the autoregulatory region of
PAK (Burbelo et al. 1995, Thompson et al. 1998, Lei et al. 2000, Morreale et al.
2000). In addition, PAK2 is a substrate for DEVD-sensitive caspases (Rudel and
Bokoch 1997). Assuming that Nef and PAK2 interact with each other in a
multimolecular complex, exploring the roles of these functional domains would
help to define other proteins necessary for stabilizing Nef/PAK2-interaction.
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By generating chimeric proteins containing parts from both PAK1 and PAK2, we
showed that the carboxyterminal part of the autoregulatory region of PAK2
mediated association with Nef. In agreement with the differential capacity of
PAK1 and PAK2 to associate with Nef, this fragment is also one of the most
dissimilar regions between the PAK isoforms. However, it is possible that some
of the functional motifs outside this region may have additional roles in
Nef/PAK2 interaction. These functional domains could be important for
recruitment of additional components or for modification of the activity and/or
the conformation of PAK2 itself. A guanine exchange factor VAV has been
reported to directly bind to Nef both in cells and in vitro (Fackler et al. 1999).
Fackler et al. proposed a model where Nef, NAK, Cdc42/Rac1 and VAV together
form a signaling complex. This complex activated JNK/p38-cascade and
cytoskeletal rearrangements, both of which may contribute to increased viral
replication (Fackler et al. 1999). Another candidate is an adaptor protein Nck
whose second SH3 domain (of three) has been shown to be able to bind to NAK
(I). Additionally, PAK-interacting exchange factor (β-PIX) contains an SH3
domain (Manser et al. 1998).

We found that the PxxP-mutant, the caspase-mutant and the PIX-mutant
efficiently substituted for endogenous NAK. Thus, the interaction of PAK2 with
Nef does not depend on its capacity to interact with Nck, β-PIX or caspases.
Consequently, the roles of cellular proteins that interact with PAK2 through these
factors can also be considered dispensable for association with Nef. Moreover,
our attempts to detect interaction between Nef and Nck have been unsuccessful
(unpublished data). In contrast, the CRIB-motif in the aminoterminal part of the
autoregulatory region of PAK2 was found to be essential for association with
Nef. Interestingly, we also showed that NAK represents a highly active yet a
small subpopulation of PAK2. Such a form of PAK2 can be induced by Cdc42-
mediated activation. Thus, the CRIB-mediated activation of PAK2 is required to
make PAK2 a NAK. The requirement for a functional CRIB-motif is interesting
in light of the data showing functional interaction between VAV and Nef (Fackler
et al. 1999). However, in our preliminary experiments we have not been able to
confirm these findings (unpublished data).

7.1.2. The Nef/PAK2-interaction and viral replication

The role of PAK2 in the pathogenesis of AIDS is still unclear. Studies in SIV-
infected monkeys have yielded contradictory results (Sawai et al. 1996, Lang et
al. 1997, Khan et al. 1998). The involvement of PAK2 in apoptotic signaling
(Rudel and Bokoch 1997) provides a novel putative mechanism by which Nef
could protect the host cell from apoptosis (Xu et al. 1997, Xu et al. 1999).
Apoptosis in Jurkat T cells induced a Cdc42/Rac1-independent activation of
PAK2 by caspase-mediated cleavage (Rudel and Bokoch 1997). Moreover, cells
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overexpressing a dominant-negative mutant of PAK2 did not form apoptotic
bodies upon Fas-triggered apoptotic signal (Rudel and Bokoch 1997). Therefore,
in order to protect the host cell from Fas-mediated apoptosis Nef would have to
inhibit PAK2 activation. On the other hand, only highly active PAK associates
with Nef (III). This does not necessarily mean that Nef would activate PAK2-
mediated signaling. Although such reports have been published (Lu et al. 1996,
Sawai et al. 1996, Brown et al. 1999, Arora et al. 2000, Fackler et al. 2000), it is
possible that Nef inhibits PAK2 signaling by sequestering all of the available
highly active PAK2. In this context, it should be noted that, regardless of the
stimulus, only a small fraction of the total cellular pools of PAK2 are modified to
this highly active form (III). PAKs have also been implicated in regulation of the
cytoskeletal organization (Bagrodia and Cerione 1999). Consequently, Nef-
mediated modulation of PAK2 activity might facilitate the assembly and/or
budding of the progeny virions.

7.2. Nef and T cell signaling (IV, V, VI)

HIV-1 Nef synergizes with the Ras/MAPK-pathway to activate NFAT (IV)

To study the effects of ectopic Nef expression on T cell signaling we set up a
transient transfection assay in Jurkat T cell line and used the nuclear factor of
activated T cells/antigen receptor response element of the interleukin-2 gene
(NFAT/ARRE-2)-luciferase reporter system as a read-out for T cell activation
(see Figure 4, page 19). Because stable Nef expression is generally toxic in T cell
lines (e.g. Baur et al. 1994 and our unpublished data) we reasoned that by
transient expression system we could more reliably analyze the effect of Nef
since stable Nef-expressing cell lines might show altered growth properties.
Moreover, such a transient expression profile mimics probably better the situation
during the acute phase of productive HIV infection.

We found that Nef did not significantly modulate TCR- or PMA+ionophore-
triggered activation of NFAT-driven transcription. The basal NFAT activity was
also not affected by Nef expression. In contrast, when Nef-expressing cells were
stimulated only with PMA, an up to 100-fold increase in NFAT-driven
transcription was observed. These results suggested that Nef activated the
Ca2+/calcineurin pathway and synergized with the Ras/MAPK-cascade to
efficiently activate NFAT-dependent transcription. Furthermore, we showed that
Nef induced nuclear targeting of co-expressed GFP-tagged NFATc1 (VI).

The NFAT-activating effect requires relatively high expression levels of Nef.
High expression levels were obtained in T cells by using an elongation factor 1α-
promoter-driven Nef-expression vector. This could be one of the reasons why
others employing less efficient expression systems (such as cytomegalovirus
(CMV)- promoter-based vectors) have not seen such an effect by Nef. In this
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respect, it will be important to determine the cellular levels of Nef-expression
during the acute phase of productive HIV infection. Estimations based on data
from chronically infected cell cultures suggest that the levels are relatively high
(Wang et al. 2000) but they might still underestimate the levels existing during
the acute phase. Another reason for different results may be that whereas several
earlier studies have used stable Nef-expressing cell clones, we have used transient
transfection-based expression of Nef. The Nef-expressing cell clones must have
adapted to growth in the presence Nef. However, the cytotoxic properties of Nef
may be related to its effects on cellular signaling.

Coexpression of Nef and a constitutively active form of PCKθθθθ efficiently
activate NFAT (V)

Phorbol ester treatment activates several cellular signaling pathways, especially
those pathways controlled by members of the protein kinase C (PKC) family
(Ron and Kazanietz 1999, Kazanietz 2000). To date, 11 PKC isozymes are
known and most of them are expressed in T cells (Baier et al. 1993, Hug and
Sarre 1993). We examined whether the effects of overexpression of constitutively
active forms of different PKC isoforms can substitute for the Ras/MAPK-
inducing effect of PMA. We found that although coexpression of Nef and PKCθ-
A148E strongly activated NFAT in Jurkat cells, the cooperative capacity of
PKCδ-A147E was less than 20 percent of that of PKCθ-A148E and that the
constitutively active form of PKCα was virtually unable to activate NFAT. The
differential abilities of these PKC isoforms to cooperate with Nef were not due to
their different intrinsic activities because all three activated serum response
element (SRE)-driven transcription roughly to the similar degree when expressed
in 293T fibroblasts.

It is interesting to note that Smith et al. have described physical and functional
interaction between Nef and PKCθ (but not other PKC isoforms) (Smith et al.
1996). However, they found that, in contrast to synergistic effects seen in our
studies, Nef downregulated the steady-state expression levels of PKCθ and
interfered with its activation (Smith et al. 1996). On the other hand, their
observations could also be interpreted in the opposite way. Activation of PKCθ
by mitogens or co-expression of PKCθ with Nef, both seem to result in
translocation of PKCθ into the particulate fraction (Smith et al. 1996). Therefore
it is possible, that in Nef-expressing cells PKCθ in the particulate fraction
represents an active pool. In this case the effects of Nef on PKCθ signaling could
be positive.

Despite the plurality (and similarity between certain isoforms) of PKC isoforms
expressed in T cells, as well as in many other cell types, they seem to have
relatively specific roles. A large body of data suggests for a crucial role of PKCθ
in T cell activation. Firstly, the expression pattern of PKCθ is restricted mainly to
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T cells (Meller et al. 1998). Secondly, PKCθ is the only PKC isozyme that is
recruited to the supramolecular activation complexes (SMACs or immunological
synapses) followed by TCR-ligation (Monks et al. 1997, Monks et al. 1998).
Finally, Werlen et al. reported that calcineurin preferentially synergizes with the
PKCθ isozyme to activate JNK and IL-2 promoter (Werlen et al. 1998) and
Villalba et al. provided evidence of functional interaction between PKCθ and
VAV that is crucial for activation of AP-1 and NFAT in T cells (Villalba et al.
2000). Furthermore, we saw similar hierarchical capacity of PKC isoforms (α< δ
< θ) to synergize in the activation of NFAT when calcium ionophore was used to
trigger calcium signaling (unpublished data). Thus it seems likely that the
superior cooperative capacity of PKCθ with Nef reflects its better compatibility
with signal transduction pathways involved in TCR-signaling rather than a
specific physical and/or functional interplay with Nef.

Nevertheless, activation of PKCθ is sufficient to generate a signal that can
cooperate with Nef to upregulate expression of the target genes of NFAT,
suggesting that in Nef-expressing T lymphocytes any signal or situation leading
to induction of PKCθ activity may be able to trigger a complete T cell activation
program. Interestingly, the positive effect of Nef on viral replication in primary
cell cultures is most pronounced in suboptimally stimulated cultures (Miller et al.
1994, Spina et al. 1994). A possible in vitro model for such abnormal T cell
activation is provided by Alexander et al. who found that in Herpesvirus saimiri
transformed T cell line, Nef (+) viruses were able to replicate in the absence of
exogenously added IL-2 (Alexander et al. 1997). This was due to Nef-induced
autocrine production of IL-2 by the infected cells (Alexander et al. 1997). The T
cell immortalizing capacity of Herpesvirus saimiri (HSV) has been mapped to a
single oncogene STP-C488 that interacts with and activates cellular Ras (Jung
and Desrosiers 1995). Furthermore, Guo et al. demonstrated that recombinant
HSV with a constitutively active Ras gene substituted for STP-C488 was capable
of immortalizing primary T lymphocytes (Guo et al. 1998). Thus in SIV-infected,
HSV-immortalized primary T cells Nef and STP-C488 could trigger the
Ca2+/calcineurin- and Ras/MAPK-pathways, respectively, leading to efficient
induction of NFAT-driven transcription and subsequent upregulation of IL-2,
allowing replication of Nef-containing viruses in these cultures without antigenic
or other related (αCD3, lectin) stimuli.

Nef-mediated activation of Ca2+/calcineurin signaling is independent of TCR-
proximal signaling events (IV)

To further characterize the nature of this positive effect by Nef on T cell
activation, we co-transfected dominant-negative (DN) forms of signaling
molecules known to act at distinct steps in signaling cascades triggered by TCR.
The effects of these proteins on Nef+PMA-mediated NFAT activation were
compared in parallel with TCR-triggered (αCD3-treatment) activation of NFAT.



43

We found that the effect of Nef on calcium signaling was independent of two
proteins, Lck and PAK1, both involved in early events of TCR-mediated
signaling (Mustelin 1994, Yablonski et al. 1998). On the other hand, calcineurin
function and Ca2+-influx were required. Although our data from Lck-deficient
Jurkat cells suggest no role for Lck, Fyn, another Src family member, has been
associated with regulation of intracellular calcium homeostasis (Jayaraman et al.
1996). However, by using an inhibitor of the Src-family tyrosine kinases, PP1, we
found that Fyn, like Lck, does not seem to be required for Nef-mediated
activation of Ca2+/calcineurin signaling. Furthermore, overexpression of a lipase-
inactive PLCγ1 did not affect Nef+PMA-mediated activation of NFAT (VI).
Thus, activation of the Ca2+/calcineurin pathway by Nef represents a novel
function that is distinct from the previously reported positive effects of Nef on
TCR-mediated signaling (Schrager and Marsh 1999, Wang et al. 2000).

The NFAT-activating effect of Nef requires inositol trisphosphate receptor
(IP3R) function (VI)

Because we had shown that the NFAT-activating effect of Nef was independent
of several TCR-proximal events but required elevated calcium levels and
subsequent activation of calcineurin function, our mechanistic studies were
focused on the capacitative calcium entry (CCE) system (Guse 1998, see page 20
and figure 7). We found that blocking IP3R function with 2-aminoethoxydiphenyl
borate (2-APB), a specific inhibitor of IP3Rs (Maruyama et al. 1997), completely
abolished activation of NFAT by Nef+PMA. Similarly, Nef did not synergize
with PMA in a Jurkat cell clone stably expressing an antisense-RNA for IP3R1.
Moreover, Nef was found to coprecipitate with IP3R1. Therefore it is possible that
by activating IP3R function, Nef causes depletion of the intracellular Ca2+-stores
and consequently activation of Ca2+-influx. Surprisingly, we found that the IP3-
sensitive stores were unmodulated in Nef-expressing cells. These findings could
be best explained by a direct IP3R/SOC coupling model (Figure 7). In such a
scenario Nef would facilitate the physical contact between these channels by
either directly bridging them or possibly by modulating the conformation of the
IP3R. The latter alternative assumes that the depletion of intracellular Ca2+-stores
results in a specific conformation of IP3R that mediates activation of CCE. Nef
may induce such a conformation independently of the intracellular Ca2+-store
content. However, another possibility is that the IP3-sensitive stores responsible
for activation of CCE may represent only a minor fraction of the total Ca2+-stores
(Huang and Putney 1998) and therefore it may be difficult to detect depletion of
these specialized Ca2+-stores.
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Figure 7. A model for Nef-mediated activation of NFAT

Nef may facilitate the IP3R-dependent but Ca2+-release-independent
activation of CCE by serving as a bridging molecule between IP3R and
SOC. Alternatively, Nef may induce a specific conformation of IP3R that is
required for activation of SOCs. Co-incidental activation of the
PKC/Ras/MAPK-pathway (striped flash) would therefore lead to efficient
activation of NFAT-driven gene expression.

Although Nef clearly induced the transcriptional activity of NFAT (IV), the Nef-
mediated elevation in the intracellular Ca2+-levels ([Ca2+]i) is likely to be small
because we did not detect such an elevation by aequorin-based Ca2+-measurement
system or by FACS analysis of cells loaded with fluorescent Ca2+ indicator dyes
(VI, and unpublished data). However, although sustained elevated Ca2+-levels
have been implicated in the activation of NFAT (Timmerman et al. 1996,
Dolmetsch et al. 1997), additional regulatory mechanisms have been reported
(Dolmetsch et al. 1998, Li et al. 1998b). These studies demonstrated that if Ca2+

signals were triggered as a series of oscillating Ca2+ spikes with an appropriate
frequency, remarkably low average levels of intracellular calcium ([Ca2+]i less
than 200nM) elicited efficient activation of NFAT. By inducing formation of such
Ca2+-spikes Nef could activate NFAT without significant increase in the averaged
steady-state [Ca2+]i. Importantly, these data indicate that the transcriptional assay
for NFAT activity serves as a sensitive measure of intracellular calcium
metabolism given that the Ras/MAPK-pathway activating signal is provided (e.g.
by PMA).
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Activation of Ca2+/calcineurin signaling is a conserved function of Nef (V)

To study whether the activation of NFAT is a conserved function of Nef, we
transfected five different HIV-1 Nef variants (NL4-3, NL4-3(R71), BH10, SF2
and HAN-2) and an SIV Nef (mac239) into Jurkat cells and stimulated these cells
with PMA. All the different Nef proteins were able to synergistically activate
NFAT, indicating that this function of Nef is conserved in different primate
lentiviruses such as HIV and SIV.

The SH3-binding function and membrane targeting of Nef are required for
Nef-mediated activation of NFAT (V)

To study the possible correlation of Nef-mediated activation of NFAT with the
other previously described functions of Nef, we characterized the regions of Nef
involved in mediating the NFAT-activating function. We analyzed several Nef
mutant proteins (chosen based on their known phenotype) for their capacity to
synergize with PMA to activate NFAT. Our studies indicated that membrane
association and SH3-binding function of Nef were required. Additionally, several
other residues that were not involved in SH3-binding but were found to be
important for PAK2 association (I) were required for activation of NFAT by Nef.
In contrast, Nef elements implicated in CD4 downregulation by connecting Nef to
the endocytotic machinery were found to be dispensable for the ability of Nef to
regulate NFAT. Similarly, the putative PKC-phosphorylation sites in the N-
terminus of Nef were not required for the Nef-mediated activation of NFAT.

7.2.1. Nef-mediated activation of NFAT in T cells – implications on
viral replication

Our finding that the ability of Nef to activate the Ca2+/calcineurin pathway
(leading to the activation of NFAT) is a conserved function of different Nef
variants suggests that it may have an important role in contributing to the
pathogenic properties of Nef. Interestingly, a mere overexpression of NFATc1 in
primary CD4-positive T cells by means of retroviral gene transfer renders these
cells susceptible for HIV replication (Kinoshita et al. 1998). Thus overexpression
of NFATc1 that per se leads to its partial nuclear translocation in Jurkat T cells
(our unpublished observation), overcomes a block that normally inhibits HIV
replication at reverse transcription phase in the absence of T cell activating
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stimuli (Kinoshita et al. 1998). However, an obvious dilemma in such a scenario
is that it seems likely that the integration of the viral genome has to precede
efficient expression of Nef (Sakai et al. 1993, Engelman et al. 1995, Cara et al.
1996). Moreover, Aiken et al. have reported that ectopic Nef expression in the
target cells cannot rescue the Nef-phenotype when these cells are infected with
Nef-deleted viruses (Aiken and Trono 1995). Although a few copies of Nef
molecules are incorporated into virions, the majority of them are cleaved by viral
protease into apparently inactive forms (Pandori et al. 1996, Welker et al. 1996).
In light of these data, it seems unlikely that Nef would modulate the cellular
environment of the host cell prior to integration.

Nevertheless, the beneficial effects of Nef-mediated NFAT activation on HIV-
replication could also be attributed to the post-integration step. Kinoshita et al.
reported that NFATc binds to an uncommon NFAT consensus site on HIV-long
terminal repeat (LTR) and positively regulates its transcriptional activity
(Kinoshita et al. 1997). Apart from the possible direct effects on HIV gene
expression, NFAT participates in the regulation of several cellular genes such as
IL-2, IL-4, tumour necrosis factor (TNF)-α and FasL, which are centrally
involved in T cell activation, effector functions, and apoptosis (Shaw et al. 1988,
Goldfeld et al. 1993, Szabo et al. 1993, Latinis et al. 1997). The modulation of
these cellular activities, all of which are intimately involved in the pathogenesis
of HIV infection, could have indirect effects on the replication of the virus.

The mutagenesis data showed that the regions of Nef required for the NFAT
activation correlated with those critical for the enhancement of viral replication
and virion infectivity by Nef (V). The requirement for an intact PxxP-motif as
well as for residues implicated in association with PAK2 seems to be a
reoccurring feature of several Nef functions (Renkema and Saksela 2000). Facing
the steadily increasing number of Nef functions dependent on the SH3-binding
capacity, it is tempting to speculate that the PxxP-motif of Nef may serve as a
general regulator of Nef function rather than a docking site for various Nef
effector molecules. This regulation could be exerted, for example, by recruiting
Nef into specific intracellular location or by mediating interaction with a single
partner that modulates and activates Nef. Similarly, residues participating in the
formation of the hydrophobic patch (along with R106) may be required merely
for the oligomerization of Nef that is thought to be crucial for functional
activation of Nef (Liu et al. 2000).
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Other scientists have reported positive effects of Nef on T cell activation (Baur et
al. 1994, Du et al. 1995, Luo and Peterlin 1997, Schrager and Marsh 1999, Wang
et al. 2000). There are, however, some fundamental differences when comparing
their results with ours (IV, V, VI). The positive effect of Nef, found in the above-
mentioned studies is exerted on TCR-complex whereas our data strongly suggests
that the NFAT-activating function of Nef is independent of TCR-proximal events.
Some differences in experimental settings are noteworthy. Baur et al.
demonstrated that Nef could either activate or inhibit TCR-signaling depending
on its apparent intracellular location (Baur et al. 1994). The authors used a
chimeric CD8-Nef protein (the extracellular and transmembrane domains of CD8
fused to the N-terminus of Nef) to force the surface expression of Nef. This
complicates the interpretation of these results as it is not known how well the
effects of such chimera are reflected by native Nef variants. Similarly, the
activating effect of the SIVpbj14-Nef is mediated by an immunoreceptor
tyrosine-based activation motif (ITAM) that is not found in other Nef variants
(Du et al. 1995, Luo and Peterlin 1997).

Nef-mediated lowered threshold for the triggering of the TCR/CD28-mediated
signaling was reported by two studies (Schrager and Marsh 1999, Wang et al.
2000). Nef did not synergize with phorbol esters to activate T cell signaling nor
did it elicit any signal by itself and it was suggested that Nef might augment
TCR-response by physically bridging some of the key components of the TCR-
complex (Schrager and Marsh 1999, Wang et al. 2000). To this end, it was shown
that Nef associates with rafts (Wang et al. 2000) and that the enhanced production
of IL-2 by Nef-expressing T cells was due to an increased number of cells
responding to antigenic stimulus rather than higher levels of IL-2 produced per
cell (Schrager and Marsh 1999). We did not observe synergistic effects of Nef
with TCR-triggered stimulus either with suboptimal concentrations of TCR-
activating antibodies or with different amounts of transfected Nef. These two
studies were mainly based on data from cells exposed to long-term Nef-
expression. We instead have used a transient transfection approach and thus
further studies are needed to reveal the reasons behind these different
observations.

Foti et al. showed that the intracellular Ca2+ store content was increased in Nef-
expressing myelomonocytic cells (Foti et al. 1999). This effect was found only in
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differentiated myelomonocytic HL60 cells and correlated with the expression
levels of Hck, as well as the capacity of Nef to bind to this Src-family kinase. The
authors suggested that Hck, activated by Nef, interacts with IP3R thereby
modulating the cellular calcium metabolism (Foti et al. 1999). The intracellular
Ca2+ store content in undifferentiated HL60 cells or in CEM T lymphocytes was
unchanged by Nef expression. On the contrary, we did not observe differences in
the Ca2+ store content in transiently Nef-transfected Jurkat T cells (VI).
Moreover, several lines of evidence argued against a role for Src-family tyrosine
kinases as mediators of the NFAT-activating function of Nef (IV).

The essential role of Nef in the pathogenesis of AIDS makes it an attractive target
for anti-HIV drug design. The development of drugs specifically interfering with
Nef requires detailed information about the mechanisms by which Nef exerts its
effects. The identification of NAK as PAK2 will certainly facilitate the
characterization of the Nef/NAK-interaction and its importance for viral
replication. The novel TCR-independent effect of Nef on T cell activation
described in this study may provide new approaches to inhibit Nef function and
restrict HIV replication.
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8. SUMMARY

Nef, an accessory protein of HIV and SIV, has been under active investigation
ever since its central role in the pathogenesis of AIDS was described. Regardless
of its small size, Nef seems to affect a variety of cellular processes by interacting,
directly or indirectly, with a number of host cell proteins. Nef does not possess
intrinsic enzymatic activity but rather seems to function as an adaptor protein or
as a molecular switch that via physical interactions modulates the activity and/or
localization of cellular proteins. Such an exploitation of host cell activities has
made it difficult to identify the critical Nef interactions because of the
multimolecular nature of most signaling events and extensive redundancy of the
cellular signaling networks.

In the present study we have shown that the Nef-associated cellular
serine/threonine kinase (NAK) is p21-activated kinase 2 (PAK2). Furthermore,
we have characterized the structural and functional features required for their
interaction. Our data showed that the SH3-binding domain as well as another site
of Nef was required for this interaction. Since PAK2 does not contain SH3
domains, we concluded that an additional SH3-containing component is likely to
participate in the formation of Nef/PAK2-complex. The identification of NAK as
PAK2 facilitates the studies aiming at understanding the mechanistic role of NAK
in Nef-mediated effects on viral pathogenicity. We also showed that an intact
CRIB-motif in PAK2, important for PAK activation, was required for interaction
with Nef. Interestingly, we demonstrated that Nef specifically associated with a
highly active small subpopulation of PAK2.

The other main area of investigation was the effect of Nef on T cell activation.
We found a novel function of Nef that was conserved among different Nef
variants, thus suggesting an important role for this function in vivo. Nef activated
the Ca2+/calcineurin signaling in a manner that was independent of T cell receptor
proximal events but required inositol trisphosphate receptor function.
Consequently, Nef-mediated activation of calcium signaling was strongly
synergistic with activation of the Ras/MAPK-pathway in induction of NFAT-
driven transcription. Additionally, protein kinase C-θ (PKCθ) was implicated as a
possible physiological cofactor for Nef in NFAT activation. Furthermore, by
employing a mutagenesis approach, we found that an intact SH3-binding domain,
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membrane targeting and residues implicated in PAK2 binding and
oligomerization of Nef, were required for this function. The finding that Nef
participates in NFAT activation could be highly relevant for the capacity of Nef
to enhance viral replication. Clearly, development of biological models to study
this feature of Nef in a viral context is important. In addition to its impact on HIV
studies, our observation that Nef activates Ca2+-influx without apparent depletion
of the intracellular Ca2+-stores provides new insights into studies addressing the
role of IP3R in mediating capacitative calcium entry (CCE).



5151

9. ACKNOWLEDGEMENTS

This study was carried out at the Laboratory of Molecular Medicine, Institute of
Medical Technology, University of Tampere. The financial support for this study
was provided by the Medical Research Council of the Academy of Finland.

I am indebted to my supervisor Professor Kalle Saksela, M.D., Ph.D., who
provided me with the possibility to study in Tampere. Your exemplary skills as a
researcher and inventive ideas have been the driving force of this work. In days of
difficulty, your highly professional attitude towards science has convinced me
that what I do is important.

I wish to express my gratitude to the official reviewers of this work, Docent Ilkka
Julkunen, M.D., Ph.D. from the National Public Health Institute, Helsinki,
Finland and Docent Päivi Koskinen, Ph.D. from the Turku Centre for
Biotechnology, University of Turku, Finland. Their valuable comments and
advice helped me to improve the quality of this work.

I am grateful to Professor Henrik Garoff, M.D., Ph.D. and Maarit Suomalainen
Ph.D., from the Department of Biosciences at Novum, Karolinska Institutet,
Stockholm, Sweden for arousing my interest in science and for introducing me to
real labwork during my pro-gradu work.

My warmest thanks go to my co-authors and fellow-workers Herma Renkema,
Ph.D., Marita Hiipakka M.Sc. and Päivi Huotari M.Sc.. Your contributions have
been a truly essential part of this work. I want to extend my deepest gratitude to
everybody in the Saksela lab, past and present: Herma, Marita, Päivi, Kristina,
Minna, Anna, Kati, Marika, Ari, Katarina, Kari, Kimmo, Tytti, Kirsi et al.. You
have all helped to create a stimulatory working atmosphere. Those numerous
(intellectual?) conversations, both scientific and (mostly) non-scientific, have
been the highlights of my lab hours. I would especially like to thank you all for
putting up with even my weirdest comments.

I warmly thank Professor Olli Silvennoinen, M.D., Ph.D. from our institute for
his help and advice, especially in the early phases of this project. I would like to
extend my gratitude to all of his crew: Kati Takaluoma, Saara Aittomäki, Marko
”dirty docent” Pesu, Panu "Balls" Kovanen, Ilkka "Dr. PKC" Junttila, Paula et al.
for their friendship and for sharing the daily lab routines as our neighbors.



5252

I am grateful to Silja Rajander for her courageous job in revising my English. She
is also acknowledged, together with Pasi, Annina and Mei-mei for being dear
friends of my family. Particularly for keeping my wife sane during those long
evening hours locked inside with two bouncing baby boys.

The IMT/TaY staff, the two Sannas, Anja, Nina, Heimo, Eeva-Kaarina, Heikki,
Anu, Katri, Anssi, the two Jannes to mention but a few, have provided much
appreciated help and created an enjoyable working atmosphere.

I want to thank "Da perusporukka": Jaage, Arska, Timppa and Tomppa (&
companions where applicable) for not forgetting me despite the distance in
between us (almost sounds like a bad drama?). I also want to acknowledge my
good friends Thomas & Minna & Jackjoe & Porker for keeping me up to date
with Kärpät stats.

My heartfelt thanks go to my parents Kaarina and Hannes Manninen for always
supporting me in whatever decicions I have made. With your love and care you
have given me the feeling of security that has made life so much easier. I want to
express my gratitude to my sister Eija for sharing many memorable moments, and
my "little" brothers Ilkka and Mikko for teaching me responsibility and patience
(and for being the ones to blame when I needed an easy way out). My sincere
thanks go to all of my relatives for their support and encouragement over the
years.

Finally, I cannot find enough words to express my gratitude to my family, to
whom I dedicate this thesis. Sari, your love and never-ending faith in me have
carried me through the hard times. Our two wonderful boys, Mikael and Joel "the
geegsters", have given me a whole new perspective to life.

Tampere, March 2001



53

10. REFERENCES

Ahmad N and Venkatesan S (1988): Nef protein of HIV-1 is a transcriptional repressor
of HIV-1 LTR. Science 241:1481-5

Aiken C, Konner J, Landau NR, Lenburg ME and Trono D (1994): Nef induces CD4
endocytosis: requirement for a critical dileucine motif in the membrane-proximal CD4
cytoplasmic domain. Cell 76:853-64

Aiken C and Trono D (1995): Nef stimulates human immunodeficiency virus type 1
proviral DNA synthesis. J Virol 69:5048-56

Aiken C, Krause L, Chen YL and Trono D (1996): Mutational analysis of HIV-1 Nef:
identification of two mutants that are temperature-sensitive for CD4 downregulation.
Virology 217:293-300

Alessandrini L, Santarcangelo AC, Olivetta E, Ferrantelli F, d'Aloja P, Pugliese K,
Pelosi E, Chelucci C, Mattia G, Peschle C, Verani P and Federico M (2000): T-tropic
human immunodeficiency virus (HIV) type 1 nef protein enters human monocyte-
macrophages and induces resistance to HIV replication: a possible mechanism of HIV
T-tropic emergence in AIDS. J Gen Virol 81 Pt 12:2905-17

Alexander L, Du Z, Rosenzweig M, Jung JU and Desrosiers RC (1997): A role for
natural simian immunodeficiency virus and human immunodeficiency virus type 1 nef
alleles in lymphocyte activation. J.Virol. 71:6094-6099

Anderson S, Shugars DC, Swanstrom R and Garcia JV (1993): Nef from primary
isolates of human immunodeficiency virus type 1 suppresses surface CD4 expression
in human and mouse T cells. J Virol 67:4923-31

Arold S, Franken P, Strub MP, Hoh F, Benichou S, Benarous R and Dumas C (1997):
The crystal structure of HIV-1 Nef protein bound to the Fyn kinase SH3 domain
suggests a role for this complex in altered T cell receptor signaling. Structure 5:1361-
72

Arold S, O'Brien R, Franken P, Strub MP, Hoh F, Dumas C and Ladbury JE (1998): RT
loop flexibility enhances the specificity of Src family SH3 domains for HIV-1 Nef.
Biochemistry 37:14683-91

Arold S, Hoh F, Domergue S, Birck C, Delsuc MA, Jullien M and Dumas C (2000):
Characterization and molecular basis of the oligomeric structure of HIV- 1 nef protein.
Protein Sci 9:1137-48

Arora VK, Molina RP, Foster JL, Blakemore JL, Chernoff J, Fredericksen BL and
Garcia JV (2000): Lentivirus Nef specifically activates PAK2. J Virol 74:11081-7

Arthur LO, Bess JW, Jr., Sowder RCd, Benveniste RE, Mann DL, Chermann JC and
Henderson LE (1992): Cellular proteins bound to immunodeficiency viruses:
implications for pathogenesis and vaccines. Science 258:1935-8

Bagrodia S, Derijard B, Davis RJ and Cerione RA (1995a): Cdc42 and PAK-mediated
signaling leads to Jun kinase and p38 mitogen- activated protein kinase activation. J
Biol Chem 270:27995-8.

Bagrodia S, Taylor SJ, Creasy CL, Chernoff J and Cerione RA (1995b): Identification of
a mouse p21Cdc42/Rac activated kinase. J Biol Chem 270:22731-7

Bagrodia S, Taylor SJ, Jordon KA, Van Aelst L and Cerione RA (1998): A novel
regulator of p21-activated kinases. J Biol Chem 273:23633-6

Bagrodia S and Cerione RA (1999): Pak to the future. Trends Cell Biol 9:350-5



54

Baier G, Telford D, Giampa L, Coggeshall KM, Baier-Bitterlich G, Isakov N and
Altman A (1993): Molecular cloning and characterization of PKC theta, a novel
member of the protein kinase C (PKC) gene family expressed predominantly in
hematopoietic cells. J Biol Chem 268:4997-5004

Bandres JC and Ratner L (1994): Human immunodeficiency virus type 1 Nef protein
down-regulates transcription factors NF-kappa B and AP-1 in human T cells in vitro
after T-cell receptor stimulation. J Virol 68:3243-9

Bandres JC, Shaw AS and Ratner L (1995): HIV-1 Nef protein downregulation of CD4
surface expression: relevance of the lck binding domain of CD4. Virology 207:338-41

Barre-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, Gruest J, Dauguet C,
Axler-Blin C, Vezinet-Brun F, Rouzioux C, Rozenbaum W and Montagnier L (1983):
Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired immune
deficiency syndrome (AIDS). Science 220:868-71

Baur AS, Sawai ET, Dazin P, Fantl WJ, Cheng-Mayer C and Peterlin BM (1994): HIV-1
Nef leads to inhibition or activation of T cells depending on its intracellular
localization. Immunity. 1:373-384

Baur AS, Sass G, Laffert B, Willbold D, Cheng-Mayer C and Peterlin BM (1997): The
N-terminus of Nef from HIV-1/SIV associates with a protein complex containing Lck
and a serine kinase. Immunity 6:283-91

Bell I, Ashman C, Maughan J, Hooker E, Cook F and Reinhart TA (1998): Association
of simian immunodeficiency virus Nef with the T-cell receptor (TCR) zeta chain leads
to TCR down-modulation. J.Gen.Virol. 79:2717-2727

Benichou S, Liu LX, Erdtmann L, Selig L and Benarous R (1997): Use of the two-
hybrid system to identify cellular partners of the HIV1 Nef protein. Res.Virol. 148:71-
73

Benson RE, Sanfridson A, Ottinger JS, Doyle C and Cullen BR (1993): Downregulation
of cell-surface CD4 expression by simian immunodeficiency virus Nef prevents viral
super infection. J Exp Med 177:1561-6

Berger EA, Murphy PM and Farber JM (1999): Chemokine receptors as HIV-1
coreceptors: roles in viral entry, tropism, and disease. Annu Rev Immunol 17:657-700

Biggs TE, Cooke SJ, Barton CH, Harris MP, Saksela K and Mann DA (1999): Induction
of activator protein 1 (AP-1) in macrophages by human immunodeficiency virus type-1
NEF is a cell-type-specific response that requires both hck and MAPK signaling
events. J Mol Biol 290:21-35

Bokoch GM, Wang Y, Bohl BP, Sells MA, Quilliam LA and Knaus UG (1996):
Interaction of the Nck adapter protein with p21-activated kinase (PAK1). J Biol Chem
271:25746-9

Bonfanti P, Capetti A and Rizzardini G (1999): HIV disease treatment in the era of
HAART. Biomed Pharmacother 53:93-105

Bour S, Schubert U and Strebel K (1995): The human immunodeficiency virus type 1
Vpu protein specifically binds to the cytoplasmic domain of CD4: implications for the
mechanism of degradation. J Virol 69:1510-20

Bour S, Perrin C and Strebel K (1999): Cell surface CD4 inhibits HIV-1 particle release
by interfering with Vpu activity. J Biol Chem 274:33800-6

Bresnahan PA, Yonemoto W, Ferrell S, Williams-Herman D, Geleziunas R and Greene
WC (1998): A dileucine motif in HIV-1 Nef acts as an internalization signal for CD4
downregulation and binds the AP-1 clathrin adaptor. Curr Biol 8:1235-8



55

Bresnahan PA, Yonemoto W and Greene WC (1999): Cutting edge: SIV Nef protein
utilizes both leucine- and tyrosine-based protein sorting pathways for down-regulation
of CD4. J Immunol 163:2977-81

Brickell PM (1992): The p60c-src family of protein-tyrosine kinases: structure,
regulation, and function. Crit Rev Oncog 3:401-46

Briggs SD, Sharkey M, Stevenson M and Smithgall TE (1997): SH3-mediated Hck
tyrosine kinase activation and fibroblast transformation by the Nef protein of HIV-1. J
Biol Chem 272:17899-902

Briggs SD, Lerner EC and Smithgall TE (2000): Affinity of Src family kinase SH3
domains for HIV Nef in vitro does not predict kinase activation by Nef in vivo.
Biochemistry 39:489-95

Brigino E, Haraguchi S, Koutsonikolis A, Cianciolo GJ, Owens U, Good RA and Day
NK (1997): Interleukin 10 is induced by recombinant HIV-1 Nef protein involving the
calcium/calmodulin-dependent phosphodiesterase signal transduction pathway.
Proc.Natl.Acad.Sci.U.S.A. 94:3178-3182

Brown A, Wang X, Sawai E and Cheng-Mayer C (1999): Activation of the PAK-related
kinase by human immunodeficiency virus type 1 Nef in primary human peripheral
blood lymphocytes and macrophages leads to phosphorylation of a PIX-p95 complex. J
Virol 73:9899-907

Brown JL, Stowers L, Baer M, Trejo J, Coughlin S and Chant J (1996): Human Ste20
homologue hPAK1 links GTPases to the JNK MAP kinase pathway. Curr Biol 6:598-
605.

Bubeck Wardenburg J, Pappu R, Bu JY, Mayer B, Chernoff J, Straus D and Chan AC
(1998): Regulation of PAK activation and the T cell cytoskeleton by the linker protein
SLP-76. Immunity 9:607-16.

Bukrinskaya AG, Ghorpade A, Heinzinger NK, Smithgall TE, Lewis RE and Stevenson
M (1996): Phosphorylation-dependent human immunodeficiency virus type 1 infection
and nuclear targeting of viral DNA. Proc Natl Acad Sci U S A 93:367-71

Burbelo PD, Drechsel D and Hall A (1995): A conserved binding motif defines
numerous candidate target proteins for both Cdc42 and Rac GTPases. J Biol Chem
270:29071-4

Camaur D and Trono D (1996): Characterization of human immunodeficiency virus type
1 Vif particle incorporation. J Virol 70:6106-11

Capon DJ and Ward RH (1991): The CD4-gp120 interaction and AIDS pathogenesis.
Annu Rev Immunol 9:649-78

Cara A, Cereseto A, Lori F and Reitz MS, Jr. (1996): HIV-1 protein expression from
synthetic circles of DNA mimicking the extrachromosomal forms of viral DNA. J Biol
Chem 271:5393-7

Carl S, Iafrate AJ, Lang SM, Stolte N, Stahl-Hennig C, Matz-Rensing K, Fuchs D,
Skowronski J and Kirchhoff F (2000): Simian immunodeficiency virus containing
mutations in N-terminal tyrosine residues and in the PxxP motif in Nef replicates
efficiently in rhesus macaques. J Virol 74:4155-64

Carpenter G and Ji Q (1999): Phospholipase C-gamma as a signal-transducing element.
Exp Cell Res 253:15-24

Carreer R, Groux H, Ameisen JC and Capron A (1994): Role of HIV-1 Nef expression
in activation pathways in CD4+ T cells. AIDS Res.Hum.Retroviruses 10:523-527



56

Chen BK, Gandhi RT and Baltimore D (1996): CD4 down-modulation during infection
of human T cells with human immunodeficiency virus type 1 involves independent
activities of vpu, env, and nef. J Virol 70:6044-53

Chen YL, Trono D and Camaur D (1998): The proteolytic cleavage of human
immunodeficiency virus type 1 Nef does not correlate with its ability to stimulate
virion infectivity. J Virol 72:3178-84

Cheng H, Hoxie JP and Parks WP (1999): The conserved core of human
immunodeficiency virus type 1 Nef is essential for association with Lck and for
enhanced viral replication in T-lymphocytes. Virology 264:5-15

Cheng-Mayer C, Iannello P, Shaw K, Luciw PA and Levy JA (1989): Differential
effects of nef on HIV replication: implications for viral pathogenesis in the host.
Science 246:1629-1632

Chowers MY, Spina CA, Kwoh TJ, Fitch NJ, Richman DD and Guatelli JC (1994):
Optimal infectivity in vitro of human immunodeficiency virus type 1 requires an intact
nef gene. J Virol 68:2906-14

Chowers MY, Pandori MW, Spina CA, Richman DD and Guatelli JC (1995): The
growth advantage conferred by HIV-1 nef is determined at the level of viral DNA
formation and is independent of CD4 downregulation. Virology 212:451-7

Cicchetti P, Mayer BJ, Thiel G and Baltimore D (1992): Identification of a protein that
binds to the SH3 region of Abl and is similar to Bcr and GAP-rho. Science 257:803-6

Clavel F, Guetard D, Brun-Vezinet F, Chamaret S, Rey MA, Santos-Ferreira MO,
Laurent AG, Dauguet C, Katlama C, Rouzioux C and et al. (1986): Isolation of a new
human retrovirus from West African patients with AIDS. Science 233:343-6

Clements JL, Boerth NJ, Lee JR and Koretzky GA (1999): Integration of T cell receptor-
dependent signaling pathways by adapter proteins. Annu Rev Immunol 17:89-108

Coffin J, Haase A, Levy JA, Montagnier L, Oroszlan S, Teich N, Temin H, Toyoshima
K, Varmus H, Vogt P and et al. (1986): Human immunodeficiency viruses. Science
232:697

Cohen GB, Gandhi RT, Davis DM, Mandelboim O, Chen BK, Strominger JL and
Baltimore D (1999): The selective downregulation of class I major histocompatibility
complex proteins by HIV-1 protects HIV-infected cells from NK cells. Immunity
10:661-71

Cohen GB, Rangan VS, Chen BK, Smith S and Baltimore D (2000): The human
thioesterase II protein binds to a site on HIV-1 Nef critical for CD4 down-regulation. J
Biol Chem 275:23097-105.

Cohen GM (1997): Caspases: the executioners of apoptosis. Biochem J 326:1-16
Collette Y, Dutartre H, Benziane A, Ramos M, Benarous R, Harris M and Olive D

(1996): Physical and functional interaction of Nef with Lck. HIV-1 Nef-induced T-cell
signaling defects. J Biol Chem 271:6333-41

Collins KL, Chen BK, Kalams SA, Walker BD and Baltimore D (1998): HIV-1 Nef
protein protects infected primary cells against killing by cytotoxic T lymphocytes.
Nature 391:397-401

Cooke SJ, Coates K, Barton CH, Biggs TE, Barrett SJ, Cochrane A, Oliver K,
McKeating JA, Harris MP and Mann DA (1997): Regulated expression vectors
demonstrate cell-type-specific sensitivity to human immunodeficiency virus type 1
Nef-induced cytostasis. J Gen Virol 78:381-92

Crabtree GR (1999): Generic signals and specific outcomes: signaling through Ca2+,
calcineurin, and NF-AT. Cell 96:611-4



57

Craig HM, Pandori MW and Guatelli JC (1998): Interaction of HIV-1 Nef with the
cellular dileucine-based sorting pathway is required for CD4 down-regulation and
optimal viral infectivity. Proc Natl Acad Sci U S A 95:11229-34

Craig HM, Pandori MW, Riggs NL, Richman DD and Guatelli JC (1999): Analysis of
the SH3-binding region of HIV-1 nef: partial functional defects introduced by
mutations in the polyproline helix and the hydrophobic pocket. Virology 262:55-63.

Crowe SM and Sonza S (2000): HIV-1 can be recovered from a variety of cells
including peripheral blood monocytes of patients receiving highly active antiretroviral
therapy: a further obstacle to eradication. J Leukoc Biol 68:345-50

Dalgarno DC, Botfield MC and Rickles RJ (1997): SH3 domains and drug design:
ligands, structure, and biological function. Biopolymers 43:383-400

de Ronde A, Klaver B, Keulen W, Smit L and Goudsmit J (1992): Natural HIV-1 NEF
accelerates virus replication in primary human lymphocytes. Virology 188:391-5

De SK and Marsh JW (1994): HIV-1 Nef inhibits a common activation pathway in NIH-
3T3 cells. J Biol Chem 269:6656-60

Deacon NJ, Tsykin A, Solomon A, Smith K, Ludford-Menting M, Hooker DJ, McPhee
DA, Greenway AL, Ellett A, Chatfield C and et al. (1995): Genomic structure of an
attenuated quasi species of HIV-1 from a blood transfusion donor and recipients.
Science 270:988-91

Denny MF, Patai B and Straus DB (2000): Differential T-cell antigen receptor signaling
mediated by the Src family kinases Lck and Fyn. Mol Cell Biol 20:1426-35

Di Marzio P, Choe S, Ebright M, Knoblauch R and Landau NR (1995): Mutational
analysis of cell cycle arrest, nuclear localization and virion packaging of human
immunodeficiency virus type 1 Vpr. J Virol 69:7909-16

Dittmer U, Nisslein T, Bodemer W, Petry H, Sauermann U, Stahl-Hennig C and
Hunsmann G (1995): Cellular immune response of rhesus monkeys infected with a
partially attenuated nef deletion mutant of the simian immunodeficiency virus.
Virology 212:392-7

Dolmetsch RE, Lewis RS, Goodnow CC and Healy JI (1997): Differential activation of
transcription factors induced by Ca2+ response amplitude and duration. Nature
386:855-8

Dolmetsch RE, Xu K and Lewis RS (1998): Calcium oscillations increase the efficiency
and specificity of gene expression. Nature 392:933-6.

Du Z, Lang SM, Sasseville VG, Lackner AA, Ilyinskii PO, Daniel MD, Jung JU and
Desrosiers RC (1995): Identification of a nef allele that causes lymphocyte activation
and acute disease in macaque monkeys. Cell 82:665-674

Dutartre H, Harris M, Olive D and Collette Y (1998): The human immunodeficiency
virus type 1 Nef protein binds the Src-related tyrosine kinase Lck SH2 domain through
a novel phosphotyrosine independent mechanism. Virology 247:200-11

Engelman A, Englund G, Orenstein JM, Martin MA and Craigie R (1995): Multiple
effects of mutations in human immunodeficiency virus type 1 integrase on viral
replication. J Virol 69:2729-36

Esposito D and Craigie R (1999): HIV integrase structure and function. Adv Virus Res
52:319-33

Ewart GD, Sutherland T, Gage PW and Cox GB (1996): The Vpu protein of human
immunodeficiency virus type 1 forms cation- selective ion channels. J Virol 70:7108-
15



58

Fackler OT, Luo W, Geyer M, Alberts AS and Peterlin BM (1999): Activation of Vav
by Nef induces cytoskeletal rearrangements and downstream effector functions. Mol
Cell 3:729-39

Fackler OT, Lu X, Frost JA, Geyer M, Jiang B, Luo W, Abo A, Alberts AS and Peterlin
BM (2000): p21-activated kinase 1 plays a critical role in cellular activation by Nef.
Mol Cell Biol 20:2619-27

Feng S, Chen JK, Yu H, Simon JA and Schreiber SL (1994): Two binding orientations
for peptides to the Src SH3 domain: development of a general model for SH3-ligand
interactions. Science 266:1241-7

Foti M, Mangasarian A, Piguet V, Lew DP, Krause KH, Trono D and Carpentier JL
(1997): Nef-mediated clathrin-coated pit formation. J Cell Biol 139:37-47

Foti M, Cartier L, Piguet V, Lew DP, Carpentier JL, Trono D and Krause KH (1999):
The HIV Nef protein alters Ca(2+) signaling in myelomonocytic cells through SH3-
mediated protein-protein interactions. J Biol Chem 274:34765-72

Frost JA, Khokhlatchev A, Stippec S, White MA and Cobb MH (1998): Differential
effects of PAK1-activating mutations reveal activity- dependent and -independent
effects on cytoskeletal regulation. J Biol Chem 273:28191-8.

Fultz PN, McClure HM, Anderson DC and Switzer WM (1989): Identification and
biologic characterization of an acutely lethal variant of simian immunodeficiency virus
from sooty mangabeys (SIV/SMM). AIDS Res Hum Retroviruses 5:397-409

Galisteo ML, Chernoff J, Su YC, Skolnik EY and Schlessinger J (1996): The adaptor
protein Nck links receptor tyrosine kinases with the serine- threonine kinase Pak1. J
Biol Chem 271:20997-1000.

Gallo RC, Sarin PS, Gelmann EP, Robert-Guroff M, Richardson E, Kalyanaraman VS,
Mann D, Sidhu GD, Stahl RE, Zolla-Pazner S, Leibowitch J and Popovic M (1983):
Isolation of human T-cell leukemia virus in acquired immune deficiency syndrome
(AIDS). Science 220:865-7

Garcia JV and Miller AD (1991): Serine phosphorylation-independent downregulation
of cell-surface CD4 by nef. Nature 350:508-11

Garcia JV, Alfano J and Miller AD (1993): The negative effect of human
immunodeficiency virus type 1 Nef on cell surface CD4 expression is not species
specific and requires the cytoplasmic domain of CD4. J Virol 67:1511-6

Garnier L, Bowzard JB and Wills JW (1998): Recent advances and remaining problems
in HIV assembly. Aids 12:S5-16

Geretti AM (1999): Simian immunodeficiency virus as a model of human HIV disease.
Rev Med Virol 9:57-67

Goldfeld AE, McCaffrey PG, Strominger JL and Rao A (1993): Identification of a novel
cyclosporin-sensitive element in the human tumor necrosis factor alpha gene promoter.
J Exp Med 178:1365-79

Goldsmith MA, Warmerdam MT, Atchison RE, Miller MD and Greene WC (1995):
Dissociation of the CD4 downregulation and viral infectivity enhancement functions of
human immunodeficiency virus type 1 Nef. J Virol 69:4112-21

Gotte M, Li X and Wainberg MA (1999): HIV-1 reverse transcription: a brief overview
focused on structure- function relationships among molecules involved in initiation of
the reaction. Arch Biochem Biophys 365:199-210

Gottlinger HG, Dorfman T, Cohen EA and Haseltine WA (1993): Vpu protein of human
immunodeficiency virus type 1 enhances the release of capsids produced by gag gene
constructs of widely divergent retroviruses. Proc Natl Acad Sci U S A 90:7381-5



59

Gratton S, Yao XJ, Venkatesan S, Cohen EA and Sekaly RP (1996): Molecular analysis
of the cytoplasmic domain of CD4: overlapping but noncompetitive requirement for
lck association and down- regulation by Nef. J.Immunol. 157:3305-3311

Graziani A, Galimi F, Medico E, Cottone E, Gramaglia D, Boccaccio C and Comoglio
PM (1996): The HIV-1 nef protein interferes with phosphatidylinositol 3-kinase
activation 1. J Biol Chem 271:6590-3

Greenberg M, DeTulleo L, Rapoport I, Skowronski J and Kirchhausen T (1998a): A
dileucine motif in HIV-1 Nef is essential for sorting into clathrin- coated pits and for
downregulation of CD4. Curr Biol 8:1239-42

Greenberg ME, Bronson S, Lock M, Neumann M, Pavlakis GN and Skowronski J
(1997): Co-localization of HIV-1 Nef with the AP-2 adaptor protein complex
correlates with Nef-induced CD4 down-regulation. Embo J 16:6964-76

Greenberg ME, Iafrate AJ and Skowronski J (1998b): The SH3 domain-binding surface
and an acidic motif in HIV-1 Nef regulate trafficking of class I MHC complexes.
EMBO J. 17:2777-2789

Greene WC (1991): The molecular biology of human immunodeficiency virus type 1
infection. N Engl J Med 324:308-17

Greenway A, Azad A and McPhee D (1995): Human immunodeficiency virus type 1
Nef protein inhibits activation pathways in peripheral blood mononuclear cells and T-
cell lines. J Virol 69:1842-50

Greenway A, Azad A, Mills J and McPhee D (1996): Human immunodeficiency virus
type 1 Nef binds directly to Lck and mitogen-activated protein kinase, inhibiting kinase
activity. J Virol 70:6701-8

Greenway AL, Dutartre H, Allen K, McPhee DA, Olive D and Collette Y (1999):
Simian immunodeficiency virus and human immunodeficiency virus type 1 nef
proteins show distinct patterns and mechanisms of Src kinase activation. J Virol
73:6152-8

Grzesiek S, Stahl SJ, Wingfield PT and Bax A (1996a): The CD4 determinant for
downregulation by HIV-1 Nef directly binds to Nef. Mapping of the Nef binding
surface by NMR. Biochemistry 35:10256-10261

Grzesiek S, Bax A, Clore GM, Gronenborn AM, Hu JS, Kaufman J, Palmer I, Stahl SJ
and Wingfield PT (1996b): The solution structure of HIV-1 Nef reveals an unexpected
fold and permits delineation of the binding surface for the SH3 domain of Hck tyrosine
protein kinase. Nat Struct Biol 3:340-5

Grzesiek S, Bax A, Hu JS, Kaufman J, Palmer I, Stahl SJ, Tjandra N and Wingfield PT
(1997): Refined solution structure and backbone dynamics of HIV-1 Nef. Protein Sci
6:1248-63

Guo J, Williams K, Duboise SM, Alexander L, Veazey R and Jung JU (1998):
Substitution of ras for the herpesvirus saimiri STP oncogene in lymphocyte
transformation. J Virol 72:3698-704

Guse AH (1998): Ca2+ signaling in T-lymphocytes. Crit Rev Immunol 18:419-48
Guy B, Kieny MP, Riviere Y, Le Peuch C, Dott K, Girard M, Montagnier L and Lecocq

JP (1987): HIV F/3' orf encodes a phosphorylated GTP-binding protein resembling an
oncogene product. Nature 330:266-9

Guyader M, Emerman M, Sonigo P, Clavel F, Montagnier L and Alizon M (1987):
Genome organization and transactivation of the human immunodeficiency virus type 2.
Nature 326:662-9



60

Hanna Z, Kay DG, Rebai N, Guimond A, Jothy S and Jolicoeur P (1998): Nef harbors a
major determinant of pathogenicity for an AIDS-like disease induced by HIV-1 in
transgenic mice. Cell 95:163-75

Haraguchi S, Brigino-Buenaventura EN, Hitchcock R, James-Yarish M, Good RA and
Day NK (2001): Involvement of a herbimycin A-sensitive protein tyrosine kinase in
extracellular action of HIV-1 Nef. Immunol Lett 75:97-101

He J, Choe S, Walker R, Di Marzio P, Morgan DO and Landau NR (1995): Human
immunodeficiency virus type 1 viral protein R (Vpr) arrests cells in the G2 phase of the
cell cycle by inhibiting p34cdc2 activity. J Virol 69:6705-11

Heinzinger NK, Bukinsky MI, Haggerty SA, Ragland AM, Kewalramani V, Lee MA,
Gendelman HE, Ratner L, Stevenson M and Emerman M (1994): The Vpr protein of
human immunodeficiency virus type 1 influences nuclear localization of viral nucleic
acids in nondividing host cells. Proc Natl Acad Sci U S A 91:7311-5

Hindmarsh P and Leis J (1999): Retroviral DNA integration. Microbiol Mol Biol Rev
63:836-43, table of contents

Hirsch VM, Dapolito G, Goeken R and Campbell BJ (1995): Phylogeny and natural
history of the primate lentiviruses, SIV and HIV. Curr Opin Genet Dev 5:798-806

Hodge DR, Dunn KJ, Pei GK, Chakrabarty MK, Heidecker G, Lautenberger JA and
Samuel KP (1998a): Binding of c-Raf1 kinase to a conserved acidic sequence within
the carboxyl-terminal region of the HIV-1 Nef protein. J Biol Chem 273:15727-33

Hodge S, Novembre FJ, Whetter L, Gelbard HA and Dewhurst S (1998b): Induction of
fas ligand expression by an acutely lethal simian immunodeficiency virus,
SIVsmmPBj14. Virology 252:354-63

Hope TJ (1999): The ins and outs of HIV Rev. Arch Biochem Biophys 365:186-91
Howe AY, Jung JU and Desrosiers RC (1998): Zeta chain of the T-cell receptor interacts

with nef of simian immunodeficiency virus and human immunodeficiency virus type 2.
J Virol 72:9827-34

Hua J, Blair W, Truant R and Cullen BR (1997): Identification of regions in HIV-1 Nef
required for efficient downregulation of cell surface CD4. Virology 231:231-8

Huang Y and Putney JW (1998): Relationship between intracellular calcium store
depletion and calcium release-activated calcium current in a mast cell line (RBL-1). J
Biol Chem 273:19554-9.

Hug H and Sarre TF (1993): Protein kinase C isoenzymes: divergence in signal
transduction? Biochem J 291:329-43

Iafrate AJ, Bronson S and Skowronski J (1997): Separable functions of Nef disrupt two
aspects of T cell receptor machinery: CD4 expression and CD3 signaling. Embo J
16:673-84

Jamieson BD, Aldrovandi GM, Planelles V, Jowett JB, Gao L, Bloch LM, Chen IS and
Zack JA (1994): Requirement of human immunodeficiency virus type 1 nef for in vivo
replication and pathogenicity. J Virol 68:3478-85

Janvier K, Craig H, Le Gall S, Benarous R, Guatelli J, Schwartz O and Benichou S
(2001): Nef-Induced CD4 Downregulation: a Diacidic Sequence in Human
Immunodeficiency Virus Type 1 Nef Does Not Function as a Protein Sorting Motif
through Direct Binding to beta-COP. J Virol 75:3971-6.

Jayaraman T, Ondriasova E, Ondrias K, Harnick DJ and Marks AR (1995): The inositol
1,4,5-trisphosphate receptor is essential for T-cell receptor signaling. Proc Natl Acad
Sci U S A 92:6007-11



61

Jayaraman T, Ondrias K, Ondriasova E and Marks AR (1996): Regulation of the inositol
1,4,5-trisphosphate receptor by tyrosine phosphorylation. Science 272:1492-4

Jowett JB, Planelles V, Poon B, Shah NP, Chen ML and Chen IS (1995): The human
immunodeficiency virus type 1 vpr gene arrests infected T cells in the G2 + M phase of
the cell cycle. J Virol 69:6304-13

Jung JU and Desrosiers RC (1995): Association of the viral oncoprotein STP-C488 with
cellular ras. Mol Cell Biol 15:6506-12

Kaminchik J, Bashan N, Itach A, Sarver N, Gorecki M and Panet A (1991): Genetic
characterization of human immunodeficiency virus type 1 nef gene products translated
in vitro and expressed in mammalian cells. J Virol 65:583-8

Kaminchik J, Margalit R, Yaish S, Drummer H, Amit B, Sarver N, Gorecki M and Panet
A (1994): Cellular distribution of HIV type 1 Nef protein: identification of domains in
Nef required for association with membrane and detergent- insoluble cellular matrix.
AIDS Res Hum Retroviruses 10:1003-10.

Karczewski MK and Strebel K (1996): Cytoskeleton association and virion
incorporation of the human immunodeficiency virus type 1 Vif protein. J Virol 70:494-
507

Karn J (1999): Tackling Tat. J Mol Biol 293:235-54
Kazanietz MG (2000): Eyes wide shut: protein kinase C isozymes are not the only

receptors for the phorbol ester tumor promoters. Mol Carcinog 28:5-11
Kestler HWd, Ringler DJ, Mori K, Panicali DL, Sehgal PK, Daniel MD and Desrosiers

RC (1991): Importance of the nef gene for maintenance of high virus loads and for
development of AIDS. Cell 65:651-62

Khan IH, Sawai ET, Antonio E, Weber CJ, Mandell CP, Montbriand P and Luciw PA
(1998): Role of the SH3-ligand domain of simian immunodeficiency virus Nef in
interaction with Nef-associated kinase and simian AIDS in rhesus macaques. J Virol
72:5820-30

Kim SY, Byrn R, Groopman J and Baltimore D (1989): Temporal aspects of DNA and
RNA synthesis during human immunodeficiency virus infection: evidence for
differential gene expression. J Virol 63:3708-13

Kim YH, Chang SH, Kwon JH and Rhee SS (1999): HIV-1 Nef plays an essential role
in two independent processes in CD4 down-regulation: dissociation of the CD4-
p56(lck) complex and targeting of CD4 to lysosomes. Virology 257:208-19

King AJ, Sun H, Diaz B, Barnard D, Miao W, Bagrodia S and Marshall MS (1998): The
protein kinase Pak3 positively regulates Raf-1 activity through phosphorylation of
serine 338. Nature 396:180-3.

Kinoshita S, Su L, Amano M, Timmerman LA, Kaneshima H and Nolan GP (1997): The
T cell activation factor NF-ATc positively regulates HIV-1 replication and gene
expression in T cells. Immunity 6:235-44

Kinoshita S, Chen BK, Kaneshima H and Nolan GP (1998): Host control of HIV-1
parasitism in T cells by the nuclear factor of activated T cells. Cell 95:595-604

Kirchhausen T, Bonifacino JS and Riezman H (1997): Linking cargo to vesicle
formation: receptor tail interactions with coat proteins. Curr Opin Cell Biol 9:488-95

Kirchhoff F, Greenough TC, Brettler DB, Sullivan JL and Desrosiers RC (1995): Brief
report: absence of intact nef sequences in a long-term survivor with nonprogressive
HIV-1 infection. N Engl J Med 332:228-32



62

Kohleisen B, Shumay E, Sutter G, Foerster R, Brack-Werner R, Nuesse M and Erfle V
(1999): Stable expression of HIV-1 Nef induces changes in growth properties and
activation state of human astrocytes. Aids 13:2331-41

Kotov A, Zhou J, Flicker P and Aiken C (1999): Association of Nef with the human
immunodeficiency virus type 1 core. J.Virol. 73:8824-8830

Lama J, Mangasarian A and Trono D (1999): Cell-surface expression of CD4 reduces
HIV-1 infectivity by blocking Env incorporation in a Nef- and Vpu-inhibitable
manner. Curr Biol 9:622-31

Lang SM, Iafrate AJ, Stahl-Hennig C, Kuhn EM, Nisslein T, Kaup FJ, Haupt M,
Hunsmann G, Skowronski J and Kirchhoff F (1997): Association of simian
immunodeficiency virus Nef with cellular serine/threonine kinases is dispensable for
the development of AIDS in rhesus macaques. Nat Med 3:860-5

Latinis KM, Norian LA, Eliason SL and Koretzky GA (1997): Two NFAT transcription
factor binding sites participate in the regulation of CD95 (Fas) ligand expression in
activated human T cells. J Biol Chem 272:31427-34

Le Borgne R and Hoflack B (1998): Mechanisms of protein sorting and coat assembly:
insights from the clathrin-coated vesicle pathway. Curr Opin Cell Biol 10:499-503

Le Gall S, Erdtmann L, Benichou S, Berlioz-Torrent C, Liu L, Benarous R, Heard JM
and Schwartz O (1998): Nef interacts with the mu subunit of clathrin adaptor
complexes and reveals a cryptic sorting signal in MHC I molecules. Immunity 8:483-
95

Learmont JC, Geczy AF, Mills J, Ashton LJ, Raynes-Greenow CH, Garsia RJ, Dyer
WB, McIntyre L, Oelrichs RB, Rhodes DI, Deacon NJ and Sullivan JS (1999):
Immunologic and virologic status after 14 to 18 years of infection with an attenuated
strain of HIV-1. A report from the Sydney Blood Bank Cohort. N Engl J Med
340:1715-22

Lee CH, Leung B, Lemmon MA, Zheng J, Cowburn D, Kuriyan J and Saksela K (1995):
A single amino acid in the SH3 domain of Hck determines its high affinity and
specificity in binding to HIV-1 Nef protein. Embo J 14:5006-15

Lee CH, Saksela K, Mirza UA, Chait BT and Kuriyan J (1996): Crystal structure of the
conserved core of HIV-1 Nef complexed with a Src family SH3 domain. Cell 85:931-
42

Lei M, Lu W, Meng W, Parrini MC, Eck MJ, Mayer BJ and Harrison SC (2000):
Structure of PAK1 in an autoinhibited conformation reveals a multistage activation
switch. Cell 102:387-97

Levy JA, Hoffman AD, Kramer SM, Landis JA, Shimabukuro JM and Oshiro LS
(1984): Isolation of lymphocytopathic retroviruses from San Francisco patients with
AIDS. Science 225:840-2

Levy JA (1998): HIV and the Pathogenesis of AIDS. 2nd edition. American Society for
Microbiology.

Li Q, Tsang B, Ding L and Ji-Hong W (1998a): Infection with the human
immunodeficiency virus type 2: Epidemiology and transmission (Review). Int J Mol
Med 2:573-576

Li W, Llopis J, Whitney M, Zlokarnik G and Tsien RY (1998b): Cell-permeant caged
InsP3 ester shows that Ca2+ spike frequency can optimize gene expression. Nature
392:936-41.

Lim WA, Richards FM and Fox RO (1994): Structural determinants of peptide-binding
orientation and of sequence specificity in SH3 domains. Nature 372:375-9



63

Lim WA (1996): Reading between the lines: SH3 recognition of an intact protein.
Structure 4:657-9

Liu H, Wu X, Newman M, Shaw GM, Hahn BH and Kappes JC (1995): The Vif protein
of human and simian immunodeficiency viruses is packaged into virions and associates
with viral core structures. J Virol 69:7630-8

Liu LX, Margottin F, Le Gall S, Schwartz O, Selig L, Benarous R and Benichou S
(1997): Binding of HIV-1 Nef to a novel thioesterase enzyme correlates with Nef-
mediated CD4 down-regulation. J Biol Chem 272:13779-85

Liu LX, Heveker N, Fackler OT, Arold S, Le Gall S, Janvier K, Peterlin BM, Dumas C,
Schwartz O, Benichou S and Benarous R (2000): Mutation of a conserved residue
(D123) required for oligomerization of human immunodeficiency virus type 1 Nef
protein abolishes interaction with human thioesterase and results in impairment of Nef
biological functions. J Virol 74:5310-9

Lopez-Rodriguez C, Aramburu J, Rakeman AS and Rao A (1999): NFAT5, a
constitutively nuclear NFAT protein that does not cooperate with Fos and Jun. Proc
Natl Acad Sci U S A 96:7214-9.

Lu W, Katz S, Gupta R and Mayer BJ (1997): Activation of Pak by membrane
localization mediated by an SH3 domain from the adaptor protein Nck. Curr Biol 7:85-
94

Lu X, Wu X, Plemenitas A, Yu H, Sawai ET, Abo A and Peterlin BM (1996): CDC42
and Rac1 are implicated in the activation of the Nef-associated kinase and replication
of HIV-1. Curr Biol 6:1677-84

Lu X, Yu H, Liu SH, Brodsky FM and Peterlin BM (1998): Interactions between HIV1
Nef and vacuolar ATPase facilitate the internalization of CD4. Immunity 8:647-56

Lu YL, Spearman P and Ratner L (1993): Human immunodeficiency virus type 1 viral
protein R localization in infected cells and virions. J Virol 67:6542-50

Luban J, Bossolt KL, Franke EK, Kalpana GV and Goff SP (1993): Human
immunodeficiency virus type 1 Gag protein binds to cyclophilins A and B. Cell
73:1067-78

Luban J (1996): Absconding with the chaperone: essential cyclophilin-Gag interaction in
HIV-1 virions. Cell 87:1157-9

Luo T, Livingston RA and Garcia JV (1997): Infectivity enhancement by human
immunodeficiency virus type 1 Nef is independent of its association with a cellular
serine/threonine kinase. J Virol 71:9524-30

Luo W and Peterlin BM (1997): Activation of the T-cell receptor signaling pathway by
Nef from an aggressive strain of simian immunodeficiency virus. J.Virol. 71:9531-
9537

Luria S, Chambers I and Berg P (1991): Expression of the type 1 human
immunodeficiency virus Nef protein in T cells prevents antigen receptor-mediated
induction of interleukin 2 mRNA. Proc.Natl.Acad.Sci.U.S.A. 88:5326-5330

Mangasarian A, Foti M, Aiken C, Chin D, Carpentier JL and Trono D (1997): The HIV-
1 Nef protein acts as a connector with sorting pathways in the Golgi and at the plasma
membrane. Immunity 6:67-77

Mangasarian A, Piguet V, Wang JK, Chen YL and Trono D (1999): Nef-induced CD4
and major histocompatibility complex class I (MHC-I) down-regulation are governed
by distinct determinants: N-terminal alpha helix and proline repeat of Nef selectively
regulate MHC-I trafficking. J Virol 73:1964-73



64

Manser E, Leung T, Salihuddin H, Zhao ZS and Lim L (1994): A brain serine/threonine
protein kinase activated by Cdc42 and Rac1. Nature 367:40-6.

Manser E, Loo TH, Koh CG, Zhao ZS, Chen XQ, Tan L, Tan I, Leung T and Lim L
(1998): PAK kinases are directly coupled to the PIX family of nucleotide exchange
factors. Mol Cell 1:183-92

Mansinho K (1999): Human immunodeficiency virus type 2 infection. Acta Med Port
12:367-70

Mariani R and Skowronski J (1993): CD4 down-regulation by nef alleles isolated from
human immunodeficiency virus type 1-infected individuals. Proc Natl Acad Sci U S A
90:5549-53

Marsh M and Pelchen-Matthews A (1996): Endocytic and exocytic regulation of CD4
expression and function. Curr Top Microbiol Immunol 205:107-35

Martin GA, Bollag G, McCormick F and Abo A (1995): A novel serine kinase activated
by rac1/CDC42Hs-dependent autophosphorylation is related to PAK65 and STE20.
Embo J 14:1970-8.

Maruyama T, Kanaji T, Nakade S, Kanno T and Mikoshiba K (1997): 2APB, 2-
aminoethoxydiphenyl borate, a membrane-penetrable modulator of Ins(1,4,5)P3-
induced Ca2+ release. J Biochem (Tokyo) 122:498-505

Masuda ES, Imamura R, Amasaki Y, Arai K and Arai N (1998): Signalling into the T-
cell nucleus: NFAT regulation. Cell Signal 10:599-611.

Mayer BJ and Gupta R (1998): Functions of SH2 and SH3 domains. Curr Top Microbiol
Immunol 228:1-22

Meller N, Altman A and Isakov N (1998): New perspectives on PKCtheta, a member of
the novel subfamily of protein kinase C. Stem Cells 16:178-92

Miller MD, Warmerdam MT, Gaston I, Greene WC and Feinberg MB (1994): The
human immunodeficiency virus-1 nef gene product: a positive factor for viral infection
and replication in primary lymphocytes and macrophages. J Exp Med 179:101-13

Miller MD, Warmerdam MT, Page KA, Feinberg MB and Greene WC (1995):
Expression of the human immunodeficiency virus type 1 (HIV-1) nef gene during
HIV-1 production increases progeny particle infectivity independently of gp160 or
viral entry. J Virol 69:579-84

Miller MD, Warmerdam MT, Ferrell SS, Benitez R and Greene WC (1997): Intravirion
generation of the C-terminal core domain of HIV-1 Nef by the HIV-1 protease is
insufficient to enhance viral infectivity. Virology 234:215-25

Miyakawa H, Woo SK, Dahl SC, Handler JS and Kwon HM (1999): Tonicity-
responsive enhancer binding protein, a rel-like protein that stimulates transcription in
response to hypertonicity. Proc Natl Acad Sci U S A 96:2538-42.

Moarefi I, LaFevre-Bernt M, Sicheri F, Huse M, Lee CH, Kuriyan J and Miller WT
(1997): Activation of the Src-family tyrosine kinase Hck by SH3 domain displacement.
Nature 385:650-3

Monks CR, Kupfer H, Tamir I, Barlow A and Kupfer A (1997): Selective modulation of
protein kinase C-theta during T-cell activation. Nature 385:83-6

Monks CR, Freiberg BA, Kupfer H, Sciaky N and Kupfer A (1998): Three-dimensional
segregation of supramolecular activation clusters in T cells. Nature 395:82-6

Morreale A, Venkatesan M, Mott HR, Owen D, Nietlispach D, Lowe PN and Laue ED
(2000): Structure of Cdc42 bound to the GTPase binding domain of PAK. Nat Struct
Biol 7:384-8



65

Murti KG, Brown PS, Ratner L and Garcia JV (1993): Highly localized tracks of human
immunodeficiency virus type 1 Nef in the nucleus of cells of a human CD4+ T-cell
line. Proc Natl Acad Sci U S A 90:11895-9.

Mustelin T (1994): T cell antigen receptor signaling: three families of tyrosine kinases
and a phosphatase. Immunity 1:351-6

Navia MA and McKeever BM (1990): A role for the aspartyl protease from the human
immunodeficiency virus type 1 (HIV-1) in the orchestration of virus assembly. Ann N
Y Acad Sci 616:73-85

Niederman TM, Garcia JV, Hastings WR, Luria S and Ratner L (1992): Human
immunodeficiency virus type 1 Nef protein inhibits NF- kappa B induction in human T
cells. J.Virol. 66:6213-6219

Niederman TM, Hastings WR, Luria S, Bandres JC and Ratner L (1993): HIV-1 Nef
protein inhibits the recruitment of AP-1 DNA-binding activity in human T-cells.
Virology 194:338-344

Nunn MF and Marsh JW (1996): Human immunodeficiency virus type 1 Nef associates
with a member of the p21-activated kinase family. J Virol 70:6157-61

Page KA, van Schooten WC and Feinberg MB (1997): Human immunodeficiency virus
type 1 Nef does not alter T-cell sensitivity to antigen-specific stimulation. J.Virol.
71:3776-3787

Pandori M, Craig H, Moutouh L, Corbeil J and Guatelli J (1998): Virological
importance of the protease-cleavage site in human immunodeficiency virus type 1 Nef
is independent of both intravirion processing and CD4 down-regulation. Virology
251:302-16

Pandori MW, Fitch NJ, Craig HM, Richman DD, Spina CA and Guatelli JC (1996):
Producer-cell modification of human immunodeficiency virus type 1: Nef is a virion
protein. J Virol 70:4283-90

Pawson T (1994): SH2 and SH3 domains in signal transduction. Adv Cancer Res 64:87-
110

Penninger JM and Crabtree GR (1999): The actin cytoskeleton and lymphocyte
activation. Cell 96:9-12.

Piguet V, Chen YL, Mangasarian A, Foti M, Carpentier JL and Trono D (1998):
Mechanism of Nef-induced CD4 endocytosis: Nef connects CD4 with the mu chain of
adaptor complexes. Embo J 17:2472-81

Piguet V, Gu F, Foti M, Demaurex N, Gruenberg J, Carpentier JL and Trono D (1999):
Nef-induced CD4 degradation: a diacidic-based motif in Nef functions as a lysosomal
targeting signal through the binding of beta-COP in endosomes. Cell 97:63-73

Piguet V, Wan L, Borel C, Mangasarian A, Demaurex N, Thomas G and Trono D
(2000): HIV-1 Nef protein binds to the cellular protein PACS-1 to downregulate class I
major histocompatibility complexes. Nat Cell Biol 2:163-7

Plemenitas A, Lu X, Geyer M, Veranic P, Simon MN and Peterlin BM (1999):
Activation of Ste20 by Nef from human immunodeficiency virus induces cytoskeletal
rearrangements and downstream effector functions in Saccharomyces cerevisiae.
Virology 258:271-281

Preusser A, Briese L, Baur AS and Willbold D (2001): Direct in vitro binding of full-
length human immunodeficiency virus type 1 nef protein to cd4 cytoplasmic domain. J
Virol 75:3960-4.

Putney JW (1999): "Kissin' cousins": intimate plasma membrane-ER interactions
underlie capacitative calcium entry. Cell 99:5-8.



66

Qian D and Weiss A (1997): T cell antigen receptor signal transduction. Curr Opin Cell
Biol 9:205-12.

Ranki A, Lagerstedt A, Ovod V, Aavik E and Krohn KJ (1994): Expression kinetics and
subcellular localization of HIV-1 regulatory proteins Nef, Tat and Rev in acutely and
chronically infected lymphoid cell lines. Arch Virol 139:365-78

Re F, Braaten D, Franke EK and Luban J (1995): Human immunodeficiency virus type 1
Vpr arrests the cell cycle in G2 by inhibiting the activation of p34cdc2-cyclin B. J
Virol 69:6859-64

Ren R, Mayer BJ, Cicchetti P and Baltimore D (1993): Identification of a ten-amino acid
proline-rich SH3 binding site. Science 259:1157-61

Renkema HG and Saksela K (2000): Interactions of HIV-1 NEF with cellular signal
transducing proteins. Front Biosci 5:D268-83

Resh MD (1994): Myristylation and palmitylation of Src family members: the fats of the
matter. Cell 76:411-3

Robert-Guroff M, Popovic M, Gartner S, Markham P, Gallo RC and Reitz MS (1990):
Structure and expression of tat-, rev-, and nef-specific transcripts of human
immunodeficiency virus type 1 in infected lymphocytes and macrophages. J Virol
64:3391-8

Romero IA, Teixeira A, Strosberg AD, Cazaubon S and Couraud PO (1998): The HIV-1
nef protein inhibits extracellular signal-regulated kinase- dependent DNA synthesis in
a human astrocytic cell line. J Neurochem 70:778-85

Ron D and Kazanietz MG (1999): New insights into the regulation of protein kinase C
and novel phorbol ester receptors. Faseb J 13:1658-76

Ross TM, Oran AE and Cullen BR (1999): Inhibition of HIV-1 progeny virion release
by cell-surface CD4 is relieved by expression of the viral Nef protein. Curr Biol 9:613-
21

Rossi F, Gallina A and Milanesi G (1996): Nef-CD4 physical interaction sensed with the
yeast two-hybrid system. Virology 217:397-403

Rudel T and Bokoch GM (1997): Membrane and morphological changes in apoptotic
cells regulated by caspase-mediated activation of PAK2. Science 276:1571-4

Rudel T, Zenke FT, Chuang TH and Bokoch GM (1998): p21-activated kinase (PAK) is
required for Fas-induced JNK activation in Jurkat cells. J Immunol 160:7-11.

Sakai H, Kawamura M, Sakuragi J, Sakuragi S, Shibata R, Ishimoto A, Ono N, Ueda S
and Adachi A (1993): Integration is essential for efficient gene expression of human
immunodeficiency virus type 1. J Virol 67:1169-74

Saksela K, Cheng G and Baltimore D (1995): Proline-rich (PxxP) motifs in HIV-1 Nef
bind to SH3 domains of a subset of Src kinases and are required for the enhanced
growth of Nef+ viruses but not for down-regulation of CD4. Embo J 14:484-91

Salghetti S, Mariani R and Skowronski J (1995): Human immunodeficiency virus type 1
Nef and p56lck protein-tyrosine kinase interact with a common element in CD4
cytoplasmic tail. Proc Natl Acad Sci U S A 92:349-53

Salvi R, Garbuglia AR, Di Caro A, Pulciani S, Montella F and Benedetto A (1998):
Grossly defective nef gene sequences in a human immunodeficiency virus type 1-
seropositive long-term nonprogressor. J Virol 72:3646-57

Sanfridson A, Hester S and Doyle C (1997): Nef proteins encoded by human and simian
immunodeficiency viruses induce the accumulation of endosomes and lysosomes in
human T cells. Proc Natl Acad Sci U S A 94:873-8



67

Sawai ET, Baur A, Struble H, Peterlin BM, Levy JA and Cheng-Mayer C (1994):
Human immunodeficiency virus type 1 Nef associates with a cellular serine kinase in T
lymphocytes. Proc.Natl.Acad.Sci.U.S.A. 91:1539-1543

Sawai ET, Baur AS, Peterlin BM, Levy JA and Cheng-Mayer C (1995): A conserved
domain and membrane targeting of Nef from HIV and SIV are required for association
with a cellular serine kinase activity. J Biol Chem 270:15307-14

Sawai ET, Khan IH, Montbriand PM, Peterlin BM, Cheng-Mayer C and Luciw PA
(1996): Activation of PAK by HIV and SIV Nef: importance for AIDS in rhesus
macaques. Curr Biol 6:1519-27

Sawai ET, Cheng-Mayer C and Luciw PA (1997): Nef and the Nef-associated kinase.
Res.Virol. 148:47-52

Schibeci SD, Clegg AO, Biti RA, Sagawa K, Stewart GJ and Williamson P (2000):
HIV-Nef enhances interleukin-2 production and phosphatidylinositol 3- kinase activity
in a human T cell line. Aids 14:1701-7

Schrager JA and Marsh JW (1999): HIV-1 Nef increases T cell activation in a stimulus-
dependent manner. Proc.Natl.Acad.Sci.U.S.A. 96:8167-8172

Schubert U, Ferrer-Montiel AV, Oblatt-Montal M, Henklein P, Strebel K and Montal M
(1996): Identification of an ion channel activity of the Vpu transmembrane domain and
its involvement in the regulation of virus release from HIV- 1-infected cells. FEBS
Lett 398:12-8

Schwartz O, Arenzana-Seisdedos F, Heard JM and Danos O (1992): Activation
pathways and human immunodeficiency virus type 1 replication are not altered in
CD4+ T cells expressing the nef protein. AIDS Res.Hum.Retroviruses 8:545-551

Schwartz O, Marechal V, Danos O and Heard JM (1995): Human immunodeficiency
virus type 1 Nef increases the efficiency of reverse transcription in the infected cell. J
Virol 69:4053-9

Schwartz O, Marechal V, Le Gall S, Lemonnier F and Heard JM (1996): Endocytosis of
major histocompatibility complex class I molecules is induced by the HIV-1 Nef
protein. Nat Med 2:338-42

Sells MA and Chernoff J (1997): Emerging from the Pak: the p21-activated protein
kinase family. Trends Cell Biol 7:162-167

Shafer RW and Vuitton DA (1999): Highly active antiretroviral therapy (HAART) for
the treatment of infection with human immunodeficiency virus type 1. Biomed
Pharmacother 53:73-86

Shaw JP, Utz PJ, Durand DB, Toole JJ, Emmel EA and Crabtree GR (1988):
Identification of a putative regulator of early T cell activation genes. Science 241:202-
5

Siekevitz M, Josephs SF, Dukovich M, Peffer N, Wong-Staal F and Greene WC (1987):
Activation of the HIV-1 LTR by T cell mitogens and the trans-activator protein of
HTLV-I. Science 238:1575-8

Simon JH and Malim MH (1996): The human immunodeficiency virus type 1 Vif
protein modulates the postpenetration stability of viral nucleoprotein complexes. J
Virol 70:5297-305

Skowronski J, Parks D and Mariani R (1993): Altered T cell activation and development
in transgenic mice expressing the HIV-1 nef gene. Embo J 12:703-13

Smith BL, Krushelnycky BW, Mochly-Rosen D and Berg P (1996): The HIV nef protein
associates with protein kinase C theta. J Biol Chem 271:16753-7



68

Spina CA, Kwoh TJ, Chowers MY, Guatelli JC and Richman DD (1994): The
importance of nef in the induction of human immunodeficiency virus type 1 replication
from primary quiescent CD4 lymphocytes. J Exp Med 179:115-23

Stevenson M, Stanwick TL, Dempsey MP and Lamonica CA (1990): HIV-1 replication
is controlled at the level of T cell activation and proviral integration. Embo J 9:1551-60

Sudol M (1998): From Src Homology domains to other signaling modules: proposal of
the 'protein recognition code'. Oncogene 17:1469-74

Swigut T, Iafrate AJ, Muench J, Kirchhoff F and Skowronski J (2000): Simian and
human immunodeficiency virus Nef proteins use different surfaces to downregulate
class I major histocompatibility complex antigen expression. J Virol 74:5691-701

Swingler S, Gallay P, Camaur D, Song J, Abo A and Trono D (1997): The Nef protein
of human immunodeficiency virus type 1 enhances serine phosphorylation of the viral
matrix. J Virol 71:4372-7

Swingler S, Mann A, Jacque J, Brichacek B, Sasseville VG, Williams K, Lackner AA,
Janoff EN, Wang R, Fisher D and Stevenson M (1999): HIV-1 Nef mediates
lymphocyte chemotaxis and activation by infected macrophages. Nat.Med. 5:997-103

Szabo SJ, Gold JS, Murphy TL and Murphy KM (1993): Identification of cis-acting
regulatory elements controlling interleukin-4 gene expression in T cells: roles for NF-
Y and NF-ATc. Mol Cell Biol 13:4793-805

Thompson G, Owen D, Chalk PA and Lowe PN (1998): Delineation of the Cdc42/Rac-
binding domain of p21-activated kinase. Biochemistry 37:7885-91

Timmerman LA, Clipstone NA, Ho SN, Northrop JP and Crabtree GR (1996): Rapid
shuttling of NF-AT in discrimination of Ca2+ signals and immunosuppression. Nature
383:837-40

Tong-Starksen SE, Luciw PA and Peterlin BM (1987): Human immunodeficiency virus
long terminal repeat responds to T-cell activation signals. Proc Natl Acad Sci U S A
84:6845-9

Tu H and Wigler M (1999): Genetic evidence for Pak1 autoinhibition and its release by
Cdc42. Mol Cell Biol 19:602-11

Turner BG and Summers MF (1999): Structural biology of HIV. J Mol Biol 285:1-32
van Leeuwen JE and Samelson LE (1999): T cell antigen-receptor signal transduction.

Curr Opin Immunol 11:242-8.
Wang JK, Kiyokawa E, Verdin E and Trono D (2000): The Nef protein of HIV-1

associates with rafts and primes T cells for activation. Proc Natl Acad Sci U S A
97:394-9

Watanabe H, Shiratori T, Shoji H, Miyatake S, Okazaki Y, Ikuta K, Sato T and Saito T
(1997): A novel acyl-CoA thioesterase enhances its enzymatic activity by direct
binding with HIV Nef. Biochem Biophys Res Commun 238:234-9

Welker R, Kottler H, Kalbitzer HR and Krausslich HG (1996): Human
immunodeficiency virus type 1 Nef protein is incorporated into virus particles and
specifically cleaved by the viral proteinase. Virology 219:228-36

Welker R, Harris M, Cardel B and Krausslich HG (1998): Virion incorporation of
human immunodeficiency virus type 1 Nef is mediated by a bipartite membrane-
targeting signal: analysis of its role in enhancement of viral infectivity. J.Virol.
72:8833-8840

Werlen G, Jacinto E, Xia Y and Karin M (1998): Calcineurin preferentially synergizes
with PKC-theta to activate JNK and IL-2 promoter in T lymphocytes. Embo J 17:3101-
11



69

Villalba M, Coudronniere N, Deckert M, Teixeiro E, Mas P and Altman A (2000): A
novel functional interaction between Vav and PKCtheta is required for TCR-induced T
cell activation. Immunity 12:151-60

Willey RL, Maldarelli F, Martin MA and Strebel K (1992): Human immunodeficiency
virus type 1 Vpu protein induces rapid degradation of CD4. J Virol 66:7193-200

Wiskerchen M and Cheng-Mayer C (1996): HIV-1 Nef association with cellular serine
kinase correlates with enhanced virion infectivity and efficient proviral DNA synthesis.
Virology 224:292-301

Xu XN, Screaton GR, Gotch FM, Dong T, Tan R, Almond N, Walker B, Stebbings R,
Kent K, Nagata S, Stott JE and McMichael AJ (1997): Evasion of cytotoxic T
lymphocyte (CTL) responses by nef-dependent induction of Fas ligand (CD95L)
expression on simian immunodeficiency virus-infected cells. J Exp Med 186:7-16

Xu XN, Laffert B, Screaton GR, Kraft M, Wolf D, Kolanus W, Mongkolsapay J,
McMichael AJ and Baur AS (1999): Induction of Fas ligand expression by HIV
involves the interaction of Nef with the T cell receptor zeta chain. J Exp Med
189:1489-96

Yablonski D, Kane LP, Qian D and Weiss A (1998): A Nck-Pak1 signaling module is
required for T-cell receptor- mediated activation of NFAT, but not of JNK. EMBO J.
17:5647-5657

Yao XJ, Subbramanian RA, Rougeau N, Boisvert F, Bergeron D and Cohen EA (1995):
Mutagenic analysis of human immunodeficiency virus type 1 Vpr: role of a predicted
N-terminal alpha-helical structure in Vpr nuclear localization and virion incorporation.
J Virol 69:7032-44

Yoon K and Kim S (1999): Lack of negative influence on the cellular transcription
factors NF- kappaB and AP-1 by the nef protein of human immunodeficiency virus
type 1. J Gen Virol 80:2951-6

Yuryev A and Wennogle LP (1998): The RAF family: an expanding network of post-
translational controls and protein-protein interactions. Cell Res 8:81-98.

Zauli G, Gibellini D, Secchiero P, Dutartre H, Olive D, Capitani S and Collette Y
(1999): Human immunodeficiency virus type 1 Nef protein sensitizes CD4(+) T
lymphoid cells to apoptosis via functional upregulation of the CD95/CD95 ligand
pathway. Blood 93:1000-10

Zazopoulos E and Haseltine WA (1993): Effect of nef alleles on replication of human
immunodeficiency virus type 1. Virology 194:20-7

Zhang S, Han J, Sells MA, Chernoff J, Knaus UG, Ulevitch RJ and Bokoch GM (1995):
Rho family GTPases regulate p38 mitogen-activated protein kinase through the
downstream mediator Pak1. J Biol Chem 270:23934-6.

Zhao ZS, Manser E, Chen XQ, Chong C, Leung T and Lim L (1998): A conserved
negative regulatory region in alphaPAK: inhibition of PAK kinases reveals their
morphological roles downstream of Cdc42 and Rac1. Mol Cell Biol 18:2153-63

Zhao ZS, Manser E and Lim L (2000): Interaction between PAK and nck: a template for
Nck targets and role of PAK autophosphorylation. Mol Cell Biol 20:3906-17



70

11. ORIGINAL COMMUNICATIONS


