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The human immunodeficiency virus (HIV) infects over 39.5 million people 

worldwide (UNAIDS/WHO 2006 Epidemic Report).  Unfortunately, various 

socioeconomic factors have hastened the epidemic spread of HIV in Africa and in 

third world countries where many individuals do not have access to appropriate 

healthcare.  Vaccines have, as of yet, been unsuccessful as a preventive measure; 

however, new measures, including peptide inhibitors and microbicides, are 

currently being developed and studied for their efficacy.  The potential of finding 

new targets for controlling or preventing infection relies heavily on developments 

relating to the basic science of the virus as well as the host environment.        

HIV and simian immunodeficiency virus (SIV) encode an accessory protein Nef 

proposed to promote pathogenesis based on evidence from HIV-infected long 
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term nonprogressors and SIV studies in non-human primates.  The pathogenic 

potential of Nef has been studied in relation to some of its in vitro effects 

including:  (1) the downregulation of major histocompatibility complex I (MHC-

I), (2) the downregulation of CD4, (3) infectivity enhancement, and (4) Pak2 

activation.  These in vitro effects, with the exception of CD4 downregulation, rely 

in part upon Nef’s acidic cluster which has been reported to affect Nef’s 

redirection of cell surface MHC-I to the trans-Golgi network by binding to the 

cytosolic adapter phosphofurin acidic cluster sorting-1 (PACS-1) (19, 147).  

Because Nef is potentially significant to the course of disease progression, 

correlations between the amino acid composition of the Nef acidic cluster and Nef 

activity were characterized.  Nef acidic cluster mutants reducing the acidic 

residues in the cluster from 4 to 2, 1, and 0 were developed.  Phenotypes for these 

mutants indicate at least one or more of the four acidic cluster glutamates are 

involved not only in MHC-I downregulation, but also Pak2 activation and 

infectivity enhancement.  However, because partial activity is observed with one 

acidic residue and full activity with only two acidic residues, these data lead to the 

following conclusion:  Although the Nef acidic cluster contributes to a 

conformational integrity important for Nef-mediated MHC-I downregulation as 

well as other Nef activities, it is not a prototypical acidic cluster determinant 

involved in PACS-1-mediated trafficking.   
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CHAPTER ONE 
 

INTRODUCTION 
 

A.  The Human Immunodeficiency Virus 

        The human immunodeficiency virus (HIV) was recognized as a pervasive 

viral pathogen only in the early 1980’s.  However, evidence was recently accrued 

indicating that the estimated entrance of the ancestor of the HIV-1 pandemic 

strains into the human population was the early 1930’s and possibly as early as 

1915 (104).  The HIV-1 pandemic ancestor is thought to originate from simian 

immunodeficiency virus that infected chimpanzees (SIVcpz) in west central 

Africa (53).  SIVcpz probably resulted from successive cross-species transmission 

and recombination events from several monkey species upon which chimpanzees 

prey (15).  Based on these dates, HIV has had nearly a century to adapt and 

develop in humans whereas the molecular analysis of HIV has barely reached the 

quarter century mark.  Substantial resources have therefore been expended in 

hopes of learning more about how this virus functions, its relationship to the host 

immune system, and what regimens or treatments can best prevent pathogenic 

effects in the host. 

        HIV is a single-stranded RNA virus capable of reverse transcription of its 

RNA genome and inserting the DNA copy into the host cell genome, hence the 

name “retrovirus” given to viruses with this RNA-DNA life cycle.  The genome 
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of HIV is 9.7 kB and codes for the common structural and enzymatic proteins of 

retroviruses which include GAG, POL, and ENV (Figure 1.1).  

   

 

Fig. 1.1  The HIV-1 Genome.  The HIV-1 genome consists of both a 5’ and a 3’ 

s 

 

GAG includes the matrix (MA), capsid (CA), and nucleocapsid protein (NC).  

ENV includes the surface glycoprotein SU and the transmembrane protein TM.  

POL includes the enzymes reverse transcriptase (RT), integrase (IN), protease 

(PR), and RNAseH.  HIV is, along with equine infectious anemia virus (EIAV) 

and feline immunodeficiency virus (FIV), classified as a lentivirus, the Latin 

“lenti” meaning “slow” which is indicative of the long incubation period that 

characterizes the diseases they cause.       

long terminal repeat (LTR), structural genes encoded by the group antigen locus 
(GAG) and envelope (ENV), enzymatic proteins encoded by the polymerase locu
(POL), and six viral accessory or regulatory proteins Vif, Vpr, Vpu, Rev, Tat, and 
Nef (figure adapted from Wei et al. (207)). 
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B.  HIV Accessory Proteins  

        HIV-1 codes for two regulatory proteins Rev and Tat, as well as four 

accessory proteins which include Vpr, Vpu, Vif, and Nef.  These proteins have 

unique functions for the life cycle of the virus.  Three of the earliest viral gene 

products are Tat, Rev, and Nef.  Tat and Rev were determined to be essential for 

viral replication, while Vif was found to be essential for replication in certain cell 

culture settings, mainly in primary human lymphocytes.  Although Nef, Vpr, and 

Vpu are not essential for replication in vitro, the ways in which they contribute to 

efficiency of replication in vivo are still being determined years after their 

identification.   

        In contrast to Nef, the function of the other auxiliary proteins is somewhat 

more clearly understood.  For example, Tat acts as a transcriptional activator of 

the HIV-1 LTR by recruitment of CDK9/cyclin T to TAR RNA (94).  Rev 

facilitates nuclear export of late HIV-1 mRNAs by recruitment of Crm1 to RRE 

RNA (76).  Vif has been reported to be involved in the stabilization of viral 

nucleoprotein complexes (178) and in the nuclear transport of the preintegration 

complex (PIC) (93).  Vif also functions to counteract the cellular cytidine 

deaminase APOBEC3G by inducing its degradation through an ubiquitination-

dependent proteasomal pathway.  APOBEC3G deleteriously affects the HIV-1 

genome when Vif is absent and therefore has an anti-viral activity (38).  Vpr has 

been shown in non-dividing cells to target the PIC to the nucleus (72) and also to 
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arrest cell cycle in the G2 phase (71).  Vpu has two reported activities: 1) 

induction of CD4 degradation in the ER (210), and 2) enhancement of virion 

release (61).  The action of Nef has been somewhat more difficult to assess even 

from the very beginnings of its study.  Nef has clearly been misunderstood as can 

be seen in the derivation of its name, negative factor, which was chosen because it 

was thought to negatively influence viral replication (3, 194).  However, this view 

was dispelled when Kestler and colleagues showed that nef-defective viruses had 

decreased viral titer and pathogenic potential in a rhesus macaque model (100).   

Since this study in 1991, numerous in vitro activities of Nef have been 

documented, and the genetic components of these activities are now being 

manipulated to further the understanding of Nef function in vivo.     

 

C.  HIV-1 Nef 

     C1.  Nef Structure 

        The HIV-1 Nef protein (SF2 isolate) is 206 amino acids, the largest of the 

accessory proteins.  Because of its high mutation rate, many Nef variants or 

alleles exist, and several regions of the protein are more variable than others as 

has been documented in a database of subtype B Nef sequences (139).  A model 

of full-length Nef has been proposed based on nuclear magnetic resonance 

(NMR) structures and consists of a relatively unstructured, myristylated N- 

terminus (residues 2-57), a folded core domain, and a disordered loop (58, 67).  
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According to this model, at least 50% of the polypeptide chain of Nef is flexible 

which includes the N-terminus and the disordered loop.  Crystallographic studies 

have also analyzed the tertiary structure of Nef, particularly with respect to 

binding to SH3 domains in vitro (12, 112).  Figure 1.2 represents, theoretically, 

the structure of Nef according to Arold and Baur (11). 
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Fig. 1.2  A Schematic of Nef.  Based on NMR structural analysis, this schematic 
theoretically represents the structure of the HIV-1 Nef protein including: (1) the 
N-terminal flexible arm extending from the myristylated N-terminus, (2) the 
folded core domain, and (3) the C-terminal flexible loop.  In addition, the regions 
of clustered basic and acidic charges are indicated as well as the di-leucine 
endocytosis motif in the disordered loop.  The tertiary structural regions of alpha-
helices (H1 and H2 and α A-D) and β sheets (β A-D) are also noted in the 
schematic (Modified figure used with permission from ref. (11)). 
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     C2.  Membrane Association and Nef Localization          

        The steady state residence of Nef in the cell and its association with 

membranes appear to be involved in the regulation of Nef function and therefore 

identification and understanding of determinants regulating Nef localization have 

been pursued (59, 92).  Virtually all of the known in vitro activities of Nef require 

membrane association as determined by mutation of the glycine residue nearest 

the N-terminus which is required for the addition of myristic acid and upon which 

membrane association relies (70, 143).  Interestingly, a significant portion of Nef 

is not associated with the membrane fraction and it has been questioned whether 

the membrane and non-membrane associated populations of Nef are distinct 

biochemical species with different functions or whether they are in a dynamic 

equilibrium with each other (18).  Some groups have questioned whether 

myristylation alone is sufficient for sustained membrane association (18, 59).  

One of these groups suggests that a cluster of basic residues near the N-terminus 

(four arginines between residues 17-22) are involved in the stabilization of Nef 

association with membranes(18).  Another group suggests the presence of an, as 

of yet, unidentified determinant for specific targeting of Nef into detergent 

insoluble microdomains / lipid rafts (59).  Despite numerous microscopy and 

biochemical studies, the nature of the steady-state cellular localization of Nef is 

still relatively vague.  It is clear, however, that Nef can be present in the nucleus 
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(132, 140), the cytoskeletal fraction (48, 136), and both the plasma and cytosolic 

membranes (92) although the precise identity of these cytosolic membranes is 

currently unknown. Nef localization to the plasma membrane and TGN has been 

suggested to be involved in its ability to downregulate CD4 and MHC-I, 

respectively (19, 153).  In addition, the association of Nef with a specific 

membrane population has been suggested to be required for the activation of Pak2 

(148).  One model for Nef “cycling,” or its dynamic relocalization in the cell, 

speculates that conformational changes in the protein influence its binding, or lack 

of binding, to membranes (11).  In this model, it is suggested that the positioning 

of the N-terminus and/or disordered loop of the core domain can affect different 

active or inactive conformations of Nef.  

        C3.  A Myriad of Nef Activities and Mutants 

       The foremost investigated in vitro activities of Nef include CD4 and MHC-I 

downregulation, Pak2 activation, and infectivity enhancement which will be 

discussed in further detail in the following chapters.  However, in addition to 

these activities, this viral accessory protein has also been shown to inhibit ASK1-

dependent death signaling (57), associate with active PI3-K to induce anti-

apoptotic signals (216), alter cellular signaling pathways (186, 191) and T cell 

transcriptional programs (177), downregulate surface expression of MHC-II 

(185),  CD28 (190), and the costimulatory molecules CD80 and CD86 (32), 

upregulate the invariant chain of MHC-II molecules (172), and a myriad of other 
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in vitro activities.  Sorting out the functional relevance of all these activities has 

not been as readily achieved as discovering novel Nef activities.  As a 

consequence, Nef activities observed in vitro are generally not defined as 

“functional” in the context of an infected host.  One of the most common methods 

to study Nef activity is to develop Nef mutants that are able to either increase or 

decrease Nef activity in several in vitro assays.  The genetic complexity of four 

commonly-studied Nef activities which will also be further characterized in this 

study can be observed in Table 1.1 below.  Several mutations, often in very 

distinct and separate regions of Nef tend to contribute to each individual activity 

and determining if these mutants are specific for individual Nef activities has 

proven to produce often controversial results.   
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Nef Activity Mutants that Impair 
Activity 

Mutants that do not Impair 
Activity 

CD4 
Downregulation 

G2A (60),  
WL57/58AA  (63) 
RR109/110AA (50) 
D123E (139) 
EE154/155AA  (145) 
LL164/165AA (64) 
DD173/174AA  (85) 

EE154/155AA (85) 
PXXP72-75AXXA (31) 

MHC-I 
Downregulation 

G2A (111) 
M20A (6) 
EEEE62-65AAAA (65) 
PXXP72-75AXXA (65) 
D123E (139) 
 
 

G2A (59) 
LL164/165AA (36) 

Pak2 Activation G2A (59) 
PXXP72-75AXXA (126) 
RR109/110AA (50) 
F195I (50) 
 
 

D123E (139) 
EE154/155AA (214) 

Infectivity 
Enhancement 

G2A (60) 
P72A and P75A (214) 
R105Q (139) 
R106A (139) 
D123E (139) 
LL164/165AA (41) 

R105A (139) 
R106K (139) 
M20A (6) 

 

Table 1.1 Commonly-used Nef mutants.  A very brief overview of several of 
the more commonly-used mutants used to study Nef activity.  Note that in some 
cases conflicting conclusions, such as for the diacidic motif EE in CD4 
downregulation or the G2A mutant in MHC-I downregulation, have been 
reported.  Also note that different mutants of the same residue, such as R105A 
and R105Q for infectivity enhancement, lead to different phenotypes which can 
often confuse the interpretation.   
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        C4.  The Nef Acidic Cluster and the Mechanistic Model for Nef-

mediated MHC-I Downregulation 

        Nef has been shown to have several short acidic motifs, often referred to as 

diacidic motifs, which contribute to its in vitro activities (particularly CD4 

downregulation) including the diacidic motifs EE155 (145) and DD175 (182).   In 

addition, an acidic leucine-based sequence ExxxLL is thought to be required for 

efficient interaction of Nef with AP-1 and AP-3, adaptor proteins involved in the 

regulation of protein transport to and from various membrane compartments (36).  

The single glutamate in this dileucine-based motif was shown to play a dramatic 

role in Nef’s modulation of cell surface transferrin, DC-SIGN, and invariant chain 

(36).   

        The proposed function of the diacidic motif EE155 has generated conflicting 

data.  For example, Piguet et al. (145) first proposed that this motif functions as a 

lysosomal targeting signal by binding to β-COP, a proposed step in the 

mechanistic pathway of Nef-mediated CD4 downregulation.  However, these data 

were later questioned by other investigators who demonstrated that Nef does not 

bind β-COP through the EE155 diacidic motif and that this motif does not 

function as a targeting signal (85).  In the midst of these conflicting reports 

concerning the diacidic motif, Piguet et al. proposed that the acidic cluster motif 

of Nef (acidic residues EEEE65 in the SF2 isolate) functions as a TGN targeting 
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motif by binding to the cytosolic adapter PACS-1 and that this binding is involved 

in the mechanistic pathway of Nef-mediated MHC-I downregulation (147).    

        The conservation of the acidic residues in the Nef acidic cluster motif and its 

role in MHC-I downregulation was originally described by Greenberg et al. (65) 

who engineered an EEEE → AAAA mutant.  Others had previously shown that 

the acidic conservation of this cluster was not essential for Nef’s activation of 

Pak2 by engineering partial mutants of the cluster, in particular AAEE, EAAE, 

and EEAA (214).  Since these early studies, numerous laboratories have 

confirmed the role of the Nef acidic cluster in the downregulation of MHC-I and 

other Nef activities but none have analyzed the role of the individual acidic 

components in Nef activity.  A description of the proposed functional role of the 

Nef acidic cluster, particularly as a TGN targeting motif required for Nef-

mediated MHC-I downregulation, has been further characterized by the Thomas 

laboratory in two relatively recent reports (19, 79).  The model proposed by the 

Thomas group has, however, been examined in part by other laboratories (109, 

122) who present data that contradicts this model for Nef-mediated MHC-I 

downregulation, particularly the role of PACS-1, PI3-K, and the GTPase ARF6.  

A clearer understanding of the nature of the Nef acidic cluster is therefore 

essential before the proposed model can be critically analyzed.  Below (Figure 

1.3) is a schematic of the several effector proteins involved in this proposed 
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pathway and a brief description of the hierarchical contributions of the regions of 

Nef which have been proposed to be crucial to the mechanistic pathway. 
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Figure 1.3.  Thomas model for Nef-mediated MHC-I downregulation.  In step 
1, the cytosolic adapter PACS-1 binds Nef by the acidic cluster (62EEEE65) and 
regulates its trafficking to the trans-Golgi network (TGN).  While localized in the 
TGN and through its (72PxxP75) domain (step 2), Nef recruits and activates (step 
3) a Src family tyrosine kinase (SFK) that resides in the TGN.  The activation of 
the SFK promotes the association of the lipid kinase phosphatidylinositol 3-kinase 
(PI3-K) to Nef (step 4).  The activated SFK also recruits the tyrosine kinase ZAP-
70 and phosphorylates ZAP-70 on Y292 which activates the PI3-K associated 
with the complex (step 5).  The activated PI3-K can increase the plasma 
membrane levels of the lipid species phosphatidylinositol-3,4,5-trisphosphate 
(PIP3) in step 6.  Increased plasma membrane levels of PIP3 enhance the 
recruitment of the guanine nucleotide exchange factor ARNO which uploads GTP 
on the small GTPase ARF6 (step 7) thereby increasing the constitutive 
endocytosis of MHC-I from a non-clathrin-mediated pathway (step 8) and 
bringing the MHC-I to the TGN.  The recycling of endocytosed MHC-I is 
inhibited by an undefined action of the methionine (M20) residue within the N-
terminal flexible arm of Nef (step 9).  The MHC-I is instead proposed to be 
sequestered in paranuclear compartments.  (based on the model presented by 
reference (79).)       
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D.  Acidic Cluster Motifs 

        Acidic clusters are regions of concentrated acidic charge that function as 

determinants in the sorting and trafficking of several transmembrane and 

membrane-associated proteins.  The endoprotease furin is transported by the 

cytosolic adapter phosphofurin acidic cluster sorting protein-1 (PACS-1) through 

multiple compartments including the trans-Golgi network (TGN), cell surface, 

and endosomes and its acidic cluster has been studied as a determinant of acidic 

cluster-mediated trafficking for more than a decade (88, 166, 167, 193, 202).  The 

furin acidic cluster targeting determinants include the casein kinase II 

phosphorylation sites SDSEEDE within the acidic cluster which has been shown 

to regulate furin localization between the plasma membrane and the TGN.  These 

determinations were partly based on altering the phosphorylation targets of the 

furin acidic cluster (using mutant ADAEEDE) or mimicking the phosphorylation 

of the furin acidic cluster serines (using mutant DDDEEDE).   

        Since the initial characterization of the furin acidic cluster, acidic clusters 

have been identified in several cellular transmembrane proteins and viral 

glycoproteins (131).  An early definition of acidic clusters describes them as 

‘continuous sequences that are composed of ≥ 50% acidic residues, having no less 

than five acidic residues and containing no basic residues’ (202).  In general, this 

early definition of an acidic cluster agrees with the characterization of several 

recognized acidic clusters.  However, a less stringent definition of acidic clusters 
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simply identifies them as ‘stretches of several acidic amino acids’  (68).  This 

definition recognizes that the number of acidic residues within a functional cluster 

is variable, and, indeed, specific acidic clusters from different proteins or even 

within the same protein (218) have been shown to have different characteristics 

which probably contribute to the specific sorting itineraries of the proteins in 

which they reside. 

        A number of viral proteins containing acidic cluster motifs, such as gamma 

retrovirus RD114 Env (22) and the lentiviral accessory protein HIV-1 Nef (147), 

have been reported that do not fall within the stringent definition of an acidic 

cluster.  Both of these acidic clusters contain less than five acidic residues and the 

sorting function of RD114 Env has even been shown sensitive to only three acidic 

residues, an observation which the authors interpreted to reflect the relative 

efficiency of an interaction between the acidic motif and PACS-1 (22) although 

they do not provide evidence to support this suggestion.  A second characteristic 

which varies among acidic cluster motifs is the presence or absence of casein 

kinase II phosphorylation sites.  Neither RD114 Env nor Nef contain a consensus 

casein kinase II phosphorylation site, a regulatory element of the prototypical 

acidic cluster of furin.  Because of these observations, I was led to question 

whether the Nef acidic cluster was a determinant for PACS-1-mediated sorting 

and Nef-mediated MHC-I downregulation as proposed by Piguet et al. and 

Blagoveshchenskaya et al. (19, 147).   PACS-1, as mentioned previously, is a 
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cytosolic adapter that binds to cargo protein such as furin (205) or, as proposed, to 

Nef (147) and adapts them to other protein mediators of trafficking such as 

adaptor protein-1 (AP-1) (42).  The cargo binding site and the AP-1 binding site 

of PACS-1 are thought to be the most functionally relevant regions of the protein 

(see Figure 1.4) below.  AP-1 works to target proteins to and from the trans-Golgi 

network in a manner similar to AP-2, which targets proteins to the plasma 

membrane, and AP-3, which is thought to be involved in lysosomal targeting.  

The proposed localization of Nef to the TGN by PACS-1 binding and its 

subsequent effect on Nef-mediated MHC-I downregulation are issues which will 

be further addressed in this study and the results which have been generated here 

will be interpreted in the context of this proposed mechanism.  

 

 Scott et al., EMBO 2003 

 

Fig. 1.4.  Schematic of PACS-1.  PACS-1 contains four characterized regions 
including the atrophin-related region (ARR), the furin binding regions (FBR), the 
middle region (MR), and the C-terminal region (CTR).  Of these the FBR is 
considered to act as the functional region of the molecule for binding the adapters 
AP-1 and AP-3 and also cargo binding (figure used with permission).  
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E. The Multifunctional Nature of Nef’s Acidic Cluster 

        The acidic cluster domain of Nef has been reported by multiple groups to be 

involved in Nef-mediated MHC-I downregulation (19, 42, 65, 109, 211, 219) in 

addition to several other Nef-mediated activities listed in Table 1.2 (8, 34, 45, 80, 

130).  I analyzed the acidic residue requirement for Nef activity and determined 

that residues within the acidic cluster are involved not only in Nef-mediated 

MHC-I downregulation but also Pak2 activation and infectivity enhancement.  

Individual residues were found to have a variable effect on Pak2 activation 

although reduction of 2 of the 4 acidic charges did not result in a defective 

phenotype, a finding that is in agreement with a previous report from Wiskerchen 

and Cheng-Mayer (214).  The basis for differences in Pak2 activation among the 

Nef acidic cluster mutants could be the result of subtle structural effects that alter 

the stability of the Nef-Pak2 complex or, alternatively, these differences could be 

the result of Nef localization to cellular membranes in which the association of 

the Nef-Pak2 complex is weak.   

        I also present evidence that individual acidic residues of the Nef acidic 

cluster are involved in Nef’s enhancement of infectivity.  Several 

structural/functional studies correlate this Nef activity to the dileucine motif (40) 

or to the SH3-binding domain and diarginine motif (214).  Because of its clear 

potential for accelerating viral production, examining the contribution of potential 

determinants involved in Nef infectivity enhancement is an important task.  The 
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data indicating that core components of the HIV-1 Nef acidic cluster are involved 

in Nef-mediated enhancement of infectivity is in accord with similar observations 

made by Carl et al. with the acidic cluster of SIVmac239 (29).  In this study the 

SIV acidic cluster residues DDIDEEDDD (residues 88 to 96) were mutated to 

NNINQQNNN and the infectivity enhancement was measured in sMAGI cells.  

The SIV acidic cluster mutant lost half of its infectivity potential compared to 

wild type SIVmac239.  A second study by Kawano et al. indirectly implicated the 

HIV-1 Nef acidic cluster in infectivity enhancement and/or viral replication in 

activated CD4+ T cells infected with HIV-1 JR-CSF (97).  These authors 

hypothesize that the acidic domain could be important for Nef incorporation into 

the virion or the efficiency of Nef as a substrate of the viral protease; however, the 

role of Nef in the virion for infectivity enhancement has not been conclusively 

determined and so these interesting effects require further investigation.  A third 

study by Stoddart et al. examined the effect on Nef-mediated infectivity 

enhancement using the acidic cluster mutant AAAA in HIV-1 NL4-3.  These 

authors did not observe a decrease in infectivity enhancement (181) with this 

mutant;  however, these infections utilized phytohemagglutinin-stimulated PBMC 

as cellular targets and the effects of Nef-mediated infectivity enhancement are 

diminished in activated PBMC.  A fourth study by Schaeffer et al. examined the 

HIV-1 NL4-3 Nef acidic cluster mutant AAAA; however, these experiments 

measured Nef-mediated enhancement of cytosolic p24gag entry into HeLa-CD4 
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cells (164).   Therefore, although they did not observe an attenuation of Gag 

cytosolic entry utilizing the HIV-1 Nef acidic cluster mutant, it can be argued that 

this particular assay does not measure steps downstream of viral entry that 

enhance infectivity.  I present results which indicate that substitution of either 

four of the four or three of the four acidic residues in the Nef acidic cluster can 

cause a severe defect for Nef’s enhancement of HIV-1 infectivity.  My results 

indicate that individual acidic residues of the HIV-1 SF2 Nef acidic cluster have a 

significant effect on the infectivity potential of the virus.  The overall integrity of 

the residues of the Nef acidic cluster could, similarly to the acidic cluster of 

HCMV UL99, reflect the efficient sorting of Nef to cellular compartments in 

which HIV-1 assembly occurs and where Nef could potentially modify other viral 

proteins such as the envelope or matrix (192) that influence the quality of the 

virion.  Several reports have provided evidence that Nef associates with the HIV-

1 core (105) and can modify the virion in the producer cell (141) and have 

suggested that this association or modification could positively influence 

infectivity enhancement and acceleration of replication.  The rationale behind the 

hypothesis that the Nef acidic cluster can influence infectivity enhancement, is 

also supported by recent studies observing that Nef-induced alteration of early 

endosomes correlated with infectivity enhancement (123).  If the Nef acidic 

cluster is a bona fide determinant of Nef trafficking through an endosomal 
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pathway, then the Nef trafficking itinerary regulated by the acidic cluster could 

result in a correlation with infectivity enhancement as observed here.                                 

        I also present evidence that the Nef acidic cluster is unique compared to 

other documented acidic clusters.  The trafficking of numerous proteins, including 

furin, from endosomes to the TGN by acidic cluster sorting motifs is often 

regulated through casein kinase II phosphorylation sites (89).  The acidic cluster 

of the viral glycoprotein HCMV gB contains a casein kinase II site and its 

phosphorylation was shown to be required for localization of gB to the trans-

Golgi network and for efficient viral replication (86).  Other viral proteins with 

acidic clusters such as VZV gE, HSV-1 gE, and PrV gE all contain potential 

casein kinase II-phosphorylatable serines or threonines within the acidic cluster 

motif (131).  Nef, however, does not have a casein kinase II phosphorylation site 

within the acidic cluster although it does contain one upstream of it.  In addition, 

the majority of reported acidic clusters contain at least five acidic residues and 

some, such as protein convertase 6B (PC6B), contain as many as nineteen acidic 

residues.  One of the only acidic cluster domain-containing proteins with less than 

five acidic cluster residues is the polymeric Ig receptor (PIgR) which contains 

only four acidic residues; however, it is potentially more complex than the Nef 

acidic cluster because it also contains a serine.  I also addressed whether a basic 

residue substituted for each individual acidic residue within the acidic cluster 

would attenuate activity because basic residues are typically excluded from acidic 
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cluster motifs (202).  I determined that this particular substitution has either no 

effect or a minimal effect (i.e., E65K) on the phenotype of Nef-mediated MHC-I 

downregulation.  Therefore, I interpret the Nef acidic cluster to be intrinsically 

distinct from the majority of more well-characterized acidic clusters. 

        The binding of Nef to PACS-1, as mediated by the furin binding region of 

PACS-1, was shown, in vitro, to be relatively weak compared to PACS-1 fbr 

binding to the cytoplasmic domain of furin.  However, it could be argued that in 

vivo binding is stabilized by additional factors or conditions not present in the in 

vitro binding reactions.  Under my in vitro experimental conditions I estimated, 

based on the loading control, that approximately 1% of the ht-fbr input bound to 

GST-Nef, a measurement that is intermediate to two other reports of Nef and 

PACS-1 fbr binding in the literature.  The degree of binding observed between 

Nef and PACS-1 fbr was less than the in vitro binding demonstrated by Piguet et 

al. (147) in which 17% of the ht-fbr input bound was reported to bind GST-Nef 

significantly more than the 1% demonstrated by Williams et al. (212).  These 

differences might be explained by the fact that three different Nef isolates, patient 

isolate 44 Nef, NL4-3 Nef, or patient isolate 2900 Nef were used in these 

experiments.  The relative concentrations of these two proteins are also a factor 

that could contribute to the variability seen in binding between Nef and PACS-1 

fbr.  Consistent binding of Nef with PACS-1 fbr is observed at 3 µM but not 

detected at 1 µM.  In addition, the binding of Nef acidic cluster mutants EAAE or 

 



23 

AAAA is not attenuated compared to wild type Nef, an observation that leads to 

the interpretation that PACS-1 binding to Nef is not specifically mediated by the 

Nef acidic cluster under these experimental conditions.  In addition to the Nef 

acidic cluster mutants demonstrating a weak and non-specific binding to PACS-1 

fbr, the furin acidic cluster substitution mutant DDDEEDE in the context of Nef 

likewise demonstrates a weak binding.  As mentioned earlier, I conclude that the 

determinants extrinsic to acidic cluster motifs that are required for acidic cluster-

mediated binding are not present in the context of Nef.  In effect, Nef does not 

contain determinants that contribute to acidic cluster-mediated binding to PACS-1 

and the Nef acidic cluster is not a prototypical acidic cluster. 
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Table 1.2.  Multiple in vitro Nef activities affected by mutations to the Nef 
acidic cluster.  A literature search was performed to determine the documented 
effects of mutating the HIV-1 Nef acidic cluster.  The in vitro activity of wild type 
Nef is indicated in the first column, the specific mutation of the acidic cluster 
residue and the Nef isolate utilized are listed under the second and third columns, 
the effect on activity is listed in the fourth column, and the reference is listed in 
the fifth column. 
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F.  Statement of Objectives and Significance 

        Nef has been shown to contribute toward disease progression (43, 99, 103).  

How Nef contributes to disease progression in HIV infected humans and SIV 

infected non-human primates has not been defined and therefore analysis of Nef 

activity is an area of intense interest.  With the long term objective of determining 

its role in pathogenesis and disease progression, a characterization of the HIV-1 

Nef acidic cluster was undertaken here.  The Nef acidic cluster is reported to be 

comprised of residues 62EEEE65 (HIV-1 SF2 Nef allele).  Multiple laboratories 

have demonstrated that the Nef acidic cluster, when mutated to four alanines or 

four glutamines (EEEE→AAAA or EEEE→QQQQ), causes a complete defect in 

Nef-mediated MHC-I downregulation.   However, in order to determine the 

specificity of this mutant for MHC-I downregulation, its effect on Nef-mediated 

Pak2 activation and infectivity enhancement needed to be clarified.   In addition, a 

comprehensive analysis of individual acidic residues of the Nef acidic cluster was 

undertaken to determine their contribution to Nef-mediated MHC-I 

downregulation as well as CD4 downregulation, Pak2 activation, and infectivity 

enhancement.  In effect, the major contribution of this study is the 

characterization of defects resulting from specific mutations of the Nef acidic 

cluster.  My results establish the multifunctional nature of Nef’s acidic cluster and 

also suggest that it is not a prototypical acidic cluster.

 



 

CHAPTER 2 
 

  NEF-MEDIATED MHC-I DOWNREGULATION 
 
 

A. Introduction 

        MHC-I downregulation was first attributed to HIV in 1989 (98, 168) 

although this activity was not specifically assigned to Nef until 1996 by 

utilizing tissue culture studies of Nef expressed separately from HIV 

infection (174).  The in vivo significance of this activity is of great interest 

because of the potential for inhibition of the host cellular immune response, 

particularly cytotoxic T lymphocyte activity (37).  Nef mutants for this 

activity have been used in SIV infections of rhesus macaques to determine if 

this activity contributes to pathogenesis (188).  The mechanism of MHC-I 

downregulation is also being studied by a number of groups and several 

models have been proposed (19, 79, 157, 174, 212).  The dominant model, 

proposed by Blagoveshchenskaya et al. in 2002 and updated by Hung et al. 

in 2007 (19, 79)  suggests that three determinants of Nef, a methionine 

residue near the N-terminus (M20 in SF2 Nef), the acidic cluster EEEE65 

and the SH3 binding domain PXXP72 as well as the cellular effectors PACS-

1, PI3-K, and ARF6 are critical for Nef’s effect on MHC-I.  The original 

model published by these authors is modified below to specifically document 
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at which point these Nef determinants and cellular effectors exert their 

influence (Figure 2.1) 
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Figure 2.1 Proposed Nef determinants and cellular components: MHC-I 
downregulation (adapted from Blagoveshchenskaya et al., Cell  111, 862)   
(1)  Binding of Nef acidic cluster 62EEEE65 to PACS-1/AP-1 targets Nef to the 
TGN. 
(2)  Sorting of Nef to the TGN primes the 72PXXP75 motif as shown by the star. 
(3)  Primed Nef activates PI3K as shown by the arrow. 
(4)  PI3K-catalyzed formation of PIP3 at the cell periphery as shown by the 
circles. 
(5)  Recruitment of an ARF6 GEF (ARNO) to PIP3-containing membrane. 
(6)  ARNO-mediated activation of ARF6 as shown by the arrow. 
(7)  ARF6-dependent increase in the rate of MHC-I endocytosis from the cell 
surface.   
(8)  Nef M20-dependent block in MHC-I recycling from the ARF6 compartment to 
the cell surface.  
(9)  Delivery of internalized MHC-I molecules the TGN. 
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B.  Conservation of Activity 
 
        Nef’s downregulation of MHC-I may be one of its most highly-conserved 

functions.  It has been reported that Nefs from rapid progressors and late state 

AIDS patients demonstrate 75-100% conservation of CD4 downregulation 

activity and 90-100% conservation of MHC-I downregulation activity (30, 196).  

Other studies have also documented the functional conservation of these two 

activities, albeit to varying levels, and include a study that characterized ten 

primary Nef isolates from autopsy brain and lymphoid-derived tissues of two 

AIDS patients (1) and a study that characterized seven primary isolates from 

either long-term nonprogressors or AIDS patients (50).  Interestingly, the ability 

of two brain-derived Nef isolates to downregulate MHC-I was decreased, an 

effect which the authors attribute to the presence in these alleles of a single basic 

lysine (K) residue within the acidic cluster region (EEEE65) of Nef.  In general, 

MHC-I downregulatory activity by primary Nef isolates is a highly conserved  

and specific defects in this activity are generally studied by in vitro analysis using 

targeted mutations.  Since the attribution of this activity to Nef in 1996, several 

reports have identified regions or residues of Nef relevant, but probably not 

specific, for MHC-I downregulation including G2, M20, EEEE65, and PxxP75.  

Interestingly, SIV Nef was found to require a unique C-terminal region, a region 

that is not present in HIV Nef, for the downregulation of MHC-I indicating that 

these two proteins use different surfaces and/or mechanisms for their effect on 
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surface expression of MHC-I and although no mechanism has yet been proposed 

for SIV Nef in MHC-I downregulation,  it was shown that the ability of SIV Nef 

to bind AP-1 and AP-2 is dispensable for this activity (189).  

 

C.  Regions of Nef Reported to Contribute to MHC-I Downregulation 

The only required post-translational modification of Nef in its ability to 

downregulate MHC-I is the myristylation of Nef on the glycine near the N-

terminus (G2).  Mutation of this glycine to alanine (G2A) disrupts the majority of 

Nef’s in vitro activities.  In addition to G2, as mentioned earlier, the M20, 

EEEE62-65, and the P72xxP75 residues are also likely contributors to Nef-

mediated MHC-I downregulation.  The alpha-helical region of Nef containing 

M20 was deleted (∆17-26) and shown to be a mutant affecting MHC-I, but not 

CD4, downregulation by Mangasarian et al. (125).  The proline residues 

P69xxP72xxP75xxP79 of the SH3 domain binding site were also shown to be 

important for MHC-I downregulation, particularly the P75 and P79 residues.  

Greenberg et al. had previously demonstrated the importance of the SH3 domain-

binding surface and, additionally, an acidic motif EEEE in Nef for its effect on 

MHC-I (65).  This acidic motif was subsequently demonstrated to act as a PACS-

1 binding site which affected the localization of Nef to the TGN (147).  All of 

these mutant Nefs defective for MHC-I downregulation were demonstrated by the 

Collins group to also be defective for coprecipitation of Nef with HLA-A2, a 
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specific haplotype of MHC-I (211); however the effects of these mutants on 

interaction with HLA-A2 could be due to nonspecific effects of protein structure 

rather than any direct effect of protein-protein interaction between HLA-A2 and 

Nef.  The relative degree of interdependence of these Nef regions for Nef activity 

is not clearly understood.  The dominant model suggests that both the EEEE65 

and the PxxP motifs of Nef are important for augmenting the MHC-I endocytic 

pathway and that the M20 region of Nef is not involved in this augmentation, but 

rather impedes the recycling of MHC-I back to the plasma membrane after its 

localization to the TGN (19).  In this particular model, therefore, the reported Nef 

regions are interdependent and participate in a “cascade” of hierarchical events 

that culminate in the reduced cell surface expression of MHC-I.  However, the 

individual effects of each unique region have not yet been conclusively proven 

and therefore, the synthesis of such a complex model and the postulation of their 

interdependence most definitely requires further scrutiny.  Therefore, the EEEE65 

acidic cluster, which initiates the cascade of events culminating in Nef’s effect on 

MHC-I, as suggested by the dominant model, is the foremost important target for 

a more in depth analysis and characterization of regions involved in Nef action. 

 

D.  Further Questions 

         Studying Nef-mediated MHC-I downregulation in vitro has led to a number 

of observations that will be introduced here and discussed in more detail later:  1) 
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MHC-I downregulation by Nef has been described as being concentration 

dependent (116).  In particular, it was demonstrated that a ten-fold higher 

concentration of Nef was required for MHC-I downregulation than for CD4 

downregulation utilizing concentration requirements of a Nef-GFP fusion protein 

for these two Nef activities.  2)  Not all cell types expressing Nef have the same 

phenotype for downregulation and this has been postulated to involve rates of 

MHC-I transport (95).  3)  Not all HLA molecules are downregulated by Nef, and 

those which aren’t are likely to have a protective effect from NK cell lysis (35).  

4)  Inhibition of MHC-I transport as well as enhancement of MHC-I endocytosis 

has been implicated in the mechanism (19, 95, 174).  5)  Nef-mediated 

degradation of MHC-I in the lysosomes or sequestration of MHC-I in the TGN 

represent two possible fates of the downregulated MHC-I (19, 157).  It is clear 

that many questions have been addressed but few have been definitively answered 

regarding this Nef activity.       

        Several studies have documented the requirement for nearly one (111, 116) 

to two (204) orders of magnitude higher Nef concentrations for its efficacy in 

modulating surface MHC-I levels as compared to CD4 downregulation.  In one 

study, CD4-expressing HeLa cells (HeLaCD4), the Nef-induced modulation of 

MHC-I increased with increasing amounts of transfected Nef vector reaching up 

to 60% reduction with 12 µg of DNA (111).  In these studies, protein expression 

levels confirmed that higher levels of Nef were indeed the characteristic of cells 
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downregulating higher levels of MHC-I.  The authors interpret these results as a 

system-dependent effect and suggest that CD4 is more susceptible to Nef effects 

because either (1) HeLa-CD4 cells express higher levels of MHC-I compared to 

CD4, or (2) p56lck  is absent in these cells to stabilize CD4.  This issue might have 

been addressed with the use of a more relevant cell line.  Several years later, a 

study specifically studying Nef-mediated phenotypes as a function of Nef 

concentration was reported (116).  In this study, a Nef-GFP fusion protein is 

utilized in transfected Jurkat cells (a CD4+ T cell lymphoma cell line) to 

determine that a 20-fold increase in intracellular Nef concentrations is required 

for the same level (50% downregulation) of MHC-I in comparison to CD4.  The 

explanation provided in this study for Nef’s higher efficacy in modulating CD4 is 

that Nef-mediated CD4 and MHC-I proceed through different mechanisms.  A 

third study used a Nef proteins fused to the estrogen receptor hormone-binding 

domain (Nef-ER) (204).  In this system the inducible activation of Nef is effected 

by the addition of the drug 4-hydroxytamoxifen (4-HT).  Utilizing SupT1 cells (a 

CD4+/CD8+ T cell lymphoma line), this system demonstrated that Nef’s effect on 

MHC-I required a 50-100-fold greater concentration of the activating drug 4-HT.  

Also, addition of the drug activated Nef’s effect on CD4 within four hours 

whereas the effect on MHC-I required 16 to 24 hours suggesting that the kinetics 

of these two Nef-mediated pathways is different.  Once again, these differences 

 



34 

are suggestive of different mechanisms for the downregulation of CD4 and MHC-

I by Nef.

 



 

CHAPTER THREE 
 

NEF-MEDIATED ACTIVITIES: CD4 DOWNREGULATION, 
PAK2 ACTIVATION, AND INFECTIVITY ENHANCEMENT 

 
 

A.  CD4 Downregulation        

        CD4, the coreceptor required for HIV infection, is downregulated by Nef in 

T cell lines and also in other cell lines transfected with the CD4 molecule (55).  

Motifs in Nef which are important for Nef-induced CD4 downregulation are two 

diacidic motifs EE155 (145) and DD175 (182) as well as a dileucine motif 

EXXXLL165 (41), a universal sorting signal for endocytic transport.   The 

downregulation of CD4 by Nef is thought to occur by a reduction of the half life 

of surface CD4 as opposed to any disruption or degradation in the transport 

pathway (5, 173).  Nef is thought to connect the cytoplasmic tail of CD4 at the 

plasma membrane to the adaptor protein complex AP-2 of clathrin coated pits, 

and, in support, several groups have shown that Nef interacts with the µ subunits 

of clathrin adaptor complexes (63, 144) to enhance endocytosis of the receptor.  

Nef is also thought to connect CD4 to the catalytic subunit of the vacuolar 

ATPase which contributes to the endocytosis of CD4 (121).  An endosomal 

coatomer protein complex involving β-COP is then involved in the transport from 

early to late endosomes and lysosomes (145).  A model for these proposed steps is 

presented in Figure 3.1 below. 
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Figure 3.1  Model for HIV-I Nef’s downregulation of CD4 (146).  (1)  Nef 
connects CD4 with the AP-2 adaptor protein complex, triggering the formation of 
CD4-specific clathrin coated vesicles that rapidly internalize the receptor.  (2)  In 
the early endosome (EE), Nef bridges CD4 with the endosomal COP-1 coatomer 
that embarks the HIV receptor for degradation in the late endosome 
(LE)/lysosomes (figure used with permission). 
 

CD4 is downregulated by many isolates of Nef and is one of the most highly-

conserved functions (10).  The strategic advantage from a viral perspective is 

thought to be that the downregulation of the viral co-receptor CD4 can prevent 1) 

a disadvantageous superinfection of cells (17) and 2) the inhibition of progeny 

release and a decrease in viral infectivity due to the sequestration of viral Env 
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(159).  This proposed benefit of Nef-mediated MHC-I downregulation is depicted 

below in Fig. 3.2. 

 

 

 
Fig. 3.2.  CD4/ HIV Envelope Interference Theory.  Lama et al. have proposed 
that infection with wild type HIV causes a Nef-mediated decrease in CD4 cell 
surface levels so that the budding of virions is not inhibited CD4 sequestration of 
the transmembrane and surface viral envelope glycoproteins (left panel).  In HIV-
infected cells not expressing Nef, higher plasma membrane levels of surface CD4 
result in sequestering of the viral envelope by CD4.   CD4 is able to accumulate in 
viral particles while at the same time blocking incorporation of Env into the virion 
(right panel)  (figure used with permission from ref. 107).  
 
 
  

 

 



38 

B.  Pak2 Activation 

        Nef was initially shown to associate with a 62-kDa active protein kinase in 

1994 (163) yet it was not until 1999-2000 that the precise identity of this 

serine/threonine kinase, p21-activated kinase 2 (Pak2), was determined (13, 151).  

The 507 amino acid Pak2 is ubiquitously expressed, with highest levels detected 

in skeletal muscle, ovary, thymus, and spleen.  Pak2 along with several other Pak 

isoforms are thought to serve as important regulators of cytoskeletal dynamics 

and cell motility, transcription through MAP kinase cascades, death and survival 

signaling, and cell-cycle progression (20).  Although the precise mechanism of 

Nef’s activation of Pak2 has not yet been clearly defined the GTPases cdc42 and 

Rac2 have been implicated as facilitators of this activity.  Additionally, a lipid 

kinase PI3-K has also been proposed as an effector in the pathway of Nef-

mediated Pak2 activation by Linnemann et al. which is briefly depicted in Figure 

3.3 below.  In this model, Nef recruitment of PI3-K to membranes increases the 

levels of the lipid phosphatidylinositol 3,4,5-trisphosphate (PI3,4,5-P) which 

activates the guanine nucletotide exchange factor Vav.  Activation of Vav 

increases the GTPase activity of the small Rho family GTPases Rac1 and/or 

Cdc42.  These activated G proteins then initiate the activation of the 

serine/threonine kinase Pak2 which, in theory, could produce cytoskeletal 

rearrangements, increased production of HIV, and/or downstream effector 

functions.  
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Figure 3.3 Model for HIV-1 Nef’s Activation of Pak2.  Nef binds to the 
cytosolic signaling partners PI3K, Vav, and Pak.  Rac1/Cdc42 and Nef bear lipid 
modifications, which localize them to membranes.  Nef forms multimers which 
could aggregate the signalosome (figure used with permission from ref. 115). 
 

Because Pak isoforms have been implicated in T cell activation, some groups 

looked at potential transcriptional effects of a Nef/Pak2 complex.  Manninen et al. 

showed that Nef’s effect on the transcription factor nuclear factor of activated T 

cells (NFAT) could be related to a Nef/Pak2 complex (127) due to the common 

residues important for Nef’s effects on both of these proteins.  Wei et al. found an 

interesting downstream effect contingent on Nef-mediated Pak2 activation (206).  

In this work they determined that merlin, a homolog of the ezrin-radixin-moesin 
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(ERM) proteins, was phosphorylated downstream of a Nef-associated Pak2 

activity.  Merlin, the product of the neurofibromatosis 2 tumor suppressor, is a 

negative regulator of cell proliferation and cell motility; however, 

phosphorylation of merlin’s serine 518 inactivates this suppressive effect.  The 

authors concluded that Nef-induced merlin phosphorylation may play a role in 

promoting T cell activation and proliferation and they hypothesize that Nef’s 

effect in “immunophenotypically resting” cells early in infection may be to 

enhance viral production through the proliferative signal of merlin 

phosphorylation.  These early Nef effects could contribute to the long-term 

pathogenic potential of the virus.  Because of these implications, the study of this 

Nef activity has been recently scrutinized and the Nef surfaces, termed Pak2-

activating structural motifs, that contribute to this activity have been analyzed 

through mutational studies (2, 139).  In these studies Pak2-activating structural 

motifs were determined by making conservative substitutions on the surface of 

Nef in areas specifically required for Pak2 activation.  The authors determined 

that residues 85, 89, and 191 were highly significant and specific determinants for 

Nef’s activation of Pak2.  However, the in vivo significance of Nef-mediated 

Pak2 activation has recently been challenged using HIV-infected ex vivo-infected 

human lymphoid tissue in which it was determined that association of Nef with 

Pak2 was dispensable for efficient HIV-1 replication and cytopathic effects (171).  
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The significance and mechanism of Pak2 activation by Nef is one which clearly 

requires greater scrutiny. 

C.  Infectivity Enhancement 

         Nef-mediated infectivity enhancement is one of the least understood of the 

Nef activities.  Evidence for this activity was recently reviewed and the 

mechanism for Nef-mediated infectivity enhancement appears to be dual:  Nef’s 

downregulation of CD4 appears to contribute to infectivity enhancement but a 

CD4 independent effect also is observed because virus produced in non-CD4 

expressing producer cell lines also enhances infectivity (49).  Potential 

explanations for this Nef activity include the following:  1) Nef interaction with 

Env molecules or an unknown Nef effect on some unknown envelope function 

enhances virion infectivity; 2) Nef-based CD4 downregulation allows envelope to 

be incorporated more efficiently into virions; 3) Nef expression in producer cells 

correlates with increased proviral DNA synthesis in target cells; 4)  Nef 

expression lowers the activation threshold for viral replication in quiescent CD4+ 

lymphocytes; and 5) Nef interactions with cellular factors generally increase the 

efficiency of  viral genome transcription.  In regards to Nef action on envelope 

function, pseudotyping HIV particles with vesicular stomatitis virus glycoprotein 

(VSV-G) abrogated the Nef-based infectivity enhancement (4, 33).  Since then 

data has been published either suggesting that Nef, by virtue of its interaction with 

the cytoplasmic domain of the transmembrane (TM) protein, diverts the envelope 
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away from a degradative pathway toward the cell membrane (169) or that Nef 

increases virion cholesterol content which is thought to increase the efficiency of 

virion budding and entry (224).  Data supporting the hypothesis that Nef enhances 

the structure or function of virions in the producer cells has not been able to 

produce a clear consensus as to which step is affected by the enhanced virion; 

however, it has been hypothesized that the effect is at the level of virion 

disassembly (101).  Others have supported the hypothesis that Nef increases Tat 

dependent virus transcription (215) or that it directly stimulates the HIV promoter 

through the transcription factor NF-κB (191).  Another model proposed by 

Campbell et al. suggests that Nef is responsible for actin remodeling following 

viral fusion with the plasma membrane and that Nef deficient virus does not 

penetrate the cortical actin and therefore results in much lower levels of infection 

(26).  The mechanistic pathway of this activity has clearly not been well-defined 

and will require much more study to determine the cellular effectors and/or viral 

determinants involved.

 



 

 
CHAPTER FOUR 

CELLULAR TRAFFICKING PATHWAYS AND NEF 
ACTIVITY  

 
 

A.  Introduction 

        The constitutive secretory pathway is a biosynthetic pathway whereby 

secretory and membrane proteins are properly folded and assembled in the 

endoplasmic reticulum and exit this compartment with full biological activity due 

to various quality control mechanisms (198).  These proteins are then transported 

through the Golgi network and eventually to the cell surface for membrane 

insertion or exocytosis.  In addition to the trafficking pathway utilized by the 

biosynthetic pathway, several trafficking pathways associated with the 

internalization and recycling of cell surface membrane proteins have been 

identified including clathrin-dependent and clathrin-independent endocytosis, 

macropinocytosis, and caveolae-associated endocytosis (87).  Nef has been 

postulated to affect the trafficking of molecules, particularly CD4 and MHC-I, 

either through one or both of these pathways and several cellular trafficking 

adaptors have been implicated in this effect including adapter protein complex-1 

(AP-1) and PACS-1 (for MHC-I downregulation) and AP-2 (for CD4 

downregulation).  APs are heterotetrameric complexes that associate with tyrosine 

or dileucine-based motifs in the cytoplasmic tails of receptors.  Of the four 
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different AP complexes in mammalian cells, both AP-1 and AP-2 are enriched in 

clathrin-coated vesicles (122).  Trafficking between the TGN and endosomes is 

mediated by AP-1 whereas AP-2 mediates clathrin-mediated endocytosis from the 

plasma membrane.  PACS-1 has been shown to bind acidic-cluster containing 

proteins such as furin and mediate their transit from the plasma membrane to the 

TGN (202).  Interestingly, PACS-1 has also been shown to bind AP-1 and this 

binding is important for the trafficking of acidic-cluster containing cargo proteins 

to the TGN (42).   

 

B.  Nef-mediated MHC-I downregulation in the secretory pathway 

        With respect to Nef-mediated MHC-I downregulation both the constitutive 

secretory pathway and a clathrin-independent Arf6 GTPase-regulated pathway 

have been suggested to be important for this Nef activity.  In the constitutive 

secretory pathway nascent MHC-I heavy chains are assembled in the endoplasmic 

reticulum (ER) and transit to the Golgi compartments after associating with the β2 

microglobulin light chain and the peptide fragment which results in a stable 

heterotrimer.  Phosphorylation of the MHC-I cytoplasmic tail then occurs after it 

has reached the TGN (28).  Evidence presented in the literature suggests that Nef 

effects on MHC-I occur early in the secretory pathway where Nef binds the 

hypophosphorylated cytoplasmic tails of MHC-I in the endoplasmic reticulum 

(96).  This “secretory pathway” model suggests that Nef affects the retention of 
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MHC-I in the TGN and, upon recruitment of AP-1, targets the molecule to the 

lysosomes for degradation (see Fig. 4.1 below for a model presented by the 

Collins’ group).  Others have presented evidence that AP-1 is indeed important 

for Nef action on MHC-I however, they postulate Nef uses AP-1 to direct MHC-I 

from the cell surface to endosomes and, eventually, lysosomes (122).  The 

cooperative binding of the MHC-I cytoplasmic domain and HIV-1 Nef to the AP-

1 complex has recently been mapped to the µ subunit of AP-1 and in this model 

the Nef “acidic cluster,” in contrast to a role in binding PACS-1, has been 

suggested to contribute to an electrostatic interaction with a positive charge 

cluster on the µ1 subunit of AP-1 (137). 
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Figure 4.1  Model for Nef inhibition of MHC-I transport to the cell surface 
(reproduced from the Journal of Cell Biology, 2004 167: 909, The Rockefeller 
University Press).   In this model, when Nef binds to the cytoplasmic tail of 
MHC-I in the TGN, a binding site for AP-1 is created (independent of the Nef 
dileucine motif).  The formation of this tertiary complex initiates its recruitment 
into clathrin-coated vesicles which eventually progress to endolysosomal 
compartments for degradation.  
        

C.  Nef-mediated MHC-I downregulation in an endocytic pathway   

        A competing model that supports the endocytic theory of Nef action on 

MHC-I suggests that Nef alters the activity of the GTPase Arf6 and through a 

PI3-K mediated increase of phosphatidylinositol-3,4,5 trisphosphate (PIP3) in the 

plasma membrane is able to effect an increase in the downregulation of MHC-I 

(19, 79).  The endocytic pathway proposed here is a non-clathrin mediated 
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pathway which lacks the classical endosomal AP-2 marker of clathrin-mediated 

endocytosis.   This pathway is thought to be utilized not only by MHC-I but also 

by integrins and signalling proteins such as src and rac (135).  The GTPase Arf6 

is associated with membranes in this pathway (25, 149) and is thought to 

modulate trafficking of integral membrane proteins such as MHC-I as well as 

certain glycosylphosphatidyl inositol (GPI)-anchored proteins such as CD59 

(134).  One of the effectors of Arf6-regulated membrane trafficking is thought to 

be PIP 5-kinase, a lipid kinase which can alter levels of PIP2 and PIP3 resulting in 

the recruitment and activation of various proteins involved in the regulation of 

membrane traffic such as ARF GEFs (75).  The dominant model for Nef-mediated 

MHC-I downregulation suggests that Nef can increase levels of PIP3 in the 

plasma membrane which causes recruitment of the Arf6 GEF ARNO thereby 

activating Arf6 and increasing the constitutive, clathrin-independent endocytosis 

of MHC-I (19).  Expression of a constitutively active Arf6 deficient in GTP 

hydrolysis, Arf6-Q67L, was shown to inhibit clathrin-independent endocytosis 

(149) and to disrupt Nef activity with respect to MHC-I downregulation (19, 109).  

However, one report challenges the specific role of Arf6 in Nef-mediated MHC-I 

downregulation based on evidence that several other Arf6 mutants of GTP/GDP 

cycling, i.e. Arf6T27N, Arf6T157A, and Arf6N48I:Q67L, do not alter the effect 

of Nef-mediated MHC-I downregulation.  This report suggests that the inhibitory 

effect of Arf6 mutant Q67L on Nef activity can be attributed to nonspecific 
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perturbations in membrane traffic (109).  Interestingly, it was reported later that 

same year that Arf6-Q67L endosomes accumulate cholesterol, an effect that was 

suggested to block the delivery of cargo proteins to Rab5 early endosomes (134).  

This suggests that the effect on Nef action seen with this Arf6 mutant may not be 

specifically related to its intrinsic activity but rather be attributed to non-specific 

effects on potential downstream effectors.   J. Donaldson has suggested that the 

crossover from the Arf6 endosome to the Rab5 endosome could be a potential 

trafficking route for the downregulation of MHC-I induced by Nef (44).  It 

appears therefore that the role of Arf6 in Nef activated-MHC-I downregulation is, 

at present, inconclusive and should be re-evaluated once more knowledge 

regarding the specific action these Arf6 GTP-GDP mutants have on the clathrin-

independent endocytic pathway is available.   

 

 



 

CHAPTER FIVE: 
 

LITERATURE REVIEW  
 
 

A.  Early Reports of MHC-I Downregulation by HIV-1 Nef 

        One of the earliest reports of downmodulation of MHC-I after HIV-1 

infection was published in 1989 by Scheppler et al (168).   In this study, CD4+ 

peripheral blood lymphocytes (PBL), the T cell lines CEM-E5 and HT, and the 

promonocytic cell line U937 were infected with HIV-1 LAI and the effect on 

MHC-I was measured.  Cell surface expression of MHC-I was measured by flow 

cytometry and only the infected PBL demonstrated a downmodulation of MHC-I.  

The T cell lines showed the greatest downregulation at either 9 days post infection 

(dpi) for the CEM-E5 and HT cell lines or at 30 dpi for the monocytic cell line.  

These authors also tested, by radioimmunoprecipitation, the relative levels of 

whole cell MHC-I in uninfected versus infected cells and saw a decrease of total 

MHC-I in the infected cells.  The authors also determined by slot-blot and 

Northern blot analysis that HLA-B7 mRNA levels are decreased in infected 

CEM-E5 cells and interpreted this as a transcriptional or post-transcriptional 

effect as opposed to an effect of translation of MHC-I.  This seminal paper noted 

the potential relevance of MHC-I downmodulation in HIV infection and therefore 

the authors performed an alloreactive cytotoxicity test (51Cr release assay) using 

HIV-1 infected CEM-E5 target cells and various effector cytotoxic T lymphocytes 
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(CTLs) that are HLA-matched and unmatched in different effector to target ratios.   

It was shown that infected CEM-E5 cells were less susceptible to allogeneic CTL 

lysis.  These authors interpreted the relevance of this activity in the context of 

HIV infection as:  “. . . chronic downmodulation of MHC-I may influence the 

development and/or effectiveness of appropriate protective immunity” (168) and 

thereby introduced the question of relevance for this activity that almost two 

decades later is still unanswered.   

        A second paper published in 1989 also recognized the phenomenon of MHC-

I downregulation in HIV-1 infected cells (98).  HTLV-IIIB was used to infect 

CD4+ HeLa cells, H9, and peripheral blood CD4+ lymphocytes.  The infected 

cells specifically downregulated MHC-I as determined by flow cytometry.  In 

contrast to Scheppler et al., this group showed that there was no difference in the 

amount of HLA mRNA suggesting that the effect was not at the level of 

transcription.  In agreement with Scheppler et al., a reduction in the extent of CTL 

lysis was determined in infected cells in which class I downregulation occurred.   

Interestingly, the authors suggest that the loss of MHC class I could occur due to 

the budding viruses (56), but they do not discount inhibition of translation or 

retention of class I antigen inside the cell. 

         Six years later (1996), a paper by Schwartz, Marechal, Le Gall et al. (174) 

showed that Nef was responsible for the downregulation of MHC-I by enhanced 

endocytosis in HIV-infected cells.  Both β2 microglobulin (the HLA light chain) 
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and heavy chain MHC-I were shown to be specifically downregulated from the 

cell surface of U937 promonocytic and CEM T cells and that this effect was 

dependent on the expression of Nef.  These investigators then determined that the 

biosynthetic pathway of MHC-I through the ER (endoplasmic reticulum) and cis 

Golgi is not adversely affected by Nef  in a pulse chase analysis of MHC-I 

molecules digested with endoglycosidase H.  However, they determined that 

MHC-I degradation was enhanced in Nef-expressing cells.  This prompted the 

investigators to determine, by immunofluorescence, the localization of MHC-I in 

cells expressing either a primary Nef isolate (A01) or a lab-derived isolate (SF2).   

In Nef-expressing CEM cells, MHC-I molecules co-stained with a marker for 

early endosomes (transferrin-rhodamine) indicating that Nef induces 

accumulation of MHC-I complexes in the endocytic pathway.  The next 

experiment was to determine if the accumulation in endosomes occurred before or 

after MHC-I reached the cell surface.  A rate-of-endocytosis assay relying on 

temperature variation in MHC-I labeled CEM Nef A01 cells led the authors to 

interpret that MHC-I was rapidly endocytosed from the cell surface.  In general, 

investigators agree that Nef increases endocytosis of MHC-I from the cell surface 

(19, 156);  however, several reports also observe an effect on transport (157, 212) 

and will be discussed in a later section. 

 

B.  Significance of Nef-mediated MHC-I Downregulation 
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        One of the immune system’s major defenses against viral infection is 

effected through cytotoxic T lymphocyte (CTL) recognition of virally-infected 

cells presenting viral antigen in the context of class I MHC molecules (82).  

Several viruses encode proteins to combat this immune system defense (discussed 

in more detail in Section D) through the downregulation of class I molecules.  

However, the in vivo significance of this action, particularly in the context of 

HIV-1 infection, has not been conclusively proven.  Subsequent work provided 

further evidence of the possible in vivo significance for Nef-mediated MHC-I 

downregulation (37).  In this study MHC-I-matched CTL clones specific for HIV 

Gag or RT epitopes were used in flow-cytometric based CTL assays in which 

cytotoxicity was determined by the loss of HIV-infected cells challenged with 

CTL.  PBMC were infected with HIV-1 (HXB2D and NL4-3) either expressing 

Nef or not expressing Nef and three of the major conclusions were: 1) Nef 

protects cells from CTL killing as shown by two different gag-specific CTL 

clones, 2) resistance to CTL killing occurs at the level of epitope presentation as 

pulsed gag peptides decreased the protective effect of Nef-mediated 

downregulation of HLA-A2 in the infected cells, and 3) the protection afforded by 

Nef correlates with the level of MHC-I downregulation, i.e., the protection results 

from a decreased epitope density on the infected cell surface.  The authors of this 

paper suggest that this Nef-mediated effect may explain how HIV evades immune 

surveillance, but it also raises the question of how anti-HIV CTLs are generated in 
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vivo.  They propose that either 1) the epitope density on infected cells is sufficient 

for CTL activation but not a cytolytic action or 2) that HIV epitopes may be 

presented on MHC-I by uninfected antigen presenting cells.  The authors also 

indicated that: “Different nef alleles may vary in their ability to downregulate 

class I, and in an individual this may help determine how effectively CTLs can 

combat HIV-I.”  It is now more clearly understood that genetic variations in nef 

can result in significant changes in its functions as measured in vitro (50).   

        Others have studied the potential in vivo function of Nef-mediated MHC-I 

downregulation through the use of in vitro studies and have determined that Nef-

mediated MHC-I downregulation confers resistance to HIV-infected cells from 

antiviral cytoxic T lymphocytes.  A study by Yang et al. in 2002 (220) used an in 

vitro killing system comprised of an infected (HIV-1 NL4-3 or HIV-1 NL4-

3∆Nef) lymphoblastoid cell line or primary lymphocytes and RT-specific or Gag-

specific CTL clones.  Subsequent HIV-1 replication was measured by p24 assay 

and showed that cells infected with the Nef-deleted virus did not replicate when 

CTLs were added; however, cells infected with wild-type virus did replicate to 

levels similar to the control.  This protective effect was shown at various effector 

to target cell ratios.  The authors concluded that Nef contributes to HIV-1 immune 

evasion by diminishing antigen presentation to CTL.  A 2005 paper furthered this 

observation by using the Nef point mutant M20A which is, as far as is currently 

known, specific for one Nef activity:  MHC-I downmodulation (9).  A chromium 
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release killing assay determined that cells infected with HIV-1 NL4-3 showed 

half the amount of specific lysis (using RT-specific CTL) compared to the M20A 

Nef mutant of this virus indicating a protective effect conferred by this particular 

Nef activity.  Replication of these two viruses in the presence of Gag-specific 

CTL was also measured and the wild type was shown to have a definite advantage 

for growth, as measured by p24 assay. 

        The importance of Nef-mediated MHC-I downregulation in vivo has been 

studied in rhesus macaques using the simian immunodeficiency virus (SIV) 

mac239 allele.  In 2000, Skowronski’s group determined that SIV and HIV Nef  

used different surfaces to downregulate class I MHC antigen expression (189).  

SIV Nef was found to have a unique C-terminal region required for SIV-regulated 

MHC-I downregulation.  They concluded that different surfaces evolved which 

are necessary for the molecular interactions required for this activity in simian 

versus human cells, but they also concluded that although the surfaces differ the 

mechanism of downregulation by these two proteins is similar.  Several years 

later (2004), Desrosiers and colleagues (188) studied the functional significance 

of MHC-I downregulatory activity of SIV Nef in rhesus macaques.  In this study, 

three mutations, two of which delete SIV Nef residues 239/240 or 241/242 and 

one which introduces a stop codon and frameshift were used.  These mutations 

were shown to selectively affect MHC-I downregulation but not replication as 

measured by p27 assay or Nef activities including CD4, CD3, or CD28 
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downregulation as measured in transiently-transfected Jurkat T cells.  Gag 

tetramer staining was used to measure CD8+ cellular responses in the macaques.  

The macaques infected with the SIV mutants unable to downregulate MHC-I had 

higher CD8+ T cell responses than the macaques infected with wild-type SIV four 

to fourteen weeks after infection as measured by tetramer staining.  In addition, an 

in vivo replicative advantage for SIV expressing Nef variants able to 

downregulate MHC-I was observed, as virus recovered 16 and 32 weeks post 

infection demonstrated either a full or partial restoration of Nef-mediated MHC-I 

downregulation.  However, because viral loads were determined to be 

indistinguishable from the animals infected with the wild-type virus at multiple 

timepoints (2 through 28 weeks post infection) and because of the minimal 

number of macaques used in the study (n=2 for each treatment condition) the in 

vivo significance of MHC-I downregulation by Nef could not be conclusively 

proven. 

 

C.  A Brief Description of MHC-I 

        The major histocompatibility complex-I (MHC-I) contributes to the adaptive 

immune response and confers a protective effect against virally-infected cells 

through presentation of antigenic peptides to the T cell receptor (TCR) of CD8+ T 

lymphocytes.  This signal contributes to the activation of CTL and the eventual T-

cell mediated cytolysis of infected cells.  MHC class I molecules are expressed on 
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all nucleated cells with the highest levels of expression on hematopoietic cells  

(82).  The major histocompatibility complex is located on chromosome 6 in 

humans and encodes the α subunit (heavy chain) of MHC class I molecules HLA-

A, -B, and –C.  The β2 microglobulin gene, the invariant subunit of the MHC-I 

heterodimer, is located on chromosome 15 and binds noncovalently to the 

membrane-spanning α chain (84).  The short (8-10 amino residues) antigenic 

peptide binds within the cleft of the α1 and α2 domains and without this peptide 

the complex dissociates due to instability.  These complexes are assembled in the 

endoplasmic reticulum before their transit to the cell surface for antigenic 

presentation to the T cell receptor of cytotoxic T lymphocytes (83).  The newly 

synthesized α chain associates with calnexin until the β2 chain binds whereupon 

the αβ dimer dissociates from calnexin.  The dimer then associates with the 

transporter associated with antigen processing (TAP) through interaction with the 

TAP-associated protein tapasin.  Two chaperone molecules, calreticulin and 

Erp57, are also bound to this complex.  The proteasome degrades cytosolic 

proteins into peptide fragments which are delivered to the lumen of the ER 

through TAP.  After the peptide binds MHC-I, the complex exits the ER for 

transport to the cell surface through the secretory pathway and for presentation of 

the peptide to the T cell receptor of CD8+ T cells.  Figure 5.1 below graphically 

represents the assembly of MHC-I and its transport to the plasma membrane. 
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Figure 5.1  MHC-I assembly and transport to the cell surface for antigen 
presentation.   The MHC heavy chain is translated and inserted into the 
membrane of the endoplasmic reticulum (ER) whereupon it associates with 
calnexin.  The light chain β2 microglobulin (β2m) noncovalently associates with 
the heavy chain and is chaperoned by ERp57 and calreticulin to the transporter 
associated with antigen processing (TAP) complex (to which it binds through 
tapasin).  Proteasomally-cleaved peptides are transported by TAP into the lumen 
of the ER where they bind to the heavy chain of MHC-I and this complex is then 
transported through the Golgi network for presentation to cytotoxic T cells on the 
cell surface (figure used with permission from the American Physiological 
Society from ref. (108)). 
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D.  Viral Interference with MHC-I Expression         

         Numerous viral proteins have been shown to interfere with the expression of 

MHC-I by various mechanisms (reviewed in (114)).  Certain viral proteins have 

been proposed to modulate MHC-I expression in a manner that resembles Nef’s 

mode of action but, based on the current evidence, appear to be mechanistically 

distinct from Nef.  For example, K3 and K5 of Kaposi’s sarcoma-associated 

herpesvirus (KSHV) have both been shown to increase the endocytic rate of 

MHC-I cell surface molecules (81).  Interestingly, K3 reduces the cell surface 

expression of all HLA alleles, whereas K5 (similar to Nef) predominantly affected 

the expression of HLA-A and –B alleles (81).  The subcellular localization of K3 

and K5 is, like Nef, also controversial as one report suggested they are close to 

the cell membrane (81) and other reports show them localizing to the ER (39, 69).  

The mechanism by which this occurs is thought to involve the action of K3 and/or 

K5 (which exhibit 40% amino acid identity) as an ubiquitin ligase through their 

conserved plant homeo domain/leukemia associated protein-zinc finger domain 

(PHD-LAP domain) which is highly related to the RING-domain found in the 

largest family of ubiquitin ligases.  Several poxviral proteins have also been found 

to contain a PHD-LAP domain, and one of them, myxoma virus m153R, has also 

been shown to effect the lysosomal degradation of MHC-I (225).  If these viral 

proteins are able to “tag” MHC-I by ubiquitinylation, this could then potentially 

serve as an endocytic signal for MHC-I (52).  The subsequent targeting of MHC-I 
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to the lysosomal compartment by K3 is then attributed to its C-terminal diacidic 

cluster region (128).  Interestingly, the diacidic cluster of K3, which was 

hypothesized to act as an acidic cluster sorting signal similar to the one proposed 

for Nef, was determined not to bind PACS-1 or be responsible for TGN 

localization.  Instead its presence was shown to be important for lysosomal 

targeting by an unknown mechanism.      

        Another viral protein that downregulates MHC-I in a similar yet distinct 

mode from Nef is the human herpesvirus 7 (HHV-7) protein U21.  HHV-7 U21 is 

a transmembrane glycoprotein that associates with properly-folded MHC-I and 

delivers them to lysosomal compartments (78).  The proposed model for this 

effect is that the HHV-7 U21 endoplasmic reticulum (ER) –domain binds MHC-I 

shortly after the proper folding of MHC-I in the ER and transits together with 

MHC-I to the TGN and then to lysosomes for degradation (77).  Because MHC-I 

in U21-expressing cells was not found to be phosphorylated, the trafficking 

itinerary of MHC-I from the TGN to the lysosomal compartment appears not to 

include either the plasma membrane or a recycling compartment where 

phosphorylation of class I molecules is most likely to occur (47).  Neither is U21 

itself phosphorylated, ruling out the possibility that N-linked glycans on U21 

could be mannose-6 phosphorylated and targeted to lysosomes by mannose-6 

phosphate receptor. Interestingly, like Nef, U21 contains a dileucine-like motif 

that could potentially function as a sorting signal.  However, although this motif 
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did contain information to target a fusion protein comprised of the U21 

cytoplasmic domain and the CD4 transmembrane/extracellular domain to a 

perinuclear compartment, it was not instrumental, as determined by the dileucine-

like mutant II→AA, similar to the Nef LL→AA mutant, in affecting the 

redistribution of MHC-I by U21.  Therefore, the mechanistic details of HHV-7 

U21-directed degradation of MHC-I remains to be characterized.  A functional 

counterpart of HHV-7 U21, the 48 kea type I transmembrane protein (gp48) 

encoded by the early gene m06 of murine cytomegalovirus (152), also re-routes 

MHC-I from its normal trafficking pathway to lysosomes for premature 

degradation. gp48 binds properly-folded MHC-I in the ER, which like U21, is 

mediated by the ER lumenal region of gp48.  Unlike HHV-7 U21, however, the 

redirection of this complex to the lysosomal compartment relies in part on the 

membrane-proximal di-leucine motif of gp48.    

        In addition to manipulating the MHC-I endocytic pathway or facilitating the 

sequestration of MHC-I in pre-lysosomal compartments as Nef is proposed to do, 

another viral strategy is to prevent the biosynthesis of class I MHC; for example, 

HSV-1 ICP47 binds to the TAP peptide transporter preventing transport of the 

antigenic peptide into the ER (222) whereas human CMV (HCMV) US6 inhibits 

ATP binding to the ATPase cassettes of the TAP complex thereby preventing 

peptide transport (73).  Other viral proteins, notably adenovirus E19 (16) and 

HCMV US3 (142), affect the retention of class I MHC in the ER while others, 
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HCMV US2 and US11 (184), cause a dislocation of class I heavy chains from the 

ER membranes to the cytosol for proteasomal degradation.  The complexity of 

MHC-I expression is taken advantage of by viral immunoevasins at nearly every 

possible point in the pathway of MHC-I/peptide presentation.  This suggests that 

viral proteins that function as immunoevasins, particularly with respect to MHC-I 

presentation, evolved unique mechanisms which may or may not mimic certain 

cellular processes.  Nef’s effect on MHC-I has been reported to utilize cellular 

trafficking adaptors, such as AP-1 and PACS-1 for its action, which as of yet is a 

unique pathway for this viral effect.  What so far appears to be a unique viral 

mechanism for HIV-1 Nef’s effect on the trafficking of class I molecules is likely 

related to its biological properties.  For example, Nef’s conservation of CD4 

downregulation or other activities that might be significantly involved in its 

fitness could impose constraints on the particular pathway for MHC-I 

downregulation it encodes.       

 

E.  MHC-I Endocytosis from the Plasma Membrane and Nef 

         An interesting approach to determine if Nef-induced and clathrin-dependent 

MHC-I downregulation comprise distinct trafficking pathways was undertaken by 

Le Gall et al. (110).  The authors recognized that Nef mutants unable to bind AP 

complexes are still able to modulate MHC-I.  This observation led them to 

experiments to compare and contrast the clathrin-dependent endocytic pathway, 
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which requires binding to AP complexes, to the Nef-induced MHC-I endocytic 

pathway.  The heavy chain of HLA-A and –B molecules is comprised of 

conserved residues YSQA at residues 321 to 324 and the authors suggest that this 

is a degenerated version of a prototypic tyrosine-based signal (YXXI or YXXL) 

recognized by AP complexes.  HLA alleles (HLA-A and HLA-B) which are Nef-

sensitive share the consensus sequence YSQA (see Table 5.1 below).   

 

 

Table 5.1  HLA cytoplasmic tail sequences and sensitivity to Nef-mediated 
MHC-I downregulation (Modified figure used with permission (117)). 
 

 

The authors hypothesized that Nef modifies the µ subunit of AP-1 or -2 that allow 

it to recognize the degenerate tyrosine-based sorting signal in the cytoplasmic tail 
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of HLA molecules.  To test this hypothesis, HLA-A tail mutants of the restored 

tyrosine-based signal were made, YSQI and YSQL, along with the negative 

controls ASQA and YSQE.  HeLa cells transfected with the mutants revealed 

lower levels of surface expression for the YSQI and YSQL mutants.  When Nef 

was transfected into these cells an additional loss of surface expression was 

observed and the authors interpret this as an additive effect on MHC-I endocytosis 

distinct from the tyrosine-based endocytic signal.  A comparison of the cellular 

localization of MHC-I induced by Nef and the consensus sorting signals (YSQI 

and YSQL, hereafter referred to as A2-endo) indicated accumulation in a 

perinuclear region juxtaposed to the Golgi.  The internalization rates of A2-endo 

mutants were slightly higher than for Nef-induced internalization of HLA-A2 

wild type.  The surface expression of the A2-endo mutants was also increased in 

the presence of a dominant negative dynamin I mutant (K44A) whereas wild-type 

HLA-A2 was not affected in HeLa cells either expressing or not expressing Nef.  

The dynamin mutant did, however, increase CD4 surface expression in the Nef-

expressing cells providing further evidence for the different endocytic pathways 

induced by Nef for CD4 and MHC-I downregulation.  In the discussion, the 

authors conclude that the Nef-induced pathway and the signal-based endocytic 

pathway are distinct based on the additive effects and the differences in 

internalization rates between the two mechanisms.  The authors discount the 

likelihood of a cryptic endocytosis signal revealed in MHC-I by Nef and they 
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conclude that “. . . accumulation of newly synthesized molecules in a region 

assimilable or closely related to the Golgi apparatus appears to be the 

predominant effect of Nef on MHC-I trafficking.”  

 

F.  MHC-I Transport to the Plasma Membrane and Nef 

         The mechanism of Nef-mediated MHC-I downregulation has not only been 

reported to occur by enhanced endocytosis from the cell surface, but also by 

inhibition of transport of newly-synthesized MHC-I molecules to the cell surface.  

The disruption of MHC-I transport to the cell surface was studied by Collins and 

colleagues in a number of papers (95, 96, 157, 211, 212).  They reported the direct 

interaction between Nef and the cytoplasmic tail of MHC-I, characterizing it as a 

weak interaction needing stabilization by other factors such as the crosslinker 

dithiobis succinimidylpropionate (DSP) which was necessary to observe this 

interaction.   The authors present a model for Nef-induced MHC-I 

downmodulation in which Nef binds to the cytoplasmic domain of MHC-I either 

at the plasma membrane or in the TGN and subsequently transports MHC-I to an 

endo/lysosomal compartment for either degradation or recycling before reaching 

the cell surface.   

        The Collins’ group tested whether transport to the plasma membrane or 

enhanced endocytosis is the major pathway of MHC-I downmodulation (95).  

Using an endocytosis assay measuring the amount of HLA-A2 internalized from 
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the cell surface, Kasper and Collins determined that Nef had a small effect on 

endocytosis rates in HeLa cells and a much smaller effect in T cells.  They also 

determined by a recycling assay the amount of recycled HLA-A2 as a percentage 

of steady state levels and determined that Nef did not affect MHC-I recycling in 

either HeLa or CEM T cells.  A transport assay, however, which measured the 

amount of newly-synthesized HLA-A2 appearing on the cell surface, indicated an 

attenuating effect by Nef specifically in CEM T cells and PBMC.  More evidence 

for the Nef-mediated “block-in-transport” mechanism of MHC-I downmodulation 

was accrued by the authors in a pulse-chase experiment.  In these experiments, 

HIV-infected CEM-A2 cells were pulsed with 35S methionine and cysteine and 

surface HLA-A2 was biotin-labeled.  Immunoprecipitates of total and surface 

HLA-A2 demonstrated a decreasing level of total HLA-A2 in the chase periods 

and a complete lack of surface HLA-A2 in the chase periods of the Nef+ cells 

indicating a block in transport in contrast to an enhancement of endocytosis.      

        The Collins’ group then performed experiments to determine where in the 

transport pathway Nef was disrupting trafficking (157).  They did metabolic 

pulse-chase labeling in CEM HA-HLA-A2 cells transduced with adenovirus-

based nef vectors and treated the cells with either endoglycosidase H (endoH) or 

neuraminidase to determine if the disruption of HLA-A2 occurred in either the 

medial Golgi (as determined by sensitivity to endoH) or the TGN (as determined 

by sensitivity to neuraminidase treatment).  Transport through these 
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compartments was not affected; however, when inhibitors of the lysosome 

(ammonium chloride and bafilomycin A1) were added to the cells, the decrease of 

total HLA-A2 was no longer observed in the Nef-expressing cells.  

Immunofluorescence studies in these cells also showed a preponderance of MHC-

I in the lysosomal compartment when lysosomal inhibitors were present 

suggesting that Nef influences transport of MHC-I into lysosomes for 

degradation.    

     

G.  Protection from Natural Killer (NK) Cells by Selective Downregulation 

        Viruses that effect an inhibition of HLA-C and HLA-E presentation on the 

surface of infected cells are susceptible to lysis by NK cells (221).  NK inhibitory 

receptors specifically recognize the presence of these ligands on the cell surface 

and are prevented from killing cells that display them.  Therefore, it was of 

interest to determine whether Nef was able to preferentially affect the 

downregulation of specific HLA types.  A study by LeGall et al. in 1998 

demonstrated the specificity of Nef effect on HLA-A and HLA-B in contrast to its 

lack of effect on HLA-C (111).  HeLa cells transfected with a nef-expressing 

vector showed specific downregulation of HLA-A and HLA-B.  In contrast it had 

no effect on HLA-C as determined by both flow cytometry and 

immunofluorescence.  Additionally, an HLA-A2 fusion mutant expressing the 

extracellular and transmembrane domains of HLA-A and the intracytoplasmic 
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domain of HLA-C was shown to be unaffected by Nef.  The authors suggested 

that this preferential effect could be due to the importance of the Y320 residue 

which is found in HLA-A and HLA-B but not HLA-C (C320).  Cohen et al. later 

demonstrated, in vitro, the protection from NK cell lysis conferred by the lack of 

Nef downregulation of HLA-C and HLA-E using flow cytometric-based NK cell 

lysis assays (35).  In this paper, lymphoblastoid 221 cells which lack expression 

of HLA-A, B, and C were infected with HIV-1 NL4-3 and transduced with 

various MHC-I constructs.  HLA-A or HLA-B molecules were downregulated in 

these cell lines, but HLA-C was not.  Nef was unable to downregulate this allele 

even in a C1R cell line which expresses relatively high endogenous levels of 

HLA-C.  To determine the specific region of MHC-I required for downregulation 

by Nef, various constructs were made expressing the extracellular, 

transmembrane, or cytoplasmic tail domains of CD8α, HLA-A, -B, -C, and –E.  

The cytoplasmic domain of HLA-A or HLA-B with the intact tyrosine residue 

Y320 was required for MHC-I downregulation.  The protection from NK cell 

lysis conferred by Nef’s selective downregulation of MHC-I haplotypes was 

demonstrated with a system in which effector cells (primary NK cells expressing 

the NKIR1 inhibitory receptor) were mixed with 221 cells expressing various 

HLA proteins or chimeras.  221 cells expressing HLA-E or HLA-C were 

protected from lysis in contrast to cells expressing HLA-C fused to an HLA-A 

tail.   
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H.  Nef Downregulation of MHC-I and CD4 are Two Separable Activities 

         Mutational analysis of Nef has provided information regarding the 

separability of its activities.  Mangasarian et al. (125) presented evidence using 

certain Nef mutants that the downregulation of CD4 and MHC-I by Nef were 

genetically separable.  They determined that the polyproline motif (involved in 

the binding of SH3 domains) and an alpha-helical region were indispensable for 

MHC-I downregulation but not CD4 downregulation using the mutants 

PP69/72AA, PP75/78AA, and delta 17-26.  Other mutants tested were found to be 

specific for disrupting CD4 downregulation including WL57/58AA and 

RD35/36AA.  Mutation of the Nef dileucine motif LL164/165AA, a recognized 

site for AP binding, entirely disrupts CD4 downregulation but has no effect on 

MHC-I downregulation, an observation also reported by another group (155).  

The general conclusion of these data was that CD4 and MHC-I downregulation by 

Nef are genetically separable activities.  Various other mutants were tested 

including residue M20 that was found to be specifically required for MHC-I 

downregulation (6).  M20A and M20R mutants were expressed at similar levels to 

the wild-type allele.  Measurements of their incorporation into virions, replication 

kinetics (RT activity), infectivity (single-round), and CD4 downregulation were 

similar to M20 wild-type.  However, these mutants specifically reduced Nef-

mediated MHC-I downregulation and therefore the authors concluded that this 
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Nef activity is genetically separable from other Nef activities such as infectivity 

enhancement and CD4 downregulation.   

 

I.  Pharmacological Agents and Nef-mediated MHC-I Downregulation 

        In addition to mutational analysis, kinase inhibitors have also been employed 

to study Nef-mediated MHC-I downregulation.  The polyproline motif of Nef has 

been implicated in the binding of Src tyrosine kinases (160), and because this 

region of Nef has been shown to be important for MHC-I downregulation, the 

effect of herbimycin A, an inhibitor of tyrosine kinases, on Nef-mediated MHC-I 

downregulation was investigated (125).  No appreciable effect was observed on 

MHC-I downregulation by Nef in the presence of this inhibitor.  Other 

investigators evaluated the effect of PI3-K inhibition on Nef-mediated MHC-I 

downregulation using the synthetic inhibitor LY294002.  One group using Nef-

transfected HeLa-CIITA cells determined that a 15 hour treatment with 50 µM 

LY294002 had no effect on surface downmodulation of MHC-I (185).  A second 

group evaluated the effect of 1 µM wortmannin on MHC-I internalization rates in 

Nef-transduced astrocytoma cells and Nef-expressing Jurkat cells (109).  

Although neither of these phenomena was affected by the inhibitor, the authors 

report that PI3-K inhibition prevents the internalized MHC-I from trafficking to 

the TGN as determined by colocalization studies.  Yet another group (187) used 

an astrocytoma cell line 373 mg expressing the extracellular domain of EGFP and 
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the cytoplasmic domain of HLA-A2.  These cells were transduced with adeno-nef 

or control adenovirus-based vector and 70 µM of LY294002 inhibitor was added 

for 18 hours.  Confocal microscopy showed that PI3-K inhibition blocked Nef-

mediated disruption of MHC-I transport.   Flow cytometry was then used in the 

same cell line under the same treatment conditions to detect wild-type cell surface 

HLA-A2.  The results indicated that LY294002 was able to inhibit Nef’s effects 

on MHC-I downregulation but not on CD4 downregulation.  Gary Thomas’ group 

also shows, by confocal microscopy of human A7 melanoma cells expressing Nef 

and treated with 5 µM of LY294002 inhibitor, that Nef is unable to downregulate 

MHC-I even though Nef co-localizes with the protein trafficking adaptor AP-1 

(19).  Interestingly, they found that a NefAXXA-PACS-1 fusion protein was 

unable to sequester MHC-I in the TGN; however, a NefAXXA-PI3-K fusion 

protein expressing a constitutively active form of the PI3-K catalytic subunit was 

able to sequester MHC-I in the TGN as seen by confocal microscopy.  The 

authors interpret these results to suggest the PXXP domain of Nef is involved in 

the activation of PI3-K, a proposed intermediary step in the downregulation of 

MHC-I.   A caveat of these studies is that they were done in cells that are not the 

natural hosts of HIV.  Conflicting data from Collins’ group (95) shows that 

addition of the LY294002 inhibitor does not have an attenuating effect on Nef-

mediated reduction of MHC-I transport in CEM human T cells, indicating that 

PI3-K activity is not necessary for Nef-mediated MHC-I downregulation in a T 
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cell line.  It is evident, based on the consideration of various data regarding the 

role of PI3-K in Nef-mediated MHC-I downregulation, that several issues remain 

to be clarified including the characterization of Nef binding to and activation of 

PI3-K.    

 

J.  Cellular Effectors of Nef-mediated MHC-I Downregulation 

        The cytosolic adapter PACS-1 was shown to bind HIV-1 Nef by an acidic 

cluster domain to downregulate MHC-I in 2000 by Piguet et al. (147).   The 

argument of this paper is built on evidence including an experiment showing that 

Nef-expressing A7 melanoma cells made deficient in PACS-1 by antisense RNA 

have higher levels of surface MHC-I than non-treated cells.  Immunofluorescence 

with TGN and MHC-I markers in Nef-transfected cells verified that PACS-1 

antisense cells disrupt MHC-I downregulation by Nef and that a lentiviral rescue 

vector expressing PACS-1 can restore it.  Co-immunoprecipitation of PACS-1 

and Nef in C12 cells was shown to occur in an acidic cluster dependent manner, 

i.e. requiring the EEEE residues of Nef.  This interaction was also shown to occur 

by an in vitro binding assay utilizing the his-tagged furin binding region (fbr) of 

the PACS-1 protein and the GST-Nef fusion protein containing the acidic cluster 

EEEE.  The GST-Nef acidic cluster mutant AAAA was shown to be deficient for 

binding in this assay.  More evidence was accrued using a CD4 transmembrane-

Nef chimera showing that wild-type Nef was localized to a TGN-like 
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compartment whereas an acidic cluster mutant Nef (EEEE → AAAA) was 

distributed in multiple vesicles in the periphery of the cell.  An antibody-coupled 

pH indicator showed that the wild-type Nef was localized to a compartment with 

pH=6.1 compatible with the TGN whereas the AAAA mutant localized to a lower 

pH compartment of about 5.4, consistent with an endosomal or lysosomal 

compartment.   These observations were extended to antisense PACS-1 cells:  in 

normal cells, the CD4-Nef chimera accumulated in the TGN, but when treated 

with PACS-1 antisense, the Nef chimera was prevented from localizing to the 

TGN.  The authors conclude from their data “that the formation of a complex 

between a cellular connector, PACS-1, and a viral connector, Nef, increases the 

range of sorting pathways that a given protein, in this case MHC-I, can follow” 

(147).   

        Gary Thomas’ group extended the findings of this report of Nef binding to 

PACS-1 and published two papers reporting the mechanism of Nef-mediated 

MHC-I downregulation (19, 79).  In the first report (2002), they introduce a 

model in which the Nef acidic cluster mediates the trafficking of Nef by PACS-1 

to the TGN whereby it is modified to activate PI3-K.  The subsequent increase in 

phosphoinositide 3, 4, 5-trisphosphate (PIP3) in the plasma membrane allows 

recruitment of ARNO, a guanine nucleotide exchange factor (GEF).  This GEF 

stimulates ARF-6 activity and enhances the constitutive endocytosis of MHC-I to 

the TGN where its recycling to the cell surface is blocked by some unknown 
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factor, a blockage dependent on the M20 residue of Nef.  Using HeLa-CD4 cells 

infected with a Nef-expressing vaccinia virus (or infectious HIV) and either a 

dominant negative ARF6 GTPase (rendered deficient in GTP hydrolysis) or 

PACS-1 (PACS-1 rendered deficient in AP binding), the authors demonstrate by 

immunofluorescence microscopy that these effectors are required for Nef 

disruption of MHC-I trafficking.  Further evidence for this pathway shows that 

co-expression of Nef and PACS-1 from adenoviral infections of A7 cells 

stimulate the GTP loading of ARF6.  A variety of Nef fusion proteins and mutants 

were used to support this model including AXXA, E4A, and M20A.  Each of 

these mutants is deficient in Nef-mediated MHC-I downmodulation and the 

unique step that each mutant affects in the pathway is determined by one of 

several assays:  1) M20A:  Although the Nef M20A mutant is able to induce the 

internalization of MHC-I comparably to parental Nef, this mutant is shown to be 

unable to prevent recycling of MHC-I from the ARF-6 compartment to the plasma 

membrane.  In addition to internalization and cell surface recycling assays, 

primaquine is used to show the specificity of Nef M20A on MHC-I recycling.  

Primaquine inhibits the recycling of MHC-I from an ARF-6 regulated 

compartment to the plasma membrane and because primaquine restores the effect 

of Nef downregulation in the context of the M20A mutant, the authors interpret 

this as the step for which this methionine residue is required.  2)  AXXA: The 

PI3-K inhibitor LY294002 prevents Nef-mediated MHC-I downregulation in A7 
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cells, but when this mutant is fused to PI3-K, MHC-I downregulation was 

restored leading the authors to suggest that these residues are involved in the 

activation of PI3-K which they suggest is an upstream effector of MHC-I 

downregulation.  Another set of experiments was performed to show that ARNO 

and ARF-6 are recruited to the plasma membrane by Nef in a PI3-K-dependent 

manner.  3) The E4A Nef mutant was shown to be localized to the plasma 

membrane in A7 cells transduced with a Nef-expressing adenovirus-based vector; 

however, when a Nef E4A-PACS-1 fusion protein was utilized, the localization of 

Nef was shown to be in the TGN as determined by co-staining with AP-1.  This 

fusion protein was also able to effect MHC-I downregulation compared to Nef 

E4A.  The authors interpret this to suggest that the acidic cluster of Nef regulates 

its trafficking to the TGN by a PACS-dependent pathway and that this step is 

required for Nef-mediated MHC-I downregulation.  Finally, these investigators 

also report evidence that Nef does not affect the transport of newly-synthesized 

MHC-I to the cell surface nor its degradation.  Therefore, the model presented 

here conflicts in part with the evidence reported from various other groups.   

        The Thomas group set forth to resolve these inconsistencies and recently 

published a report (79) presenting evidence for a signaling cascade which they 

propose to be responsible for Nef-mediated downregulation of MHC-I.  This 

model suggests that the Nef acidic cluster targeting motif allows the Nef SH3-

binding domain PxxP75 to bind and activate a Src family tyrosine (SFK) kinase 
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localized in the TGN.  This SFK, of unknown identity, then recruits and 

phosphorylates the tyrosine kinase ZAP-70 which then binds to PI3-K and 

enhances MHC-I downregulation in CD4+ T cells.  The same downregulation 

pathway is proposed for promonocytic cells and the identity of the SFK in this 

cell type is proposed to be the ZAP-70 homolog Syk.  One of the specific 

advantages of the experiments performed by this group is the determination of 

Nef-mediated MHC-I downregulation in primary CD4+T cells and in H9 (a 

derivative of HuT78) cells both of which express phosphatase and tensin 

homologue (PTEN) as well as SH2 domain containing proteins (SHP-1 and SHP-

2).  These proteins function as phosphatases involved in regulating the lipid 

products of PI3-K and the lack of expression of PTEN or SHP-1/2 in Jurkat, 

CEM, and other T-leukemic cell lines has been implicated in aberrant PI3-K 

signaling pathways (14, 113, 176).   In addition, PTEN rescue of a U373 

astrocytoma cell line lacking PTEN expression was able to restore Nef-mediated 

MHC-I downregulation.  It is suggested that conflicting reports showing no effect 

of PI3-K inhibitors on Nef-mediated MHC-I downregulation is due to the use of 

PTEN-deficient cell lines, which have constitutively higher levels of PIP3.  In 

conclusion, these authors suggest that isoform-specific PI3-K inhibitors capable 

of suppressing Nef-mediated MHC-I downregulation could be used as potential 

therapeutic agents against HIV-1. 
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K.  Summary  

        Many questions still revolve around the activity of Nef-mediated MHC-I 

downregulation and include the following: 1) What is the subcellular localization 

of Nef required for Nef-mediated MHC-I downregulation?  2)  What are the Nef 

determinants that influence or effect this localization?  3)  Is MHC-I 

predominantly downregulated by endocytosis or by inhibition of anterograde 

transport?  4)  What is the binding partner of the PxxP domain in Nef that is 

postulated to recruit a Src family kinase (SFK) in the mechanistic pathway of 

Nef-mediated MHC-I downregulation?  5)  Why are some cell lines (e.g., HuT78) 

less amenable to Nef-mediated MHC-I downregulation in spite of expressing 

HLA alleles known to be sensitive to Nef-mediated downregulation?  6)  Why, in 

some experimental systems, is there a threshold for Nef-mediated MHC-I 

downregulation which appears to require higher Nef concentrations than for Nef-

mediated CD4 downregulation?  7)  How are HIV-specific CTL generated in the 

presence of Nef-mediated MHC-I downregulation?  8)  What role does the 

plasticity of Nef play in the maintenance of MHC-I downregulation?  9)  What 

functional significance does Nef-mediated MHC-I have in vivo?  Of these many 

interesting questions, I have focused mainly on an analysis of one of the proposed 

determinants of Nef localization, i.e. the Nef acidic cluster.  Mutants of the acidic 

cluster were developed to observe their effect on Nef-mediated MHC-I 

downregulation.  In addition, the binding of Nef to PACS-1 through the Nef 
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acidic cluster was analyzed by an in vitro binding assay.  A need for a clearer 

understanding of this acidic region has driven the experimental design and 

produced the subsequent results which will be explained in the following 

chapters. 

 

 



 

CHAPTER SIX 
 

MATERIALS AND METHODS 
 
 

A.  Cell culture conditions 

        Suspension cells were maintained in c-RPMI (Sigma R8758) in a 5% CO2 

incubator and adherent cells were maintained in c-DMEM (Sigma D5796) in a 

10% CO2 incubator at 37°C.  Complete media included 10% FBS (SAFC 

Biosciences 12303C), 1X penicllin/streptomycin/glutamine (1X PSG) (Cellgro 

30-009-CI), and 1X sodium pyruvate (Cellgro 25000CI) for the suspension cells. 

 

B.  Preparation of DNA plasmids 

        Preparations of DNA stocks were made using the Qiaprep Spin Miniprep Kit 

(Qiagen 27106) or the Qiagen Tip 500 (Qiagen 10063).  In general, 2 mL of 

Luria-Bertani (LB) broth for small preparations or 200 mL for large preparations 

were used to culture DH5α competent E. coli cells transformed with the DNA 

vector of interest.  Antibiotics (ampicillin 100 µg/mL, kanamycin 50 µg/mL, and 

chloramphenicol 50 µg/mL) were added for selective growth of the transformed 

bacteria.  DNA was quantitated on a Beckman DU640B Spectrophotometer at 260 

nM.     

 

C.  Transfections 

 78
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        The human embryonic kidney 293T cell line was used for protein expression 

and viral production.  Cells (800,000/well) were plated in six well plates in c-

DMEM (minus antibiotics) and the following day transfections were done with 

Lipofectamine 2000 (Invitrogen 11668-019) according to the manufacturer’s 

protocol.  Briefly, 10 µL of Lipofectamine 2000 per transfection were added to 

250 µL of Optimem (Gibco 31985-070).  The transfecting DNA (2-8 µg) was 

added to another 250 µL of Optimem and incubated at room temperature for 5 

minutes (min), then mixed together with the Lipofectamine solution and gently 

vortexed.  Twenty minutes later the mixture was added dropwise to the plated 

cells.  Approximately 16 hours later the media was changed (c-DMEM with 

antibiotics) and 48 hours post transfection the cells or supernatant were harvested. 

 

D.  Transductions 

        HEK293T cells were transfected with 2 µg of the amphotropic packaging 

vector pEQPAM and 2 µg of the pLXSN (vector control) or appropriate pLNefSN 

vector using the Lipofectamine 2000 transfection reagent as indicated above.  

Vector containing supernatant was harvested approximately 48 hours post 

transfection and filtered through a 0.45 µm filter (Nalgene 190-2545) whereafter 

the supernatant was immediately used or, alternatively, stored at -80°C.  A 24 

well plate (Falcon) was coated with 40 µg retronectin (Takara Biomedicals, 
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Kyoto, Japan Cat. #T100B) from a stock at 0.1 µg/µL.  After 2 hours at room 

temperature the retronectin was saved for subsequent use, and then replaced with 

0.5 mL 2% bovine serum albumin (BSA) in PBS for 30 min at room temperature.  

BSA was removed and the wells rinsed once with 0.5 mL serum-free media or 

PBS.   Vector supernatant (0.5 mL) was then added for 45 min to 1 hour at 37°C 

and the remaining vector was stored at 4°C for subsequent use.  The first addition 

of vector supernatant was discarded and replaced with a second 0.5 mL of vector 

supernatant.  After removal of the second round of vector, CEM cells (300,000) 

were added to each well in 0.5 mL of c-RPMI.  The cells were then incubated 

overnight at 37°C and the final 0.5 mL vector supernatant was added the next day.  

The following day the cells were pelleted by centrifugation and resuspended in 2 

mL of c-RPMI supplemented with G418 (1.5 mg/mL) (Gibco 11811-031) in a 

final volume of 2 mL.  Forty eight hours later the cells were transferred to a 6 well 

plate and fresh media (1 mL) with G418 was added.  One control well was mock 

transduced to monitor the progress of G418 selection, a process that typically 

required between 8 to 10 days.  Transduced cells were then expanded in media 

without G418 in a T75 flask for subsequent analysis. 

 

E.  Preparation of whole cell lysates 

        Ten million transduced CEM cells or an entire well of transfected 293T cells 

(500 µL of trypsin were added to each well of 293T cells) were collected by 
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centrifugation at 4°C and washed twice in 5 mL of ice cold PBS, centrifuged at 

1500 rpm for 5 minutes at 4°C (CR422 Jouan Tabletop Centrifuge; 770 rotor) and 

lysed with complete lysis buffer (500 µL) at 4°C.  Lysis buffer (50 mL) consisted 

of 37 mL distilled H2O, 5 ml of 10X solutes, 5 mL glycerol, 2.5 mL Tris-HCl (pH 

8.0), 200 µL EDTA (0.5 M, pH 8.0) and 0.25 mL IGEPAL CA-630.  Complete 

lysis buffer (10 mL) was supplemented with 100 µL of 0.1 M 

phenylmethylsulphonyl fluoride (PMSF) and one mini protease inhibitor tablet 

(Roche 11836153001).  10X solutes (50 mL) consisted of 44.8 mL distilled H2O, 

2.9 g NaCl, 520 mg NaF, 180 mg sodium vanadate, 2.16 g β-glycerophosphate, 

and 1.95 g benzamidine.  Lysates were cleared in a microcentrifuge for 10 

minutes at 13,000 rpm at 4°C and the protein concentration of the supernatant was 

determined by spectrophotometry using IgG protein standards in Bio-Rad Protein 

Assay reagent (BioRad #500-0006) diluted 1:5. 

 

F.  Western Blotting 

        Whole cell lysate (200 µg) in 1X SDS loading buffer was boiled for five min 

at 95°C.  (Stock solutions of 5X SDS were comprised of the following 

components:  5 mL 1M Tris, pH 6.8, 5 mL glycerol, 0.05 g bromophenol blue, 

and 1 g SDS.  This mixture was heated briefly and diluted in 20% β-

mercaptoethanol.)  In the case of purified GST fusion proteins or his-tagged 
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proteins, purified protein (1 µg) was mixed with 1X SDS loading buffer.  Proteins 

were then loaded on either a 10 or 12 percent acrylamide gel for eight hours at 

100 volts (800 volt hours) using the BioRad Power Pac300 (Model # 1655050) as 

a power source, and the resulting gel was soaked in transfer buffer for 10 min and 

transferred to a nitrocellulose membrane (Amersham RPN303E) on a BioRad 

Trans-Blot SD Cell.  The 10% acrylamide gel was comprised of a resolving layer 

(12.3 mL dH2O, 8.5 mL of 40% acrylamide/1% bisacrylamide, 12.4 mL 1 M Tris, 

pH 8.8) and a stacking layer (15.5 mL dH2O, 2.5 mL 1M Tris, pH 6.8, 2 mL of 40 

% acrylamide/1% bisacrylamide).  Polymerization of the resolving layer was 

initiated with 165 µL (150 µL for the stacking layer) of 10% ammonium 

persulfate (APS) and 22 µL (20 µL for the stacking layer) of 1,2-

bis(dimethylamino)ethane (TEMED).  The 18% acrylamide gel was comprised of 

an 18% resolving layer (14.9 mL of 40 % acrylamide/1% bisacrylamide, 12.4 mL 

1M Tris, pH 8.8, 5.7 mL dH2O) and a 10% stacking layer.  Western transfer 

buffer (1 L) consisted of the following: 3 g Tris base, 14.4 g glycine, 200 mL 

methanol, 10 mL 10% SDS, and dH2O to a final volume of 1 L.      

        After protein transfer, the membrane was blocked with 10% milk for 30 min, 

incubated with primary antibody in 5% milk for one hour, washed three times 

with Tris-Tween-Bufferred Saline (TTBS), then incubated with HRP-conjugated 

secondary antibody in 5% milk for one hour, and finally washed three times with 

TTBS.  TTBS (1 L) consisted of the following: 10 mL of 1M Tris, pH8.0, 30 mL 
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of 5M NaCl, 500 µL of Tween20, and 959.5 dH2O.   Chemiluminescence was 

used to detect HRP-conjugated antibodies and the substrate consisted of the 

following:  2 mL 1 M Tris pH 8.8, 44 µL p-coumaric acid (stocked at 0.15 g/ 10 

mL DMSO), 100 µL luminol (stocked at 0.15 g/ 10 mL DMSO), 18 mL dH2O, 

and 6 µL 30% H2O2.   The luminol substrate solution (20.15 mL) was added to 

the membrane for one minute and then the membrane was exposed to film 

(Fujifilm Light Lab Systems 8” X 10” Cat# X-1002) for varying amounts of time 

to visualize the proteins of interest. 

 

G.  Cell Staining and Flow Cytometry 

        Transduced cells (500,000) or infected cells (100,000) were centrifuged at 

1500 rpm for 5 minutes at 4°C (CR422 Jouan Tabletop Centrifuge; 770 rotor) in 5 

mL polystyrene round-bottom tubes (BD Falcon) in a volume which varied 

depending on the concentration of the cells.  Following centrifugation the 

supernatant was aspirated.  For transduced cells, 5 µL of anti HLA-A1,11,26 (One 

Lambda, Inc., Cat. #0544HA) was then added for 20 min at 4°C.  Cells were then 

washed twice with 2 mL FACS buffer (PBS supplemented with 4% FBS).  FITC-

conjugated goat anti-mouse IgM (2 µL) (Biosource AMI3608) was added for 20 

min at 4°C.  FACS Buffer (2 mL) was used to wash the cells (2X) and then mouse 

IgG (10 µg) (Sigma I5381) was added for 20 min at 4°C.  FACS Buffer (2 mL) 
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was used to wash the cells (2X) and mouse anti-CD4PE (7 µL) (Exalpha 0044) 

added for 20 min at 4°C).  FACS Buffer (2 mL) was used to wash the cells (2X) 

and the cells were resuspended in 200 µL FACS buffer and 200 µL of 2% 

paraformaldehyde.  Paraformaldehyde was prepared by adding 40 g of 

paraformaldehyde (PFA) into PBS (1L), heating to 56°C, cooling to 25°C, 

adjusting the pH to get PFA to go into solution, and then adjusting the final pH to 

7.2-7.4.  This 4% solution was then diluted in PBS to 2%.  For infected cells, the 

same protocol was used except that the secondary antibody for HLA-A staining 

was an APC-conjugated goat anti-mouse (Southern Biotech, Cat.# 1020-11S).  

Cells were then analyzed on a Becton Dickinson Facscalibur and Cell Quest 

software was used to analyze the data. 

 

H.  In Vitro Pak2 Kinase Assays 

        Whole cell lysate (600 µg) of transduced CEM T cells or transfected 293T 

cells were incubated in complete lysis buffer with 10 µL of sheep anti-HIV Nef 

antibody in a final volume of 800 µL for 1.5 hours on ice.  Then 80 µL of Protein 

A beads (50% beads in PBS) were added to the lysate and rotated for 1.5 hours or 

overnight in a cold room (4°C).  Beads were centrifuged, washed twice with cold 

lysis buffer, once with 1 M magnesium chloride, and twice with kinase buffer and 

resuspended in 100 µL of room temperature kinase buffer.  Gamma-P32 ATP (30 
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µCi) (3 µL of 0.01 mCi/µL) was added to the beads for 10 min at room 

temperature.  Reactions were stopped with 10 µL of 0.5 M EDTA and the beads 

centrifuged and supernatant removed.  SDS buffer (100 µL of 3X) was added to 

the beads and vortexed briefly.  This 3X buffer was comprised of 3 mL of 10% 

SDS, 3.33 mL glycerol, and 3.75 mL 1M Tris pH 6.8.  The beads were 

centrifuged, the supernatant removed, and 5 µL of dye/reducing agent (1:4 

bromophenol blue: β-mercaptoethanol) added to the supernatant that was then 

incubated at 95°C for 5 min.  Proteins were electrophoretically separated on a 

10% polyacrylamide gel.  The gel was stained with Coomassie blue, destained, 

and dried on a gel dryer for 1.5 hours at 80°C before exposure to a 

PhosphorImage screen overnight.  Coomassie blue stain (1 L) consisted of the 

following:  2.5 g Brilliant blue, 100 mL acetic acid, 450 mL methanol, and 450 

mL dH2O.  Phosphorylated proteins were analyzed on a Cyclone Storage 

Phosphor System (Packard) and quantitated with Optiquant Image Analysis 

program and the gel was then exposed to film for autoradiography. 

 

I.  Production of wild-type HIV 

        The appropriate proviral vector (2 µg) was used to transfect 293T cells 

according to the transfection protocol (see above).  Virus was grown and 
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harvested 36-48 hours post transfection and filtered through a 0.45 µm filter in a 

BSL-3 facility.  Virus was quantitated by p24 antigen ELISA as indicated below. 

 

J.  p24 Antigen ELISA 

        Quantification of viral stocks was done using the Beckman Coulter HIV-1 

p24 Antigen EIA Kit (Beckman Coulter 626391).  Five calibration standards were 

made to calculate a standard curve and appropriate dilutions of the viral stock 

(generally 1:10,000 and 1:100,000) were made.  Standards and samples are added 

to the plates which were pre-coated with a murine monoclonal antibody to HIV-1 

p24 antigen and incubated in a 5% CO2 incubator for 1 hour.  After washing, a 

biotinylated human anti-HIV-1 IgG is added for one hour and then a streptavidin-

horse radish peroxidase (HRPO) system is utilized to quantitate the amount of 

substrate reagent tetramethylbenzidine (TMB) that reacts with the complexed 

peroxidase.  Reactions are stopped by the addition of sulfuric acid.  Color 

absorbance is measured using a spectrophotometer ELx800 Universal Microplate 

Reader (BioTek Instruments).  

 

K.  HeLa Magi Infectivity Assays 

        HeLa-MAGI cells (80,000) were plated in 12-well plates and infected 24 

hours later in triplicate with 5 ng of p24Gag of viruses in 400 µL of cell culture 

medium containing 20 µg/mL DEAE-dextran (Sigma).  At 2 hours post infection, 
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1 mL of culture medium was added, and the cells were incubated for an additional 

36 hours.  The cells were then fixed with 1% formaldehyde and 0.2% 

glutaraldehyde in PBS and stained with a solution composed of potassium 

ferrocyanide, potassium ferricyanide, MgCl2, and 5-bromo-4-chloro-3-indolyl β-

D-galactopyranoside (X-gal) in PBS.  Blue cells were counted as indicators of 

infected cells on an Olympus IX70 microscope. 

 

L.  Inductions for Protein Expression 

        To express the his-tagged fbr of PACS-1 or the GST fusion proteins used in 

these studies, BL-21 pLysS cells were transformed with pET32fbr, 

pET28HckSH3, or the pGEX2T GST fusion protein vectors.  Bacteria were plated 

and transformants selected on LB agar plates with either ampicillin (100 µg/mL) 

or kanamycin (50 µg/mL).  A 2 mL starter culture was initiated from the 

antibiotic resistant colonies and grown in chloramphenicol (50 µg/mL) at 37°C 

with shaking (approximately 250 rpm) to an optical density at 600 nm (OD 600) 

of 0.8 indicating log-growth phase.  The starter culture was then used to inoculate 

50 mL of LB media with the appropriate antibiotics and grown for 4-5 hours until 

the culture reached an OD 600 of 0.6.  At this point, 100 mM of isopropyl β-D-1-

thiogalactopyranoside (IPTG) was added to the culture for a three hour induction 

of the protein of interest.  Cultures were then centrifuged at 5000 rpm in Beckman 
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J2-MC centrifuge (JLA-10.5 rotor) for 15 min and the isolated pellets were frozen 

at -20°C. 

 

M.  Purification of GST fusion proteins 

        Pellets isolated from the IPTG-induced bacteria producing the GST fusion 

proteins were resuspended in 10 mL of PBS supplemented with a protease 

inhibitor tablet (Roche 13218600).  50 µg/mL of lysozyme (Roche 10837059001) 

was added to these resuspensions for 15 min at room temperature.  The 

resuspended bacteria were then sonicated (Fisher 550 Sonic Dismembrator) on ice 

using a Misonix-adaptable Microtip™ for one minute at power setting 3.5 using a 

10 second on, 10 second off pulse program.  Bacterial lysates were then cleared 

by centrifugation at 13,000 rpm at 4°C for 20 min using the JA20 rotor.  

Supernatant containing the protein of interest was then incubated with 0.5 mL of 

glutathione sepharose beads for 30 min at room temperature on a rotator.  This 

supernatant was then loaded on a chromatography column (BioRad 731-1550) 

and the flow- through was saved for further analysis.  The beads isolated on the 

column were then washed with 10 mL of cold PBS three times and the wash-

through was saved for further analysis.  The protein of interest was eluted in three 

fractions of 700 µL with 10 mM reduced glutathione.  Coomassie staining and 

optical density measurements using an immunoglobulin protein standard (BioRad 
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500-0005) were completed to determine the approximate concentration of purified 

protein.      

 

N.  Purification of his-tagged proteins 

        Pellets isolated from bacterial transformation were processed identically to 

the GST fusion proteins except that pellets were resuspended in 10 mL of binding 

buffer according to manufacturer’s protocol (Novagen Ni-NTA Buffer Kit, Cat. # 

70899-3) along with 50 µg/mL lysozyme and a protease inhibitor tablet for 15 

min at room temperature.  After isolation of the supernatant containing the his-

tagged protein of interest, 1 mL of Ni-NTA beads were added and rotated for one 

hour at 4°C.  This was then poured over the chromatography column to isolate the 

protein-agarose bead complexes and the flow-through was saved for further 

analysis.  Three washes (4 mL of wash buffer/ wash) were done according to 

manufacturer’s protocol and wash-through was saved for further analysis.  Protein 

was eluted with an elution buffer containing 250 mM imidazole in three fractions 

of 200 µL/fraction and the protein purity and concentration analyzed by 

Coomassie staining and Bradford analysis.  

 

O.  In vitro binding assays 

        Purified proteins were incubated at either 1 or 3 µM concentrations (in a 0.5 

mL volume) in a binding buffer containing 1% Igepal CA-630, 2 mM MgCl2, 50 
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mM Tris, pH 7.5, and 200 mM NaCl on ice for one hour followed by a thirty min 

rotation at room temperature with 60 µL glutathione sepharose beads (50% slurry 

in PBS).  Protein bound to the beads was washed twice with binding buffer, once 

with 1M NaCl, and again twice with binding buffer.  All washes were done at 

4°C.  Protein was then boiled for 5 min in SDS loading buffer and the beads were 

spun down in a centrifuge.  60 µL of the supernatant was loaded on a 

polyacrylamide gel for the subsequent analysis of protein interaction with the 

GST fusion proteins by Western blotting. 

 

P.  Production of VSV-G Pseudotyped HIV-1 Particles 

        HEK293T cells (4.5 million/ plate) were plated one day before transfection 

of proviral vectors in six 10 cm tissue culture dishes.  Transfections using 

Lipofectamine 2000 were done using 293T cells grown in c-DMEM 

supplemented with 10% FBS (minus antibiotics).  Proviral vector (12 µg) and 

VSVG vector (4 µg) were used in conjunction with 40 µL of Lipofectamine 

reagent per each dish.  Supernatant was harvested and filtered through a 0.45 µm 

filter approximately 40 hours post transfection and concentrated using a SW41 

swing bucket rotor in a Beckman Optima LE-80K Ultracentrifuge at 31,000 rpm 

for 70 min.  The viral pellet was resuspended in approximately 200 µL PBS and 
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1% BSA and the resulting virus was titred on HeLa TZM cells to determine 

infectious units per mL.   

 

Q.  Titering of VSV-G Pseudotyped HIV-1 Particles 

        HeLa TZM cells (100,000) were plated in 6 well plates in 3 mL cDMEM 

without antibiotics and incubated with 5% CO2 at 37°C overnight.  The next day 

the number of cells per well were counted for titration calculations.  Polybrene 

was added at a final concentration of 4 µg/mL to each well and one well was 

pretreated for 30 min with AZT (final concentration of 50 µM).  Concentrated 

vector stock was added at three 10-fold dilutions (1 µL, 0.1 µL, and 0.01 µL) and 

plates were incubated overnight.  Media was replaced 24 hours post infection and 

the cells were harvested for flow cytometric analysis 48 hours post infection.  

Titres were determined based on the percentage of EGFP-positive cells multiplied 

by the number of target cells on the day of infection.  The concentration of 

infectious units was then determined based on the volume of vector used for the 

infection. 

 

R.  VSV-G Pseudotype Infections 

     CEM or HuT 78 cells were infected with an MOI of either 1.5 (CEM) or 5 

(HuT78) using VSV-G pseudotyped particles.  Briefly, cells (100,000) were 

plated in a twelve well plate and 50 µM AZT added for 30 min before infection 
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for the negative control well.  Vector was added for four hours at 37°C and the 

cells spun, washed, and resuspended in 500 µL of c-DMEM.  The following day 

another 500 µL of media was added.  48 hours post infection the cells were 

harvested and stained with the appropriate antibodies. 

   

S.  In Vitro PI3-K Assay 

     Whole cell lysate from CEM, HuT78, U937, or 293T cells (50 µg) was 

incubated with 2 µL rabbit anti p-85α (Upstate #06-195) in complete lysis buffer 

(refer to section E for the composition of this buffer) in a total volume of 800 µL 

for 1.5 hours on ice.  80 µL of Protein A (Sigma P3391) beads were then added 

and rotated with the mix for 1.5 hours in a 4°C cold room.  Beads were 

centrifuged and washed twice with cold lysis buffer, once with cold 1 M MgCl2, 

and twice with cold kinase buffer.  Beads were then resuspended in 100 µL kinase 

buffer and 10 µL of sonicated PI (Avanti 840042).  Two µL of γ-P32 ATP were 

added for ten min at room temperature.  Reactions were stopped with 100 µL of 1 

N HCl and the lipid substrate extracted with CHCl3/MeOH (1:1).  The top layer 

was removed and the bottom lipid layer was washed with 80 µL of MeOH/100 

mM HCl, 2 mM EDTA (1:1).  The top layer was discarded and 10 µL of the 

bottom layer was spotted on a Whatman thin layer chromatography (TLC) plate 

(Whatman 4865-821).  The TLC chamber solvent consisted of 
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CHCl3/MeOH/H2O/NH4OH (45:35:8.5:1.5).  Following separation of the lipid 

fraction, the plates were dried and exposed to a Phosphor screen (Packard) for 

analysis of label incorporation.  

 

T.  Graph Pad™ Analyses 
 
     GraphPad Prism (San Diego, CA) version 4.0 was used for comparison of 

parameters among groups by student’s t-test.  Numerical values are expressed 

either as the mean ± SD (standard deviation) or the mean ± SEM (standard error 

of the mean).   

 

 

 



 

CHAPTER SEVEN 
 

FUNCTIONAL CHARACTERIZATION OF NEF’S ACIDIC 
CLUSTER 

 
 

A.  Introduction 

        Nef has several in vitro activities (described in the introduction and including 

downregulation of CD4 and MHC-I, Pak2 activation, and infectivity 

enhancement) likely to be of functional significance with respect to the reported 

pathogenesis mediated by Nef  (43, 100, 154).  The components that contribute to 

these activities are not yet clearly understood although they are earnestly being 

investigated.  Structural information about HIV-1 Nef based on crystallography 

has revealed an intrinsic disorder in residues 54-69 and 149-178 (12, 112) that 

includes the region of the Nef’s acidic cluster EEEE65.   The lack of a defined 

tertiary structure in this region has made it difficult to hypothesize or predict a 

relevant function for these residues.  In this study, I investigated the contribution 

of the Nef acidic cluster residues to Nef’s in vitro activities.  I addressed this 

question by developing a set of “acidic cluster mutants.”   I utilized these mutants 

in various expression systems to determine their effect on the in vitro activities of 

four activities of Nef:  MHC-I and CD4 downregulation, Pak2 activation, and 

infectivity enhancement.    
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B.  Genetic Analysis of Nef’s Acidic Cluster 

        Acidic clusters have been defined as ‘continuous sequences that are 

composed of ≥ 50% acidic residues, having no less than five acidic residues and 

containing no basic residues’ (202).  An abbreviated list of several cellular 

transmembrane proteins as well as viral glycoproteins or viral proteins associated 

with membranes is listed below (Table 7.1A).  The Nef acidic cluster, as it was 

initially described by Piguet et al. (147), is comprised of the four glutamate 

residues 62EEEE65 and the SIV Nef acidic cluster has eight acidic residues (29).   

Acidic clusters can contain as many as 19 acidic residues as for proprotein 

convertase 6B (PC6B) (133).  Because acidic clusters have been described as 

containing a minimum of five acidic residues, I also considered the possibility 

that Nef residue E59 was acting as part of the Nef acidic cluster in the cluster’s 

proposed contribution to Nef-mediated MHC-I downregulation.

        The conservation of the residues of the Nef acidic cluster with respect to a 

recently compiled subtype B Nef database (139) was also investigated.  In this 

database comprised of 1,643 subtype B Nef sequences, each individual glutamate 

(E)  was represented in the acidic cluster (comprising residues 62-65 according to 

the SF2 Nef isolate) with the following prevalence:  95% of the isolates contained 

an E at residue 62, 81% of the isolates contained an E at residue 63 (97% if 

aspartame is considered a conservative substitute for glutamate at this position), 
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95% of the isolates contained an E at residue 64, and 94% contained an E at 

residue E65 (Table 7.1B).  The potential acidic cluster-contributing residue at E59 

was also represented in 95% of the isolates.  My interpretation is that the presence 

of an acidic component, particularly glutamates, in this region of the protein is 

important for replication of subtype B HIV-1.  Common substitutions for the 

acidic cluster residues as represented in this database are listed for residues 59-65 

in Table 7.1B below the consensus sequence of the acidic cluster of the 1,643 

subtype B Nefs.    
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Table 7.1.  Comparison of cellular and viral acidic cluster domains with the 
HIV-1 subtype B Nef acidic cluster domain.  (A) Representative proteins with 
cellular and viral acidic clusters motifs and the number of acidic residues 
potentially contained in the cluster.  The acidic residues (aspartate D and 
glutamates E) are underlined.  (B)  The acidic cluster domain of SF2 Nef, reported 
as residues 62-65 EEEE, is hypothetically extended to include residues 59-65 
EAQEEEE based on the prevalence of documented acidic clusters with at least 
five or more acidic charges. A database comprised of 1,643 subtype B Nef 
sequences (139) was used to determine the prevalence of each of the residues in 
the Nef acidic cluster and the percentage of the most highly represented residue is 
shown.  Below these percentages, the most common (top) to the least common 
(bottom) substitution for each of the acidic cluster residues is reported.  Residues 
that are substituted in more than 1% of the 1,643 sequences are indicated with the 
percentage written as a superscript.  Deletion of a residue is indicated with a dash 
(-).  Abbreviations for proteins are listed on page xvii in the 
ABBREVIATIONS/ACRONYMS section. 
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C.  Nef Acidic Cluster Mutant Constructs 

        The acidic cluster mutants utilized during the course of these studies are 

listed in Table 7.2 below. They include the charge conservation mutant DDDD, 

three sets of alanine-based mutants including the quadruple mutant AAAA; triple 

mutants EAAA, AEAA, AAEA, and AAAE; and double mutants EEAA, EAAE, 

and AAEE.  In addition, mutants with a single lysine residue individually 

exchanged for each residue of the acidic cluster as well as an E59A mutant were 

constructed to analyze the identity of the Nef acidic cluster residues needed for 

Nef activity.  Basic mutants were used here because they have been suggested to 

be generally excluded from acidic clusters (202) and they also reverse the 

negative charge of the acidic residue to a positive charge and therefore substitute 

as a non-conservative mutation.  In the table below, the first column specifies the 

sequence of the Nef acidic cluster and the various acidic cluster mutants which 

were utilized in this study.  The second column specifies the number of acidic 

residues remaining in the acidic cluster of each protein (based on the EEEE acidic 

cluster) and the third column specifies the terminology used to refer to these 

mutants. 
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Table 7.2 HIV-1 SF2 Nef Acidic Cluster Mutants. 

 

 
D.  The Nef Acidic Cluster: Effects on MHC-I/CD4 Downregulation 
 
        To investigate particular defects associated with mutation of the acidic 

cluster, cell surface CD4 and MHC-I levels were determined in CEM cells (CEM 

cells are a T cell line isolated from a patient with T cell lymphoma that express 

CD4 but not CD8) transduced with vectors expressing the Nef acidic cluster 

mutants.  Flow cytometry analysis was done by staining the cells with a 
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commercially available primary antibody mix for conformational epitopes 

specific for the three HLA alleles -A1,-A11, and -A26 because CEM (as well as 

HuT78, another T cell line derived from a CD4+ T cell cutaneous lymphoma 

which were also utilized in these studies) cells have been shown to express HLA-

A1.  Use of the W6/32 antibody, which stains HLA-A, -B, and –C is not the 

preferred methodology because HLA-C is not downregulated by Nef (35) and 

therefore staining with this antibody dilutes Nef’s specific effect on HLA-A and 

HLA-B downregulation.  This methodology of transducing, or transfecting, T cell 

lines with Nef-expressing vectors and analyzing effects on cell surface expression 

by flow cytometry is predominantly utilized because the cost and consumption of 

time involved in making wild-type or non-replicating virus expressing the Nef 

mutant of interest is not justifiable.  An alternative method to observe these 

effects is to stain surface MHC-I and to allow uptake of the marker after which 

immunofluorescence is used to visualize downregulation however this is less 

quantitative than the method of flow cytometry.  For my purposes, which was 

observing the quantitative effect mutating a single Nef residue has on Nef 

activity, the more appropriate method was flow cytometric analysis.  This analysis 

showed that downregulation of CD4 is not affected by the acidic cluster mutants 

whereas the downregulation of MHC-I is either fully, partially, or not affected 

(Fig. 7.1A).  Cells expressing mutants with two intact acidic residues (the double 

mutants) display levels of MHC-I downregulation similar to those observed in 
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cells expressing Nef with four acidic residues, a determination which was based 

on analyzing the percentage of cells in the MHClo quadrants, in comparison to the 

control cells which were not transduced with Nef and student’s t test was utilized 

to determine if a statistical difference was present.  In contrast, cells expressing 

mutants with only one intact acidic residue (the triple mutants) display a partial 

loss of MHC-I downregulation activity compared to wild-type Nef, a conclusion 

again based on the percentage of cells in the MHClo quadrants as compared to the 

cells in the non-transduced control in conjunction with a student’s t test to 

quantify the significance of the loss of activity.  In agreement with previous 

reports, a complete loss of MHC-I downregulation with the quadruple acidic 

cluster mutant AAAA was observed (8, 19, 42, 45, 65, 109, 182, 185, 219).  The 

conserved charge mutant SF2 Nef DDDD downregulated both MHC-I and CD4 

to the same extent as wild type SF2 Nef EEEE.  These phenotypic differences are 

not due to different levels of protein expression since Western blot analysis 

demonstrates that they are expressed at relatively similar levels in the respective 

transduced cells (Fig. 7.1B).  Figure 7.2 depicts the histograms from this same 

experiment in which the effect of the Nef acidic cluster mutants on MHC-I and 

CD4 downregulation are divided into two separate analyses in order to depict the 

distinct effect on these two Nef activities.  An analysis of CD4 and MHC-I 

downregulation affected by these mutants from 3 or more independent 

experiments was done using a student’s t test with 95% confidence levels 
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accepted as statistically significant.  Nef-mediated MHC-I downregulation was 

fully active when 2 of 4 acidic cluster residues were substituted with alanine and 

even partially active when 3 of 4 acidic cluster residues were substituted with 

alanine (Fig. 7.3).  In comparison the effect of the Nef acidic cluster mutants on 

CD4 downregulation was negligible (Fig. 7.4).  However, it is apparent that a 

subset of the CD4lo cells (the CD4lo/MHChi subset) is increased approximately 

two-fold from the SF2 Nef EEEE and DDDD expressing cells compared to the 

double acidic cluster mutants and almost three-fold compared to the triple acidic 

cluster mutants.  The percent of cells in the CD4hi/MHC-Ihi quadrant represent 

cells that express the selection marker for G418 resistance but do not express Nef 

(Nef and the neomycin cassette are expressed from separate promoters).  Because 

this subset is, as just mentioned, two or three-fold higher than the equivalent 

subset in the double and triple acidic cluster mutants, respectively, it is probable 

that the cells are more tolerant of Nef expression when the Nef acidic cluster is 

reduced in acidic charge.     

        My interpretation of these data is that the Nef acidic cluster confers a 

minimal acidic component (i.e., two acidic residues) to the activity of MHC-I 

downregulation.  The minimal acidic nature of this contribution to activity 

suggests that the Nef acidic cluster determinant is functionally distinct from other 

acidic clusters.  The subset of transduced CEM cells that remains both CD4+ and 

MHC-I+ are not expressing Nef, or are expressing undetectable levels of Nef, as 
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has been shown previously by sorting these cells and assaying for Nef expression 

(55) and the subset of transduced cells expressing MHC-I but not CD4 are, I 

hypothesize, expressing intermediate levels of Nef which have not yet reached the 

“threshold” required for MHC-I downregulation.  These results suggest that CD4 

and MHC-I downregulation by Nef proceed by two distinctly separate pathways, 

an observation which is corroborated by multiple laboratories (19, 110) and that 

higher levels of Nef are required for MHC-I downregulation than for CD4 

downregulation which has also been previously determined by several 

investigators (111, 116, 204).
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Fig. 7.1  Analysis of the role of Nef’s acidic cluster on Nef-mediated MHC-I 
and CD4 downregulation.  (A)  The SF2 Nef acidic cluster mutants listed in 
Table 1 were stably transduced into CEM T cells using a murine leukemial virus-
based retroviral vector.  Flow cytometric analysis was performed to compare 
surface levels of CD4 (y-axis) and MHC-I (x-axis) on cells transduced with the 
different Nef mutants compared to cells transduced with either vector alone or a 
vector with wild type SF2 Nef.  The percentage of cells in each quadrant is 
indicated.  The panels present the results of one of three independent experiments.  
(B)  Expression of SF2 Nef and the acidic cluster mutant Nefs in CEM T cells 
was confirmed by Western blot analysis. 
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Fig. 7.2.  Analysis of the separable role of Nef’s acidic cluster on Nef-
mediated MHC-I and CD4 downregulation.  The effect of the Nef acidic 
cluster mutants on MHC-I and CD4 downregulation in CEM T cells are analyzed 
separately in histograms.  The percentage of transduced cells downregulating 
either MHC-I or CD4 is indicated above the region marker.      
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Fig. 7.3  Analysis of Nef-mediated MHC-I downregulation: acidic cluster 
mutants.  Differing activity levels for cell surface downregulation of MHC-I in 
CEM T cells transduced with vector expressing SF2 Nef, the quadruple mutant, 
the double and triple mutants, and the isoelectric mutant were determined using a 
student’s t test (n= 3-5 independent transductions).  The percent of MHC-I 
downregulation by SF2 Nef was set to 100 for these comparisons.  Error bars 
represent the standard deviation (SD) of the mean. 
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Fig. 7.4.  Mutation of the Nef acidic cluster does not disrupt Nef-mediated 
CD4 downregulation.  SF2 Nef, the quadruple mutant, the double and triple 
mutants, and the isoelectric mutant do not differ in their ability to induce CD4 
downregulation (n= 3-5 independent transductions).  The percent of CD4 
downregulation by SF2 Nef was set to 100.  Error bars represent the standard 
deviation of the mean. 
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E.  Nef Acidic Cluster Residues Contribute to Pak2 Activation 
 

        The acidic cluster mutants were also analyzed for Nef-mediated Pak2 

activation.  The Nef-associated kinase activity from a minimum of six 

independent experiments was measured in vitro by autophosphorylation of Nef-

associated Pak2 (Fig. 7.5A) and the phenotypic differences observed are not due 

to different levels of protein expression since Western blot analysis demonstrate 

that they are expressed at relatively similar levels in the respective transduced 

cells (Fig. 7.5B).  Relative to SF2 Nef, Pak2 activity associated with the Nef 

acidic cluster mutants varies with the quadruple mutant being the most defective.  

Two of the four triple mutants, AAAE and AEAA, exhibit defects similar to 

AAAA whereas the other two triple mutants, EAAA and AAEA, and all of the 

double mutants approach, or exceed (AAEE) the levels of activity associated with 

SF2 Nef.  Interestingly, the Nef acidic cluster mutant DDDD is similarly defective 

for Pak2 activation in comparison to the quadruple mutant AAAA.  The statistical 

significance of the differences in Nef-associated Pak2 activity between the wild-

type Nef and the Nef acidic cluster mutants was determined using a student’s t 

test (Fig. 7.6).   The quadruple mutant AAAA, the isoelectric mutant DDDD, and 

two of the triple mutants AAAE and AEAA showed a statistically significant 

difference in the ability to activate Pak2.  Similarly the remaining two triple 

mutants EAAA and AAEA were defective for Pak2 activation.  However none of 

the double mutants were found to be defective for Pak2 activation.  Because there 
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is residual Pak2 activation (approximately 30% of wild-type activity) by the Nef 

AAAA acidic cluster mutant, and because this same mutant is fully defective for 

downregulation of MHC-I, this suggests that Nef-mediated MHC-I 

downregulation is not required for Nef’s effect on Pak2 activation, i.e. they are 

functionally separable.  The partial defects observed with these Nef acidic cluster 

mutants for Pak2 activation possibly are disturbing an adjacent site, e.g. the SH3-

binding domain 69PxxPxxPxxP79.  Regions of this polyproline domain have been 

shown to affect Nef-mediated Pak2 activation (214) and the partial defect of the 

Nef acidic cluster mutants for this activity could be related to subtle structural 

defects relating to this adjacent polyproline domain.  On the basis of these 

experiments it cannot be determined whether the acidic cluster mutants are 

affecting Nef-associated Pak2 kinase activity per se, or rather the association of 

Nef with the kinase.  Because of the low abundance in the cell of Nef-Pak2 

complexes (13), association is not measured by co-immunoprecipitation, but 

rather by the more sensitive assay of radioisotopic 32-P ATP autophosphorylation 

of the Nef-associated Pak2.  The association/activation of the Nef/Pak2 complex 

appears to depend on multiple regions of Nef (2, 126, 139).   However, the 

individual contributions of each of these regions to Pak2 association/activity is 

even less well defined than the contributions of the multiple regions of Nef that 

contribute to CD4 or MHC-I downregulation.   
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Fig. 7.5  Importance of the Nef acidic cluster for Pak2 activation.  (A) SF2 
Nef acidic cluster mutants were stably transduced into CEM T cells and lysates 
used to determine the Pak2 activity associated with Nef (shown is one 
representative experiment).  (B)  Western blot analysis was used to confirm 
expression of SF2 Nef and the acidic cluster mutants.  
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Fig. 7.6  Analysis of Nef-mediated Pak2 activation:  acidic cluster mutants.  
Shown are the statistically significant differences in the ability to activate Pak2 by 
Nef and the indicated mutants.  No significant differences were noted for the 
double mutants.  Activation of Pak2 by SF2 Nef was set to 100 percent.  Error 
bars represent the standard error of the mean (SEM). 
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F. Nef Acidic Cluster Residues Contribute to Infectivity Enhancement  

 

        A recent report indicates that the expression of Nef affects the efficient 

incorporation of the viral glycoproteins of RD114 and of MLV onto retroviral 

cores by increasing the localization of these glycoproteins to late endosomes, 

suggesting the Nef-mediated infectivity enhancement could be related, at least in 

part, to mechanisms of envelope assembly (162) or incorporation of Env products 

(169).  Because the Nef acidic cluster has been implicated in Nef localization, it 

was hypothesized that the Nef acidic cluster could be involved in infectivity 

enhancement by spatial regulation of Nef during the production of HIV.  

Therefore the acidic cluster mutants were also analyzed for their ability to mediate 

infectivity enhancement.  Infectious clones of HIV-1 SF2 expressing SF2 Nef, a 

Nef defective mutant, the quadruple mutant, the set of four triple and three double 

mutants, the isoelectric mutant, a mutant with the acidic cluster deleted (delta 4E), 

and three mutants with different versions of the furin acidic cluster (FAC) 

replacing the Nef acidic cluster (mutants which will be discussed in detail later in 

this chapter) were tested for their ability to induce infectivity enhancement in a 

single round infectivity assay utilizing TZM (HeLa cells expressing CD4, CCR5, 

and CXCR4) that stably express the β-galactosidase under the control of the Tat 

promoter.  Cells that are productively infected (i.e., integration of the provirus) 

produce the viral transactivator Tat which therefore turns on the expression of the 
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β-galactosidase gene which is then detected through the addition of the β-

galactosidase substrate X-gal.  The cleavage of X-gal is chromogenic and the 

infected cells can then be identified and individually counted by eyesight using 

light microscopy.  The effect of Nef-mediated infectivity enhancement by these 

different viruses was done in triplicate to determine the phenotypic differences 

produced from either partial or full reduction of the acidic cluster charges. 

Comparisons were made between these viruses and wild-type HIV-1 SF2 using a 

students’ t test (Fig. 7.7) where infectivity was measured as the number of 

infected cells/ng p24 (capsid protein of HIV).  Viruses expressing the Nef 

quadruple mutant AAAA, the double or triple Nef acidic cluster mutants, the 

isoelectric mutant, or Nef without the acidic cluster were partially defective 

exhibiting nearly a 30 to 50% loss of activity for infectivity enhancement 

compared to wild type virus.  Viruses expressing variants of the furin acidic 

cluster in place of the Nef acidic cluster exhibited full defects in infectivity 

enhancement compared to wild-type SF2 based on the observation that their 

infectivity levels were directly comparable to the viruses that did not express Nef.  

The partial loss of infectivity enhancement resulting from HIV-1 SF2 expressing 

these Nef acidic cluster mutants suggest that these acidic charges contribute to the 

overall efficiency of infectivity enhancement in this in vitro system which 

specifically measures the effect of a single round of infectivity.  Because residual 

activity remains even when the Nef acidic cluster is deleted, this suggests that the 
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acidic cluster is not directly involved in infectivity enhancement but rather that 

this region of the protein contributes to the efficiency of this activity indirectly, 

possible through stabilization of a complex that effects this activity.   

           

 

Fig. 7.7  Analysis of Nef-mediated infectivity enhancement:  acidic cluster 
mutants.  SF2 Nef, a Nef defective mutant, the quadruple mutant, the set of four 
triple and three double mutants, the isoelectric mutant, a mutant with the acidic 
cluster deleted (delta 4E), and three mutants with different versions of the furin 
acidic cluster (FAC) replacing the Nef acidic cluster were analyzed for their 
ability to enhance the infectivity of HIV-1 SF2 in a single round infectivity assay 
of target TZM cells (n=3).  Analysis was done using student’s t test and error bars 
represent the SD (standard deviation) of the mean.  A Western blot confirming 
Nef expression or lack of Nef expression by these viruses is shown from whole 
cell lysates of the producer 293T cells. 
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G.  Basic Residue Substitution of the Nef Acidic Cluster Residues Conserves 
Nef-mediated Activity  

 
 
        It has been suggested that acidic clusters exclude basic residues (202) and 

therefore the effect of substituting any of the four residues of the SF2 Nef acidic 

cluster for a basic (lysine) residue was tested to further characterize the nature of 

the Nef acidic cluster.  These basic substitutions did not result in an appreciable 

defect for Nef-mediated MHC-I downregulation with the exception of a lysine 

substitution at residue 65 which resulted in an approximate 50% reduction of 

MHC-I downregulation (Fig. 7.8A).  This phenotypic difference seen in cells 

expressing SF2 Nef E65K is not attributed to differences in protein expression 

levels because Western blot analysis indicates a relatively consistent level of Nef 

expression in these cells (Fig. 7.8B).  The lack of an effect on Nef-mediated 

MHC-I downregulation by the three lysine mutants of the Nef acidic cluster 

(KEEE, EKEE, and EEKE) was unexpected because 1) the basic residue lysine 

introduces a positive charge in place of the negative charge of glutamate, and 2) 

because acidic clusters typically consist of a minimum of four acidic residues.  All 

of the lysine mutants exhibited similar levels of Nef-mediated CD4 

downregulation.  A student’s t test was used to determine, using data compiled 

from four independent experiments, the defects resulting from these lysine 

substitutions for MHC-I (Fig. 7.9A) and for CD4 downregulation (Fig. 7.9B).   

Substituting lysine for acidic residue E65 in the Nef acidic cluster (E65K) results 
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in a partial defect (50%) for MHC-I downregulation.  Interestingly, the double 

acidic cluster mutant EEAA did not show a defect on MHC-I downregulation as 

previously described, and therefore it is noted that a mutant with a single basic 

residue mutation (E65K) can affect Nef-mediated MHC-I downregulation to a 

greater extent than a mutant with two alanine mutations (EEAA).  This indicates 

that the acidic cluster is sensitive to the nature of mutations rather than simply the 

loss of acidic residues.  Surprisingly, not every acidic residue to basic residue 

substitution has an effect suggesting that this “acidic cluster” has unique 

properties which are not consistent with the prototypical concept of an acidic 

cluster. 
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Fig. 7.8  Basic residue substitution of the Nef acidic cluster residues conserves 
activity .  (A)  CEM T cells transduced with vector alone, wild-type SF2 Nef, or 
Nef with a basic residue (lysine) substitution for each of the individual core 
components of the Nef acidic cluster (KEEE, EKEE, EEKE, EEEK) were 
analyzed for cell surface MHC-I and CD4 expression.  Note that only one of the 
four mutants had a significant loss of MHC-I downregulation activity.  A 
representative example is shown from one of four independent experiments.  The 
percentage of cells within each individual quadrant is indicated unless the 
percentage is less than one.  (B)  Western blot analysis of the expression of the 
Nef proteins used in part A showing equal levels of expression. 
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Fig.  7.9  Analysis of the effect of basic residue substitution in the Nef acidic 
cluster on MHC-I and CD4 downregulation.  The average of four independent 
experiments was used to determine the effect of lysine substitutions for each 
individual glutamate of the Nef acidic cluster on the percent of cells 
downregulating either MHC-I (A) or CD4 (B). 
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H.  Contribution of HIV-1 SF2 Nef Residue E59 to Nef Activities 
 
        As documented in two relatively recent reviews, acidic clusters normally are 

comprised of a minimum of four acidic residues (21, 131).  Because Nef-mediated 

MHC-I downregulation was conserved in the presence of only two of the four 

acidic residues, I investigated whether the glutamate at residue 59 (SF2) could 

contribute as a potential fifth acidic residue in Nef-mediated MHC-I 

downregulation.  Therefore, a single alanine mutant E59A as well as E59A in 

conjunction with the double mutants which have no significant effects on class I 

downregulation by themselves (AAEE, EEAA, and EAAE) were constructed 

(E59A/AAEE, E59A/EEAA, and E59A/EAAE) to determine their ability to 

downregulate MHC-I expression.  The double mutants were chosen to analyze the 

potential contribution of E59 because these mutants, as opposed to the triple 

mutants, lack a significant effect on MHC-I downregulation, and I reasoned that if 

residue 59 contributes to an activity mediated by the acidic cluster, an attenuation 

of activity similar to the loss of activity with the triple mutants would be 

observed.  In addition to the effect of these mutants on MHC-I downregulation, I 

also determined their effect on CD4 downregulation.  Representative flow 

cytometry plots are shown from one of four independent transductions for these 

mutants (Fig. 7.10A).  A Western blot confirms that Nef expression in these cell 

lines is relatively similar and therefore does not account for the phenotypic 

difference observed with one of the mutants for Nef-mediated MHC-I 
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downregulation (Fig. 7.10B).  This mutant, E59A AAEE, caused a partial defect 

(p < 0.02) for Nef-mediated MHC-I downregulation (Fig. 7.11A) whereas none of 

these mutants altered the normal levels of Nef-mediated CD4 downregulation 

(Fig. 7.11B).  Because of the minimal effect observed by this set of Nef acidic 

cluster mutants, I concluded that the acidic glutamate residue E59 does not 

contribute toward a Nef acidic cluster-mediated MHC-I downregulation.  These 

results suggest that only two acidic residues are needed to preserve either partial 

or full MHC-I downregulation activity.  If the Nef acidic cluster were functioning 

as a “prototypical” acidic domain, Nef-mediated activity would be expected to 

require all four of the acidic residues. 
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Fig. 7.10  Acidic residue E59 does not contribute to Nef-mediated CD4 or 
MHC-I downregulation.  (A)  CEM cells transduced with vector alone, wild-
type SF2 Nef, SF2 Nef double mutants AAEE and EEAA, or vectors expressing 
SF2 Nef with a non-conservative mutation (alanine) at residue E59 on the 
background of the double mutants (E59A/AAEE and E59A/EEAA) were 
analyzed for cell surface MHC-I and CD4 expression.  Note that none of the 
mutants had a significant loss of MHC-I downregulation activity.  A 
representative example is shown from one of three independent experiments.  The 
percentage of cells within each individual quadrant is indicated unless the 
percentage was less than one.  (B)  Western blot analysis of the expression of the 
Nef proteins used in part A showing equal levels of expression.   
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Fig. 7.11  Analysis of the contribution of Nef acidic residue E59 to Nef-
mediated MHC-I and CD4 downregulation.  The average of three independent 
experiments was used to determine the effect of mutating the SF2 Nef acidic 
residue E59 on the background of the double mutants AAEE and EEAA on Nef-
mediated MHC-I (A) and CD4 (B) downregulation.  Note that only one of the 
seven mutants had a significant loss of MHC-I downregulation activity.  Error 
bars represent the standard deviation. 
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I.   The Furin Acidic Cluster and the Nef Acidic Cluster are         

Mechanistically Distinct 
 
        The furin acidic cluster has been used as a substitute for the native acidic 

cluster of HSV-I UL11 tegument protein (118) suggesting that the mechanistic 

pathway utilized by different acidic clusters might be similar.  The sorting 

function of the furin acidic cluster is regulated by a pair of serines SDSEEDE 

which are phosphorylated by casein kinase II (88, 193) and it has been shown 

that a phosphorylation mimic DDDEEDE which reflects the wild type after 

phosphorylation and a non-phosphorylatable mutant ADAEEDE influence the 

trafficking patterns of native furin (167).  The rationale behind substituting the 

furin acidic cluster for the Nef acidic cluster was to determine if Nef-mediated 

MHC-I downregulation could be regulated mechanistically similarly to the 

furin acidic cluster.  Therefore, three Nef mutants were constructed by 

replacement of native SF2 Nef residues EAQEEEE65 with the native furin 

acidic cluster (SDSEEDE), the phosphorylation mimic acidic cluster 

(DDDEEDE), and the non-phosphorylatable acidic cluster (ADAEEDE).  The 

effect of these mutants on Nef-mediated CD4 downregulation and activation of 

Pak2 was also tested to determine the effects of the three furin acidic cluster-

containing Nefs on Nef-induced CD4 and MHC-I downregulation. All three of 

these mutants were still able to downregulate MHC-I to the same extent as SF2 

Nef; however, they were all defective for CD4 downregulation (Fig. 7.12A).  

 



 124

Hence, the SF2 Nef acidic cluster has unique properties that cannot be replaced 

by the furin acidic cluster although, surprisingly, the furin acidic cluster 

interferes with CD4 downregulation.  The defect for CD4 downregulation 

caused by the introduction of the furin acidic cluster within these particular 

residues of Nef (59EAQEEEE65) might alter the structural requirements for Nef-

mediated CD4 downregulation.  Residues 57WL58 have previously been shown 

to be involved in this Nef function so it is possible that the conserved structural 

integrity of this region of Nef is important for CD4 downregulation.  Residue 

59 does not appear to be involved in the phenotype however as it was 

previously shown that mutating 59E to an A (alanine) has no effect on either 

MHC-I or CD4 downregulation.  Residue 60A and 61Q are both highly 

conserved in HIV-1 subtype B Nef (139) so their structural contribution to CD4 

downregulatory activity could be represented by this high conservation.  Pak2 

activation was also reduced by approximately 50% for each of these mutants as 

determined by a minimum of 3 independent experiments of which a 

representative example is shown in Fig. 7.12 B.  Expression of these mutant 

Nef proteins was verified by Western blot (Fig. 7.12B).  Finally, an analysis 

from 2 independent transductions was done to determine the average percent of 

MHC-I downregulation (Fig. 7.12C left panel) and CD4 downregulation (Fig. 

7.12C right panel) by these three mutants which indicate a highly significant 

defect for CD4 downregulation (p < 0.001) but no defect for MHC-I 
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downregulation.  These results, in conjunction with the results obtained from 

the furin acidic cluster mutants in the infectivity enhancement assay mentioned 

earlier, demonstrate that the three furin acidic cluster-containing Nefs fully 

disrupt CD4 downregulation and infectivity enhancement and partially disrupt 

Pak2 activation although they do not disrupt MHC-I downregulation.   In 

conclusion, these data suggest that the furin acidic cluster and the Nef acidic 

cluster are mechanistically distinct. 
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Fig. 7.12  Substituting the Nef acidic cluster with the furin acidic cluster 
affects Nef-mediated activity.  (A)  CEM cells were transduced with empty 
vector, or vectors expressing SF2 Nef, or SF2 Nef substituted at residues 59-
65 EAQEEEE with the furin acidic cluster residues SDSEEDE (native), 
DDDEEDE (active), or ADAEEDE (inactive) and cell surface expression of 
CD4 and MHC-I was determined by flow cytometry.  (B)  These cell lines 
were also used for quantification of Pak2 activation.  A representative kinase 
assay is shown.  Western blot confirms expression of these mutants in the 
transduced CEM cells.  (C)  A graphical representation of the relative levels 
(compared to SF2 Nef which was set to 100 percent downregulation) of CD4 
and MHC-I downregulation with error bars representing SD.  
 
 

J. Conclusions 
 
        Multiple laboratories have demonstrated that the Nef acidic cluster, when 

mutated to four alanines or four glutamines (EEEE→AAAA or EEEE→QQQQ), 

results in a complete abrogation of Nef-mediated MHC-I downregulation (8, 19, 

42, 45, 65, 109, 182, 185, 219).   An analysis of the Nef acidic cluster’s individual 

residues (EEEE62-65) was therefore undertaken to determine the structural 

requirements for MHC-I downregulation as well as for other Nef activities 

including CD4 downregulation, Pak2 activation, and infectivity enhancement all 

three representing Nef activities in which the integrity of the phenotype was 

mapped to an adjacent Nef region (WL57/58 for CD4 downregulation and the 

(69PxxPxxPxxP78) domain for Pak2 activation and infectivity enhancement).  

Consistent with the reports of others, a complete loss of MHC-I downregulatory 

activity for the acidic cluster mutant AAAA was observed.  Surprisingly the 

retention of even one acidic residue in the cluster, regardless of its position, 
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resulted in a series of mutants that retained about 50% of their ability to induce 

MHC-I downregulation.  The retention of two of the four acidic residues resulted 

in levels of activity similar to wild type Nef.  Therefore, Nef-mediated 

downregulation of MHC-I is not structurally dependent on the conservation of all 

four acidic residues in the Nef acidic cluster.  The conservation of MHC-I 

downregulation with only two acidic residues suggests that Nef can retain the full 

phenotype of downstream activities relating to its potential sorting function or that 

these acidic residues are not involved in a sorting function at all.    

        Nef activation of Pak2 has a more complex phenotype with respect to the 

structure of the Nef acidic cluster mutants.   The quadruple mutant AAAA Nef 

displays a loss of Nef-mediated Pak2 activation.  Retention of two acidic residues 

confers levels of activity similar to wild type whereas retention of only one acidic 

residue causes a more-highly defective phenotype for the AEAA and AAAE Nef 

mutants than for the EAAA or AAEA mutants.  The structural defects introduced 

into the Nef acidic cluster by these mutants with respect to Nef activation of Pak2 

are not distinctly related to charge conservation as the conserved charge mutant 

DDDD displays a phenotype as equally defective as the AAAA mutant.  The 

structural complexity of this Nef activity has been studied and shown that 

multiple regions of the protein are involved in the efficiency of Pak2 activation (2, 

139) and therefore minimal structural changes might affect the ability of Nef to 

activate Pak2.   
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       The defects introduced into Nef with the mutants in regards to infectivity 

enhancement could potentially be related to a Nef effect on the efficiency of viral 

packaging or assembly, a possibility that is supported by evidence indicating that 

Nef itself is found in the virion (208, 209) and is therefore localized to a 

compartment in which viral packaging occurs.  Others have also studied the effect 

of mutating the acidic cluster on Nef infectivity enhancement (29, 97, 164, 182) 

and have also observed various effects which will be discussed in the conclusion.  

In conclusion, the data generated here suggest that multiple Nef activities are 

dependent on at least one or more of the acidic residues in the Nef acidic cluster 

for their conservation, and therefore an acidic residue(s) within this cluster of 

acidic charge contributes to the multifunctional nature of Nef although not 

specifically through an acidic cluster-mediated pathway. 

 



 

CHAPTER EIGHT: 
 

PI3-K AND PACS-1 IN NEF-MEDIATED MHC-I 
DOWNREGULATION  

 
 
 
A.  Introduction 
 
        Several cellular proteins have been implicated in Nef-mediated MHC-I 

downregulation including the lipid kinase PI3-K and the cytosolic adapter PACS-

1.  Some evidence has been provided to suggest the binding, or association, of 

Nef and the class Ia PI3-K regulatory subunit (p85) (102, 115).  In addition, 

several groups have shown that treatment of Nef-expressing cells with PI3-K 

inhibitors inhibit Nef-mediated MHC-I downregulation (32, 79, 187), 

upregulation of invariant chain (Ii) (185), or the induction of anti-apoptotic 

signals (216).  Others have demonstrated that inhibition of PI3-K has no effect on 

the transport or internalization of MHC-I (95, 109, 185).  The experimental 

differences of these studies are briefly described in Table 8.1 below which 

summarizes the cell types and method of detection for MHC-I downregulation, 

the specific PI3-K inhibitor used including the length of exposure to the 

treatment, the specific antibody used to detect MHC-I, the particular Nef allele 

and the method of expression, what the observed effect was, and, finally, the 

reference to each individual study: 
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Cells / 
Method  

Inhibitor/Exposure / 
MHC-I antibody 
 

Nef Allele / 
Expression 

Effect on 
MHC-I 

Reference 

U373mg astrocytoma / 

immunofluorescence  

1 µM WM/ 2.5 hr 

W6/32 

 

NL4-3 

Retroviral TD 

None (109) 

Jurkat / 

flow cytometry 
1 or 5 µM WM/1 hr 

mAb anti-HLA-A,B,C 

NL4-3 

Retroviral TD 

None (109) 

U373mg astrocytoma / 

immunofluorescence 

1 µM WM/2.5 hr 

W6/32 

NL4-3 

Retroviral TD 

MHC-I in TGN 

reduced 

(109) 

HeLa CIITA  / 

Flow cytometry 

50 µM LY294002 

W6/32 

LAI 

Transfection 

None (185) 

CEM-A2 / 

Flow cytometry  

40 or 75 µM LY294002 

 

HXB 

Adenoviral TD 

None (95) 

U937 (monocytic) 

Chase of biotinylated 

surface MHC-I 

0.1 - 1 µM WM/2-8 hr 

biotin 

F2  

Transfection 

No MHC-I 

downregulation 

at 1 µM WM 

(32) 

 

373 mg astrocytoma 

flow cytometry 

 

75 µM LY294002/18 hr 

anti-HLA-A2 

HXB 

Adenoviral TD 

No MHC-I 

downregulation 

(187) 

Primary CD4+ T cells 

flow cytometry 

1 µM PI-103 / 3 hr 

anti-HLA-A2 

NL4-3 

VSV-G 

pseudotype 

infections 

50%  loss of 

MHC-I 

downregulation 

(79) 

H9 CD4+ T cells 

flow cytometry 

1 µM PI-103/ 1 hr 

5 µM LY294002/ 1 hr 

NL4-3 

Vaccinia virus 

infections 

No MHC-I 

downregulation 

(79) 

A7 melanoma cells 

immunofluorescence 

5 µM LY294002/ 1 hr 

W6/32 

 

HXB2D 

Vaccinia virus 

infections 

No MHC-I 

downregulation 

(19) 

 

Table 8.1  Experimental contrasts/comparisons observing effects of PI3-K 
inhibition on Nef-mediated MHC-I downregulation.   WM=wortmannin; TD= 
transduction; all antibodies are conformational. 
  

Based on the different experimental systems used to analyze the role of PI3-K in 

Nef-mediated MHC-I downregulation, it is clear that the effect is system 
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dependent.  The issue of PTEN expression is not entirely clear due to the 

observation that PTEN expression is actually higher (as determined by Western 

blot) in the H9 cells than in the primary CD4+ T cell line used by Hung et al. 

(79).  In this case, addition of PI3-K inhibitors at even low levels could produce 

non-specific effects in membrane traffic if the levels of PI3P in the membrane are 

low due to overexpression of PTEN.  The expression of PTEN levels in these cell 

lines is an indication of expression and not phosphatase activity and therefore the 

argument relating to PTEN is not entirely supported by experimental evidence. 

        The aim of the following experiments, based on the hypothesis that 

attenuation of PI3-K activity would cause a defect in Nef-mediated MHC-I 

downregulation, was to observe the effect of two different PI3-K inhibitors on 

surface MHC-I expression.  These experiments differ from those mentioned 

above because a cell line (i.e., HuT78) that expresses phosphatase and tensin 

homolog (PTEN) was utilized in order to compare results with a CEM T cell line 

that does not express PTEN.  PTEN acts as a phosphatase on the products of PI3-

K when it dephosphorylates the 3’-OH of PI(3)P and other PI(3)P-containing 

lipids including PI(3,4,5)P3;  hence it acts as a negative regulator of PI3-K-

mediated signaling pathways.  The inhibition of PI3-K by PI3-K inhibitors such 

as wortmannin or LY294002 in PTEN-deficient cell lines could potentially be 

thwarted by the artificially high levels of PIP3 lipids in the membranes of these 

cell lines because of the high background level of “pre-activated” PI3-K lipid 
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products (due to the lack of PTEN and its negative regulatory effect on these 

lipids) in these cell lines.  Therefore, in cell lines that do not express PTEN, the 

inhibition of PI3-K by inhibitors could potentially confound the interpretation of 

results relying on the inhibition of PI3-activity such as the interpretation of PI3-

K’s role in Nef-mediated MHC-I downregulation.  The use of T leukemic cells 

lines deficient in PTEN and/or Src homology domain containing inositol 

polyphosphate phosphatases-1 and 2 (SHP-1, SHP-2) has previously been 

criticized as being an inaccurate model system in which to study the effects of 

PI3-K signaling pathways (14, 51).  HuT78 cells express all three of these 

phosphatases.  PTEN regulates PI3-K-mediated signaling pathways by 

dephosphorylating certain lipid products of class I PI3-Ks (124) including 

phosphatidylinositol-3,4,5-trisphosphate (PIP3) which has been hypothesized to 

be important for Nef-mediated MHC-I downregulation (19).  Therefore, 

experiments designed to observe the effect of PI3-K inhibitors on PI3-K-mediated 

pathways (or pathways proposed to be mediated by PI3-K) are more appropriately 

done in cell lines expressing PTEN, the consequence of which is a lower basal 

level of plasma membrane PIP3.  It has been estimated by radioisotopic labeling, 

that CEM and Jurkat cells, both of which are PTEN deficient, contain 10 to 20 

fold higher basal levels of PIP3 than the PTEN-expressing HuT78 cell line (51).  

High basal levels of PIP3 have been suggested to interfere with the effects of PI3-

K inhibitors on the levels of phosphorylated PI3-K substrates in the cell (79).  
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Hence, observing the effect of PI3-K inhibition on Nef-mediate MHC-I 

downregulation in CEM cells could produce aberrant results.  Therefore, I 

qualitatively compared the effects of adding PI3-K inhibitors on Nef-mediated 

MHC-I downregulation in a cell line that does not express PTEN (CEM) as well 

as one that does express PTEN (HuT78) to determine the different effects which 

would be observed if lack of PTEN expression was negating the effects of the 

PI3-K inhibitors.     

        Interestingly, Nef expression has been reported to both increase total cellular 

PI3-K activity (79, 170) and also to decrease its activity (54, 62).  Understanding 

the basis of this proposed Nef activity is important because the current model of 

Nef-mediated MHC-I downregulation suggests that the Nef motifs regulating this 

activation are intrinsically important not only for Nef-mediated MHC-I 

downmodulation but also for other Nef activities such as Pak2 activation, the 

blocking of T cell maturation, and possibly MHCII- mediated antigen 

presentation (79).  Therefore I also measured the effect of Nef expression on total 

cellular PI3-K activity to determine if this kinase was more active in Nef-

expressing cells. 

        In addition to PI3-K having a proposed role in Nef-mediated MHC-I 

downregulation, the cellular sorting adapter PACS-1 also has a proposed role in 

this pathway.  The binding of Nef and the cytosolic adapter PACS-1 by 

interaction between the Nef acidic cluster and the furin binding region of PACS-1 
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was first shown by Piguet et al. (147) and later by Williams et al. (212).   The 

downstream effects on Nef function pertaining to this binding, specifically MHC-

I downregulation, were further described by Blagoveshchenskaya et al. and Hung 

et al. (19, 79).  Because of the potential significance of the proposed effect, i.e. 

Nef mediated-MHC-I downregulation, of binding between the Nef acidic cluster 

and PACS-1, I set up an in vitro binding experiment with several GST-Nef acidic 

cluster mutants to observe the effects of mutating the Nef acidic cluster on 

binding to PACS-1 fbr.  Initially, the rationale of these experiments was to 

determine if a correlation could be observed between PACS-1 binding to Nef in 

relation to Nef-mediated MHC-I downregulation.  Establishing this correlation 

would have provided evidence for a role of the Nef acidic cluster in Nef-mediated 

MHC-I downregulation.  However, the data from these experiments suggested 

that there was no correlation which led me to conclude that the Nef acidic cluster 

EEEE was neither specifically required for PACS-1 binding nor for Nef-mediated 

MHC-I downregulation.    

 
 

B. PI3-K AND NEF 
 
     B1.  Nef Effect on Cellular PI3-K Activity 

        The effect of Nef expression on total cellular PI3-K activity in CEM human 

T cells (PTEN deficient), U937 monocytic cells (PTEN deficient), and human 

embryonic kidney HEK293T cells (PTEN proficient) was determined by using an 
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in vitro kinase assay.  These particular cell lines were chosen because they 

represent both cell types which HIV-1 infects (T cells and 

monocytes/macrophage) as well as heterologous cell types which HIV does not 

infect (293T) but which have often been used to study its effects in the literature.  

Therefore, performing the experiments in multiple cell types allows for a more 

inclusive interpretation.  PTEN expression or lack of PTEN expression in the cells 

used in this particular assay is not a complicating factor because PI3-K inhibitors 

are not being utilized.  The issue of PTEN proficiency or deficiency is relevant in 

the situation where PI3-K inhibitors are used with the intent to deplete cellular 

levels of PI3P or related lipid products because lack of PTEN expression results 

in cells with artificially higher levels of these PI3P products.  In this case of these 

experiments, in which the levels of PI3-K activity are being measured and not the 

downstream results of the PI3-K products such as PI3P or PI(3,4,5)P, the 

expression or lack of expression of PTEN does not aberrantly affect the 

interpretation of the results.  Therefore the cells used in this particular experiment 

constitute a valid model for these studies.  

        In these experiments the relative levels of kinase activity were determined 

after quantifying the incorporation of 32P into phosphatidylinositol (PI) following 

immunoprecipitation of the regulatory subunit of PI3-K.  These results are 

presented in the top panel of Fig. 8.1A.  The expression of Nef was verified by 

Western blot and is shown in the bottom panel of Fig. 8.1A.  These results are 
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presented in graphical format in Fig. 8.1B.  The expression of SF2 Nef by 

transfection in these various cell lines did not result in an appreciable increase or 

decrease in the levels of total cellular PI3-K activity.  These data suggest that Nef 

does not alter the activation levels of PI3-K activity in the cell. 
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Fig. 8.1 Nef effect on total cellular PI3-K activity. (A) Three different cell lines 
were either transduced (CEM or U937 cell lines) or transiently transfected (293T) 
with Nef-expressing vectors.  Cells were lysed and the regulatory p85α subunit of 
PI3-K was immunoprecipitated and used in an in vitro kinase assay to measure 
the effect of Nef on total cellular PI3-K activity as measured by phosphatidyl 
inositol 3-phosphate (PIP3) quantification.  The Western blot at the bottom of 
panel A confirms Nef expression in these cell lines compared to the control cell 
lines.  (B)  A graphical comparison of the PI3-K activity in each cell line 
expressing Nef relative to the same cell line expressing vector only PI3-K activity 
in control cells was set to 1.0 for the comparison (n=4).  Error bars indicate SEM.  
 

 



 139

 
    B2.  Nef Activity is Unaffected by Inhibitors of PI3-K Activity 
 
        The fungal metabolite wortmannin is a potent inhibitor of PI3-K activity. 

Wortmannin has an IC50 of 5 nM and acts by forming a covalent link with a lysine 

residue in the ATP binding site of p110, the catalytic subunit of PI3-K, and 

functions as a non-competitive inhibitor of kinase activity (213, 217).  This 

inhibitor was tested for its effect on Nef-mediated MHC-I downregulation.  

HuT78 (PTEN proficient) cells were infected with VSV-G pseudotyped HIV-1 

SF2∆Env/EGFP and the ∆Nef derivative.  Forty eight hours post infection, either 

DMSO or wortmannin (100 and 500 nM) were added two hours prior to cell 

surface staining in order to determine the effect of decreasing cellular PI3-K 

levels on Nef-mediated MHC-I and CD4 downregulation.  A parallel set of cells 

(uninfected) were also treated with two different concentrations of wortmannin in 

order to verify the inhibition of PI3-K activity in the HuT78 cells and the results 

are measured as relative levels of PI3-K activity relative to the control (DMSO 

treated) as shown from four separate determinations (Fig. 8.2A top panel) of 

which one representative example is shown (Fig. 8.2 bottom panel).  No defect for 

either Nef-mediated MHC-I downregulation or CD4 downregulation was 

observed in HuT78 cells after a 2 hour treatment with two different concentrations 

of wortmannin (Fig. 8.3A).  The average values of downregulation from three 

independent experiments demonstrate no defect in either MHC-I or CD4 
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downregulation in response to the loss of cellular PI3-K activity (Fig. 8.3B).  

From these data I conclude that the normal phenotype of Nef-mediated MHC-I 

downregulation is not affected by treating cells with the PI3-K inhibitor 

wortmannin, i.e., Nef activity is not reduced even when the activity levels of PI3-

K are reduced in Nef-expressing cells.  These data suggest that PI3-K activity is 

not involved in the pathway of Nef-mediated MHC-I downregulation as has been 

proposed (19, 79).   

        The effect of treating cells with PI3-K inhibitors was also determined for the 

effect on Nef-mediated Pak2 activation.  In addition to wortmannin, the inhibitor 

referred to as LY294002 was utilized in these experiments.  LY294002 has an 

IC50 of 1.4 µM and acts as a competitive inhibitor for the ATP-binding site of the 

catalytic subunit (p110) of class Ia PI3-K(201).   Linnemann et al. reported that an 

interaction between Nef and PI3-K leads to activation of Pak2 and they suggest 

the possibility that PI3-K functions as an upstream activator of Nef-associated 

Pak2 through the PI3-K mediated activation of Cdc42 and Rac1, both of which 

have been implicated in Nef’s activation of Pak2 (120, 138).   However, the 

experiments in which they treat cells with LY294002 and observe a defect for Nef 

activation of Pak2 use a CD8-Nef chimera which is artificially targeted to 

membranes.  This artificial targeting of Nef does not likely reflect the actual 

localization of Nef in the cell and so it is not clear that the effect they observe, 

inhibition of Nef activation of Pak2 in the context of PI3-K inhibition, is actually 
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of biological significance.  Therefore, I developed experiments to observe 

whether Nef-mediated Pak2 activation was altered by treatment with PI3-K 

inhibitors using a native Nef (non-chimera) that is more likely to be targeted at 

steady-state to predominantly perinuclear regions.  In these experiments, several 

concentrations of either wortmannin (0→100 nM) as shown in Figure 8.4A or 

LY294002 (0→100 µM) as shown in Figure 8.4B were added for 2 hours to 293T 

cells transfected with a control vector and an SF2 Nef-expressing vector.  The two 

hour time point was chosen because wortmannin, in particular, is unstable in 

aqueous solutions for periods longer than 2-3 hours (200).  In contrast to the 

results reported by Linnemann et al. (115), Pak2 activity did not change as a result 

of these treatments and therefore I propose that this activity is not a critical 

cellular effector of Nef’s activation of Pak2. 
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Fig. 8.2  Inhibition of PI3-K Activity by wortmannin in HuT78 T cells.  A.  
The PI3-K fungal metabolite inhibitor wortmannin (IC50= 5 nM) was added to 
HuT78 cells for two hours after which the effect on total cellular PI3-K was 
measured by an in vitro kinase reaction. Bar graphs represent the average of four 
experiments +/-SEM.  The activity level in cells treated with the DMSO control 
(0 nM wortmannin) was set to 100% for comparison with the treated cells.  A 
representative assay is shown in panel B.         
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Fig. 8.3 The PI3-K inhibitor wortmannin does not affect the steady state 
levels of cell surface MHC-I and CD4 in Nef-expressing HuT78 T cells.  (A) 
HuT78 T cells infected with HIV-1 SF2 ∆env/EGFP∆ Nef and HIV-1 SF2 
∆env/EGFP (both VSVG pseudotyped) were either mock-treated with DMSO 
(panel 1 and 2), 100 nM wortmannin (panel 3), or 500 nM wortmannin (panel 4) 
and surface stained for both CD4 and MHC-I prior to flow cytometric analysis.  
(B)  The same experiment as in part A was repeated three times and the average 
percent of either MHC-I (left panel) or CD4 (right panel) downregulation in the 
HuT78 T cells infected with the VSV-G pseudotyped vector expressing Nef was 
plotted relative to the cells treated with DMSO (no drug control).  Error bars 
represent SEM.  
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Fig. 8.4  Wortmannin or LY294002 do not inhibit Pak2 activation by Nef.  
293T cells were transfected with SF2 Nef or vector and Nef was 
immunoprecipitated with a polyclonal Nef antibody.  An in vitro kinase assay was 
used to determine the levels of active Pak2 associated with Nef.  Two hours prior 
to lysis these cells were treated with increasing amounts of either (A) wortmannin 
(0 → 100 nM) or (B) LY294002 (0 → 100 µM). 
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 C.  PACS-1 AND THE NEF ACIDIC CLUSTER  
 
        Nef is proposed to bind to the furin binding region (fbr) of PACS-1, an 

adaptor protein involved in targeting Nef to the TGN through a direct interaction 

with Nef’s acidic cluster domain (19, 147).  The currently proposed mechanism 

for Nef-mediated MHC-I downregulation suggests that this binding ultimately 

localizes Nef to the TGN through the adaptor protein-1 (AP-1) which also binds 

to PACS-1(42).  After localization to the TGN, Nef is proposed to assemble into a 

complex that includes a Src tyrosine kinase that in turn recruits ZAP-70 and PI3-

K to enhance the downregulation of MHC-I (79).  According to this model, Nef 

binding to PACS-1 is a crucial step because the localization of Nef to the TGN 

through PACS-1 binding is a prerequisite for Nef-mediated MHC-I 

downregulation.  A better understanding of the determinants of the Nef acidic 

cluster involved in the binding between Nef and PACS-1 is therefore warranted.  

Therefore, I initially set up in vitro experiments to test how Nef acidic cluster 

mutants (described above) would affect binding to the PACS-1 furin binding 

region (fbr).  My hypothesis was that the loss of acidic charges in the Nef acidic 

cluster would reduce the binding to PACS-1 fbr.  These in vitro binding 

experiments utilized a his-tagged fbr and GST-2900 (patient isolate) Nef fusion 

protein (kindly provided by Gary Thomas) that included wild type Nef and the 

acidic cluster mutants AAAA, EAAE, and ∆4E.  In addition a GST-Nef fusion 

protein containing the furin acidic cluster residues DDDEEDE in place of the Nef 
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residues EAQEEEE65 was also utilized to determine if the furin acidic cluster 

when presented in the context of Nef could enhance binding to fbr.  Potential 

interactions were assayed in five independent experiments at concentrations of 

approximately 3 µM of each protein.   The PACS-1 fbr demonstrated robust 

binding to its positive control, a GST-furin cytoplasmic domain fusion protein.  In 

contrast, much less ht-fbr input bound the GST-Nef fusion proteins (Fig. 8.5A).  

Surprisingly, the EAAE and the AAAA acidic cluster mutants also bound to the 

ht-fbr indicating that this weak binding is not specific to the Nef acidic cluster.  

The furin acidic cluster phosphorylation mimic DDDEEDE substituted for the 

Nef acidic cluster also did not bind to the PACS-1 fbr in comparison to the 

binding observed with the positive control.    Based on these data, we conclude 

that Nef binds weakly to PACS-1 and that binding is not specifically via the 

acidic cluster.  In order to present a positive control for Nef binding with respect 

to these several GST-Nef acidic cluster mutant proteins, a positive control binding 

assay was developed using a his-tagged HckSH3 domain because the strong 

binding of Nef to HckSH3 has been documented (160).  In this assay, Nef and the 

acidic cluster mutant Nefs used in Fig. 8.5A were utilized in an in vitro binding 

experiment with the HckSH3 domains to compare the relative levels of this well-

documented in vitro binding to the in vitro binding between Nef and PACS-1 fbr 

(Fig. 8.5B).  In contrast to the weak binding between Nef and PACS-1 fbr, Nef 

demonstrates robust binding to the HckSH3 domain at the same 3 µM 
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concentration as evidenced by comparison with the Hck-Sh3 domain input.  The 

GST-Nef mutants with no acidic cluster charges, GST-2900 NefAAAA and GST-

2900Nef∆4E, were still able to bind suggesting that the binding of fbr to Nef is 

not specifically related to the Nef acidic cluster.  I interpret these data to suggest 

that either this binding is not physiologically relevant or, that very high non-

physiologically relevant concentrations are required for this binding to occur at 

levels similar to the physiologically-relevant binding observed between PACS-1 

fbr and furin.  The furin acidic cluster substitute in Nef also does not bind ht-fbr 

to levels similar to the positive control and I conclude that the determinants 

required for this binding are not present in the context of Nef.   In effect, Nef does 

not have determinants which contribute to acidic cluster-mediated binding to 

PACS-1.    
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Fig. 8.5  Nef and various mutants of the Nef acidic cluster bind PACS-1 fbr 
weakly in vitro.  (A)  Purified GST-2900 Nef fusion proteins including wild type 
(GST-Nef EEEE), and the AAAA, EAAE, ∆4E, along with GST-2900/SF2 
Nef/furin acidic cluster DDDEEDE mutant were added to purified his-tagged 
furin binding region (fbr) of PACS-1 in an in vitro binding assay.  GST alone was 
used as a negative control for binding and the GST-furin cytoplasmic domain 
harboring the positive control phosphorylation mimic sequence (DDDEEDE) was 
used as a positive control for binding.  Protein interactions were determined by 
pulldown with glutathione-agarose beads and subsequent Western blot analysis of 
his-tagged PACS-1 fbr.  (B)  The purified GST-Nef fusion proteins in part A were 
also utilized in an in vitro binding assay to his-tagged HckSH3 domain (both at 3 
µM).  

 



 

 
CHAPTER NINE 

 
DISCUSSION 

 
 
 
A.  Acidic Cluster-containing Proteins and their Determinants  
 
 
        Acidic cluster motifs were initially described as strongly hydrophilic 

sequences containing a large cluster of acidic residues devoid of any tyrosine-

based or di-leucine-based motifs (202).  The TGN sorting function of the furin 

acidic cluster motif was first identified in the mid 1990’s (89, 165, 202).  In these 

studies the involvement of the furin acidic cluster in TGN localization was 

determined by either a deletion (165, 202) of the furin cytoplasmic tail containing 

the acidic cluster (residues 776-782) or non-conservative mutations (202) of the 

core residues of the furin acidic cluster,  775EEDE778 to AAAA.  In these initial 

studies, a serine/threonine kinase known as casein kinase II was shown to 

phosphorylate two serine residues of the furin acidic cluster, SDSEEDE (89).  

Since this report it has been determined that casein kinase II 

phosphorylation/phosphatase 2A (PP2A) dephosphorylation is generally involved 

in regulating the trafficking of acidic cluster-containing proteins between the 

plasma membrane and the TGN through endosomal compartments (195).  In 

recent years, the acidic cluster-based sorting function of several other cellular 
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proteins has been documented including the Batten disease-related CLN3 protein 

(183), the yeast epsin-like protein Ent3p (46), the amoebic integral membrane 

protein Rh50 (129), the cation channel polycystin-2 (106), the SNARES Vamp4/5 

(74, 197, 223),  and the vesicular monoamine transporter VMAT2 (203).  In 

addition to these more recently-documented acidic-cluster containing proteins, 

Molloy et al. documented 13 potential PACS-1-interacting, acidic cluster motif-

containing cellular and viral proteins (131).   

        Interestingly, acidic cluster motifs have recently been identified in two 

membrane-associated viral proteins:  HCMV tegument protein UL99 and the 

HSV UL11 protein.  Like Nef, these two viral proteins are myristylated for 

membrane association (91, 118).  This is in contrast to the majority of acidic 

cluster motif-containing proteins that are integral membrane proteins (131).  The 

acidic-rich region of HSV UL11, along with the viral glycoproteins HCMV gB 

(199), pseudorabies virus US9 (24), and varicella-zoster virus gE (7) has been 

shown to rely on PACS-1 binding for cycling between the plasma membrane and 

the Golgi/TGN.  However, the functional purpose for the spatial regulation and 

dynamic membrane trafficking of several of these acidic cluster-containing viral 

proteins remains unclear and will require characterization similar to that done for 

furin (131).  The functional purpose of furin’s localization to various 

compartments which include the endocytic pathway, the TGN/biosynthetic 

pathway, and the cell surface, is to bring this endoprotease in proximity to its 
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many substrates (e.g, shiga toxin, insulin pro-receptor, BMP-4 precursor, and 

proaerolysin) for proteolytic processing.  With respect to the role of acidic cluster 

motifs in viral activity, Jones and Lee provided evidence that the acidic cluster of 

HCMV is required for growth by utilizing deletion mutants of the UL99 acidic 

cluster of HCMV  (91).  This observation was confirmed and extended by Seo et 

al. who suggested that the trafficking of UL99 to sites of viral assembly through 

its acidic cluster is a prerequisite for assembly of HCMV (175).  The spatial 

regulation of HIV-1 Nef to the TGN has been proposed, by Blagoveshchenskaya 

et al. and Hung et al., to be important for Nef recruitment of a Src family kinase 

(SFK) and the subsequent activation of the lipid kinase phosphatidyl inositol 3-

kinase (PI3-K), an intermediary step in the proposed mechanistic pathway of Nef-

mediated MHC-I downregulation (19, 79).   

        In contrast to several well-characterized acidic clusters such as furin or the 

pro-protein convertase PC6B, the Nef acidic cluster is unusual for containing only 

four acidic residues.  Acidic cluster motifs are generally located in the 

cytoplasmic domain of membrane-spanning proteins and are not typically found 

in myristylated proteins.  Two other viral proteins, the viral tegument proteins 

HCMV UL99 and HSV-1 UL11, which are also myristylated, have been shown 

recently to contain functional acidic cluster motifs (23, 161).  These two viral 

tegument proteins share structural similarity including a positionally-conserved 

acidic cluster:  the UL11 acidic cluster defined as 37DIESEEE43 (119) and the 
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UL99 acidic cluster defined as 44DEGEDDDDGEDDDN57 (90).  These acidic 

cluster motifs were determined to be involved in recycling UL11 and UL99 from 

the plasma membrane to either the Golgi (118) or to vacuolar-like perinuclear 

structures (91), effects that have been suggested to be related to efficient assembly 

of the virion. The envelopment of herpesviruses, or the formation of the tegument 

proteins and glycoprotein-containing envelope around the nucleocapsid, first 

requires the co-localization and association of these three subunits (nucleocapsid, 

tegument proteins, and the glycoprotein-containing envelope).  The nucleocapsid 

associates with the tegument proteins and final lipid bilayer in the TGN prior to 

the budding of virus from the TGN, and therefore the membrane-trafficking 

properties of UL11, that appear to rely in part on its acidic cluster motif, could 

play an important role in regulating the assembly of HSV-1 (118).  Interestingly, 

substitution of the UL11 acidic cluster with Nef wild type or mutant acidic cluster 

sequences EEEE, EEEA, or EEAA functionally conserved its recovery from the 

plasma membrane to a TGN-like compartment; however, substitution with Nef 

mutant acidic cluster sequences EAAA or AAAA prevented recycling from the 

plasma membrane (118).  These data suggest that the Nef acidic cluster residues 

can substitute for the HSV-1 acidic cluster and preserve its sorting function.  

        The aim of these studies was to define the contribution of the individual 

residues of the acidic cluster of HIV-1 Nef to its known activities.  The minimal 

defects in Nef activity observed with the loss of either two or three core 
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components of the cluster for three different Nef activities provide strong 

evidence that this Nef sequence does not behave mechanistically like other well 

characterized acidic clusters.  The structure of the region in Nef comprising the 

acidic cluster (residues 60-68) was examined by nuclear magnetic resonance and 

it was found to be a flexible and highly mobile solvent-exposed loop (66).  The 

potential for this region to affect the formation of multiprotein complexes or to act 

as a spacing agent optimizing the orientation of Nef’s interaction motifs was 

recognized by Arold and Baur (11) who also suggest that N-termini differences in 

structure among HIV-1, HIV-2, and SIV might account for observed functional 

differences.  Because of Nef’s known contribution to HIV-1 pathogenesis and the 

potential contribution that Nef-mediated MHC-I downregulation could make to 

disease progression, I characterized the Nef acidic cluster with respect to its effect 

on 4 different Nef activities and determined that these residues contribute not only 

to MHC-I downregulation, but also Pak2 activation and enhancement of 

infectivity.  The recognition that Nef’s acidic cluster can alter numerous Nef 

activities demonstrates the multifunctional nature of this acidic sequence. 

        One of the most relevant questions suggested by these data is whether the 

binding between Nef and PACS-1, which has been shown to occur both in vitro 

and in tissue culture, is biologically relevant.  The downstream effects on Nef 

activity reported to be a consequence of PACS-1 binding to Nef, are central to an 

accurate critique of this proposed model of Nef-mediated MHC-I downregulation.  
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PACS-1 has been shown to function as a cytosolic adapter able to influence the 

localization of multiple cellular and viral proteins, and therefore the evidence of 

its binding to Nef in vitro and by co-immunoprecipitation should be carefully 

considered.  Several reports in the literature have addressed the role of PACS-1 in 

Nef activity by altering the expression levels and regulatory functions of PACS-1.  

The initial study by Piguet et al. (147) uses an RNA antisense technology to 

decrease PACS-1 levels in cells, a second report by Blagoveshchenskaya et al. 

(19) used a dominant negative PACS-1 (PACS-1 adapter mutant that does not 

bind AP-1), whereas a recent study by Lubben et al. (122) examines siRNA 

depletion of PACS-1 and/or PACS-2 levels.  The first two studies present data 

and interpretations which favor the role of PACS-1 in Nef-mediated MHC-I 

downregulation whereas the recent study not only suggests that PACS-1 is not 

required for this Nef activity but also questions its role in the localization of acidic 

cluster-containing proteins in general.  The lack of consensus about the role of 

these molecules in Nef activity, particularly MHC-I downregulation, suggests that 

the currently proposed model for this Nef activity ought to be re-evaluated and 

alternative models explored. 

 

B.  Future Directions 
 

        In order to address the question of PACS-1 relevance for Nef activity, I 

propose the use of a dominant negative PACS-1 fbr-expressing construct which is 
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deficient in binding the adapter protein AP-1.  Cells co-expressing this dominant 

negative construct and Nef could then be analyzed for cell surface levels of 

endogenously-expressed HLA-A2 (i.e. 293T cells).  My hypothesis is that the 

dominant negative fbr would preclude AP-1 binding which, according to the 

proposed model for PACS-1-regulated trafficking, would inhibit the trafficking of 

PACS-1-associated cargo (e.g., furin or Nef) into clathrin-coated vesicles being 

transported between the TGN and endosomes.  The loss of this regulated 

localization would cause a defect in Nef-mediated downregulation of MHC-I if a 

PACS-1-mediated pathway were indeed fundamental for Nef-mediated MHC-I 

downregulation.  This proposed method is suggested as an alternative 

experimental system with which to corroborate the lack of effect on Nef-mediated 

MHC-I downregulation by siRNA silencing of PACS-1.  

        A re-evaluation of the currently proposed model for Nef-mediated MHC-I 

downregulation allows for the consideration that Nef effect on MHC-I may occur 

in the biosynthetic pathway of MHC-I during its initial transport to the cell 

surface as has been proposed in an alternative model by the Collins’ group  

(discussed earlier in the literature review).  In this model, Nef binds the 

cytoplasmic tail of MHC-I in the TGN and this binding creates an AP-1 binding 

site which affects the transport of this complex to endosomes and eventually 

lysosomes for degradation.  Other studies which have measured the affect of Nef 

on the biosynthetic pathway of Nef have seen either no effect or a minimal effect 
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on transport (79, 174).  Therefore, one of the major issues that needs to be re-

evaluated is the issue of a biosynthetic versus an endocytic pathway of Nef-

mediated MHC-I downregulation (not excluding the possibility that both 

pathways exist).   

        Additionally, with regards to a potential endocytic pathway, a question still 

remains concerning whether the constitutive pathway of MHC-I internalization is 

the pathway utilized by Nef and also whether this pathway requires clathrin-

coated pits or not.  It has been suggested that because spontaneous and Nef-

induced internalization of MHC-I require different determinants within the 

cytoplasmic tail of MHC-I, these two pathways involve different mechanisms 

(111).  The constitutive internalization of MHC-I was characterized to occur via a 

clathrin-independent pathway modulated by the Arf6 GTPase (134, 135, 149).  

Interestingly, these clathrin-independent vesicles containing MHC-I are then 

thought to fuse with endosomes that do contain clathrin cargo.  MHC-I then either 

recycles back to the plasma membrane along Arf-6 associated tubular endosomes 

or proceeds to late endosomes/lysosomes for degradation (27, 135).  Lubben et al. 

recently determined that siRNA knockdown of clathrin deleteriously affects Nef-

mediated MHC-I downregulation which suggests that Nef either downregulates 

MHC-I by an alternative (i.e. clathrin-coated pit) pathway or that the constitutive 

pathway converges with elements of the constitutive pathway (i.e., clathrin).   
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        I propose experiments to interfere with the clathrin-mediated endocytic 

pathway, particularly the overexpression of several dominant negative inhibitors 

of endocytosis including dominant negative inhibitors of Rab5, Eps15, and 

dynamin.  Dominant negative inhibition of Eps15 and dynamin have previously 

been analyzed for their effect on Nef-mediated MHC-I downregulation and shown 

to have no effect; therefore, they are proposed to serve as negative controls.  A 

dominant negative inhibitor of Rab5 has been studied with respect to Nef-

mediated CD4 downregulation and shown to have a minimal effect (158); 

however, its effect on Nef-mediated MHC-I downregulation was not reported in 

this study.  Rab GTPases are regulators of vesicle budding, tethering, and fusion 

and exert their effect at numerous points of both endocytic and recycling 

pathways by recruiting specific sets of effector proteins onto membranes (179).  

For future directions, I propose that a Rab5 dominant negative inhibitor (Rab5 5 

S34N) that preferentially binds GDP and fragments the early endosomal 

compartment as well as a constitutively active Rab5 (Rab5 Q79L) with a low 

GTP hydrolysis rate that causes the accumulation of enlarged endosomes (180) be 

utilized to study the effect of their overexpression on Nef-mediated MHC-I 

downregulation.  Analysis of the results from these experiments should contribute 

to the understanding of whether Nef effect on MHC-I does or does not occur in an 

endocytic pathway as well as if Nef effect on MHC-I does or does not occur 

within a pathway utilizing clathrin-coated vesicles.        
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C.  CONCLUSIONS        

        These results presented within this present work suggest that the acidic 

cluster in Nef does not act as a sorting determinant in the mechanistic pathway of 

trafficking used by the furin acidic cluster.  Based on the facts that:  (1) the 

Nef/PACS-1 binding data suggests that this interaction is not specifically related 

to the Nef acidic cluster and (2) the fact that removal of up to 50% of the acidic 

amino acids result in a protein fully capable of downregulating MHC-I, I propose 

that this Nef amino acid sequence is not a genuine acidic cluster acting as a 

sorting motif.  In addition to this evidence, it has also recently been suggested that 

knocking down the expression of PACS-1 and PACS-2 by siRNA has no effect 

on Nef-mediated MHC-I downregulation (122).  Therefore, the future directions 

for analyzing the mechanistic pathway and, ultimately, the function of Nef-

mediated MHC-I downregulation will require a more definitive understanding of 

how the Nef cluster of glutamates does contribute to MHC-I downregulation and 

other Nef activities. 

        In conclusion, the data, observations, and interpretations from these studies 

strongly suggest that the currently proposed mechanistic model for Nef-mediated 

MHC-I downregulation needs to re-evaluated.  The PACS-1/62EEEE65-dependent 

targeting of Nef to the TGN for the subsequent 72PxxP75-mediated activation of 

ARF6 has been characterized as the crucial prerequisite for Nef-mediated MHC-I 

 



 159

downregulation (19); however the data and interpretations presented here suggest 

that the cluster of glutamates 62EEEE65 in Nef are not functioning as a bona fide 

acidic cluster sorting motif with respect to Nef-mediated MHC-I downregulation.  

In addition, the in vitro binding data further characterizing the interaction between 

Nef and PACS-1fbr suggest that this interaction is not a physiologically-relevant 

interaction in contrast to the bona fide interaction between the furin acidic cluster 

and PACS-1 fbr.  It has also been shown here that the regulatory elements, and 

therefore the mechanistic pathway, of a prototypical acidic cluster cannot 

substitute for the Nef acidic cluster with respect to Nef activity.  The partial 

inhibitory effects on two other in vitro Nef activities, Pak2 activation and 

infectivity enhancement, resulting from the substitution of either a conservative 

acidic residue/s or non-conservative acidic residue/s in the Nef cluster of 

glutamates suggests that the conformation of the protein here is generally 

sensitive.  Therefore, specific mechanistic conclusions should not be drawn based 

on the EEEE→AAAA mutant such as have been drawn with respect to Nef-

mediated MHC-I downregulation.   

        Other components of the currently proposed mechanistic pathway, in 

addition to the proposed Nef acidic cluster component, have also been questioned.  

Although the current model suggests that PACS-1 is indispensable for stimulating 

Nef-mediated MHC-I endocytosis through the ARF6 pathway, a recent report 

utilizing siRNA-mediated knockdown of both PACS-1 and PACS-2 suggests 
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otherwise (122).  This study by Lubben et al. also suggests that siRNA 

knockdown of clathrin inhibits Nef-mediated MHC-I downregulation which 

contrasts with the dominant model of Nef-mediated enhancement of MHC-I 

downregulation through an ARF6-mediated non-clathrin endocytic pathway.  In 

addition, data within this study here also suggest that the activity of PI3-K, 

another mediator of the currently proposed mechanistic pathway for Nef-mediated 

MHC-I downregulation, is not a relevant effector.  Based on these multiple 

observations, it is clear that the currently proposed mechanism for Nef-mediated 

MHC-I downregulation requires further analysis.   Alternative mechanistic 

pathways for this Nef activity, such as the Collins’ model of Nef-mediated 

inhibition of MHC-I transport to the plasma membrane, should be investigated 

further as well as alternative endocytic pathways such as the clathrin-mediated 

endocytic pathway.     
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