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Abstract of the Dissertation 

 

The interconnected network of cellular proteins ESCRT and non-ESCRT required for 

retroviral release 

By 

Gisselle Nilda Medina 

Doctor in Philosophy  

in  

Molecular Genetics and Microbiology 

Stony Brook University 

2008 

 The structural polyprotein, Gag, drives the assembly and release of retroviruses 

from the plasma membrane of cells and its expression alone is sufficient for the formation 

of virus-like particles (VLPs). Trafficking and membrane targeting of Gag requires a 

series of events that are directed by the interaction between cellular proteins and regions 

in Gag known as L domains, however the precise mechanism is not well understood. The 

functionally exchangeable L domains in the Gag protein of the human retrovirus, HIV-1, 

and the related avian retrovirus, ASV, bind Tsg101 and Nedd4, respectively. Tsg101 and 

Nedd4 function in endocytic sorting and trafficking of cargo proteins typically destined 

for degradation. In the first part of my thesis, I determined if the cellular factors were 

functionally exchangeable as a means of determining whether HIV and ASV use the 

same trafficking pathway. The results obtained by using dominant negative forms of 

Tsg101, Nedd4, and Vps4, an ATPase that regulates their availability, suggest that HIV-1 

and ASV use different pathways, even though they both utilize the endocytic machinery. 

In particular, covalently linking Tsg101 to an ASV Gag L domain mutant ablated the 
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requirement for Nedd4 for Gag release, but budding occurred through a different 

membrane region.   

 The second part of my thesis examines the involvement of non-endocytic factors 

such as Sprouty2, in the release of HIV-1 Gag.  Spry2 modulates ESCRT-mediated 

trafficking pathways of EGFR and requires binding to phosphatidylinositol 4,5-

biphosphate [ PI(4,5)P2] to exert its function.  In this study, I found that depletion of 

endogenous Spry2 inhibited VLP production as did expression of a C-terminal fragment 

of the Spry2 protein, specifically by sequestering Gag into intracellular vesicles. 

Furthermore, a Spry2 mutant lacking the only conserved sequences in the N-terminal 

domain relieved the inhibitory effects. Interestingly, a mutant of Spry2 that had no 

detectable effect on WT Gag release promoted release of a Gag mutant lacking a 

functional Tsg101 binding site. Examination of cells by confocal microscopy revealed 

that wild type-Spry2 co-localized with PI(4,5)P2 in complexes that were resistant to cold 

Triton X-100 extraction. In contrast, the Spry2 variant failed to co-localized with 

PI(4,5)P2.  
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CHAPTER 1: Introduction 

 

Retroviruses 

 Retroviruses belong to the viral family Retroviridae that are characterized by 

sharing a common virion structure, replicative strategy and genetic composition (23).  

The genome of these viruses is linear, single stranded, and of positive polarity.  

Retroviruses maintain their genetic information in the form of ribonucleic acid (RNA) 

and through the use of the viral RNA-directed DNA polymerase (reverse transcriptase, 

RT) are capable of producing deoxyribonucleic acid (DNA) from RNA. Subsequently, 

with the viral enzyme integrase (IN), their genomes can be integrated into the host 

chromosome establishing a latent infection.   Retroviral infection does not lead to death 

of the host cell. The cell can survive the infection, continue to divide and become 

permanently virus producing. This clever strategy makes this group of viruses one of the 

most fascinating pathogens to study, and learn not only their strategies to successfully 

establish latent infection, but also to understand the mysterious cellular processes that 

accompany a viral infection.  

 One of the most intensively studied retrovirus is the human immunodeficiency 

virus (HIV), the causative agent of AIDS (Acquired Immunodeficiency Syndrome) 

responsible for the current pandemic. HIV is divided into two major subtypes, HIV-1 and 

HIV-2.  HIV-1 is the virus that was originally discovered and it is more virulent, 

relatively easily transmitted, and the cause of the majority of HIV infections globally. In 

contrast, HIV-2 is less transmittable than HIV-1 (113). The work in this thesis, when 

referring to the human retrovirus, is referring to the subtype HIV-1. HIV-1 is divided into 
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different groups M (major), O (outlier) and N (new). Among HIV-1 group M strains, 

there are nine genetic subtypes (A-D, F-H, J and K), six subtypes (A1, A2, A3 and A4 

and F1 and F2), thirty-seven circulating recombinant forms and a variety of unique 

recombinant forms (86).  This viral diversity is contributed by three factors: i) the viral 

replication rate, which in vivo is very rapid, generating an estimated 10
10 

virions per day 

in an infected individual (52); ii) the RT that copies viral RNA into DNA, which is error-

prone, introducing on average one substitution per genome per replication round; and, iii) 

recombination which is due to the fact that two RNA molecules are packaged into the 

virion alternately, generating a mosaic DNA genome. The crossover frequency ranges 

from seven to thirty per replication round.   The diversity of HIV-1 genetic forms makes 

this virus the most genetically variable of human pathogens and therefore poses a 

difficult challenge for prevention and treatment programs. 

 All retroviruses encode three major proteins: gag, which codes for the internal 

structural proteins of the virion; pol, which encodes the enzymatic functions of the virus; 

and env, which codes for the virion envelope glycoproteins (128).  However, more 

complex retroviruses can contain accessory genes. HIV, which belongs to the lentiviruses 

genus, encodes six additional genes vif, vpr, nef, tat, rev and vpu.  These accessory genes 

regulate and coordinate viral gene expression, and some also have additional roles. 

Retrovirus life cycle 

A simple diagram of a retrovirus life cycle is depicted in Figure 1. The initial step 

in retrovirus infection is the binding of the viral envelope glycoproteins, g120 and gp41, 

to specific cellular receptors on the surface of the cell. HIV-1 can recognize macrophages 
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or T cells bearing the CD4 receptor and a co-receptor CCR5 (macrophages) or CXCR4 

(T cells). The binding of the viral glycoprotein (gp120) to a CD4 receptor exposes a 

variable region in the viral protein that allows the interaction with the co-receptor, 

triggering conformational changes of gp120 and gp41 that ultimately lead to the fusion of 

the viral and host membranes. The entry of HIV-1 into the cell takes place through 

plasma membrane regions enriched in lipid rafts because gp120 only binds to receptors 

that are found in lipid rafts (107). After fusion of the viral envelope with the membrane 

of the host cell, the viral core is released into the cytosol where it disassembles. Core 

disassembly is characterized by dissociation of capsid protein which forms the core shell 

and release of the reverse transcription complex into the cytosol. Subsequently, the viral 

RNA is converted into double stranded linear DNA by the viral reverse transcriptase. In 

the case of HIV-1, this process is initiated in the cytoplasm and completed in the nucleus.  

Upon completion of reverse transcription, the complex becomes integration-competent 

and is termed the preintegration complex (PIC). The PIC protects viral DNA from 

degradation and facilitates its integration into the host cell chromosome (89). Following 

nuclear import, the linear DNA becomes integrated into the host cell chromosome 

through the action of the viral integrase enzyme.  Viral transcripts are then transported 

from the nucleus to the cytoplasm where they are translated or packaged. The viral Gag 

polyprotein ensures proper assembly and release through the plasma membrane. 

Depending on the cell type, virus assembly takes place at the plasma membrane or in 

endosomal vesicles. Virus particles are budded as immature particles containing a 

spherical shell of structural proteins underneath a host-derived membrane. Immature  
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Figure 1. HIV-1 life cycle. A) The initial step involves the interaction between a virion 

and a host cell, which is mediated by the viral glycoprotein gp120/gp41, the cellular 

receptor CD4, and a cellular co-receptor (CCR5or CXCR4 on macrophages or T cells, 

respectively). B) A conformational change in the glycoproteins occurs and triggers virus-

cell membrane fusion, releasing the core into the cytoplasm.  C) Reverse transcription is 

initiated in the cytoplasm within the core structure. D) Nuclear import of the viral 

genome in the PIC allows the integration of viral DNA into the host chromosome. E) 

Viral transcripts are then transported from the nucleus to the cytoplasm where they are 

translated or packaged. F) The cytoplasmically translated Gag and Gag-Pol polyproteins 

are then localized to the cell membrane as are the Env proteins which are translated at the 

endoplasmic reticulum and transported to the plasma membrane through the secretory 

pathway. G) Assembly of Gag and Gag-Pol polyproteins occurs at the plasma membrane 

to form an immature virion which begins to bud from the plasma membrane. H) As 

budding occurs, the virion undergoes maturation forming the infectious particle. 
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particles lack the central cone-like core that characterizes the mature particle. Immature 

virions subsequently undergo a maturation step which involves rearrangement of the 

structural proteins, condensation to form an inner core, and conversion of the virus 

particle into an infectious virion. 

 

Gag Protein 

A successful viral infection is ultimately marked by the assembly and release of 

progeny virus particles. This complex process is driven by the multidomain Gag protein 

(Figure 2). Gag expression alone is sufficient for the assembly and release of non-

infectious, virus like particles [VLPs (122)].  Gag is synthesized as a polyprotein 

precursor on free ribosomes in the cytoplasm. Typically, for every 10-20 Gag molecules 

made, one molecule of a Gag-Pol fusion protein is synthesized. This is due to an 

infrequent frame-shifting event occurring just upstream of termination codons in the gag 

gene that results the ribosomes to shift from the gag reading frame into the pol reading 

frame (56). Interaction (I) domains in Gag permit the Gag and Gag-Pol molecules to 

remain associated (35). This permits the same mechanism that targets the Gag precursor 

to the site of virion assembly also to direct the Gag-Pol precursor. A large number of Gag 

molecules are needed to form the virion structure; however, the enzymes encoded in the 

pol gene, protease (PR), reverse transcriptase (RT), and integrase (IN), are needed in 

smaller numbers since they carry out catalytic functions.  

 

Gag Domains 
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Figure 2. Schematic diagram of the proteins encoded in the gag and pol genes of HIV-1 

and ASV retroviruses. All Gag proteins have in common MA, CA, and NC sequences 

and other cleavage products. In the case of A) HIV-1, on the N-terminus is a myristate 

group, which along with a stretch of basic residues located in MA, forms a bipartite motif 

that facilitates membrane binding. Note the absence of a myristate group in ASV-Gag B); 

in this case, membrane binding is facilitated through the ionic interactions alone. In the 

CA region, a Major Homology Region is conserved in both retroviruses. The spacer 

peptides, p1, p2 (HIV), and p10 (ASV) aid in the processing of Gag but their precise 

function is not known. The NC region binds to and packages the viral genome through 

two conserved zinc finger domains. Late (L) domains located in p6 (HIV) or p2b (ASV) 

regions are involved in the late stages of budding. These domains contain specific 

sequences that allow the interaction with cellular proteins. This schematic is not to scale 

and does not represent the actual sizes of Gag and Pol. 
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During or shortly after virus budding from the host cell, the viral protease (PR) cleaves 

Gag into mature Gag proteins matrix (MA), capsid (CA), nucleocapsid (NC), and p6. PR-

mediated Gag processing leads to virus maturation by inducing a major transformation in 

virion structure which can be morphologically detected in the electron microscope.  The 

MA remains associated with the plasma membrane but CA condenses and forms a shell 

around the viral RNA/NC complex. The cleavage of Gag also generates spacer peptides 

but their precise function remains to be elucidated.  

The different regions in Gag that have been identified orchestrate the major steps 

in virus assembly and release. The MA domain is responsible for targeting Gag to the 

plasma membrane. In the case of HIV-1 Gag, this association is typically through a 

bipartite motif consisting of an N-terminal, covalently attached myristic acid moiety 

added co-translationally and a highly basic domain in MA. The interaction of this domain 

with the plasma membrane is proposed to be mediated by a myristyl switch (118, 147) 

which consists of the myristate adopting either an exposed or a sequestered conformation 

(1).  Recent findings indicate that the MA domain of HIV-1 Gag specifically binds to 

plasma membrane phospholipids, in particular PI(4,5)P2 (20, 101, 116) and this binding 

is proposed to trigger the myristic acid moiety to be exposed, providing the stable 

association with the plasma membrane. In the case of other retroviruses that do not have a 

myristoylated MA domain, such as the avian sarcoma virus (ASV), membrane binding is 

mediated exclusively by ionic interactions (25).  

The CA domain of Gag plays an important role in the assembly of the virus and in 

early postentry steps during viral replication. The CA domain forms the “core” in the 

mature virion, and this is what is released into the cytoplasm of a newly infected cell to 
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start a new cycle of viral replication (35, 118).  The mature CA protein provides 

structural stability to the virion by encapsidating the viral RNA-protein complex. In the 

case of HIV-1, the N-terminus of the CA protein functions in virion maturation and 

incorporation of the cellular protein cyclophilin A (CypA). The C-terminus of CA forms 

a dimerization domain that contributes to Gag-Gag interactions. In this region there is a 

conserved sequence among different genera of retroviruses known as the major 

homology region [MHR (139)]. This region is essential for CA structure and mutations 

within it result in defects in assembly, maturation and infectivity (28, 79, 110).  The CA 

domain is also a target of cellular factors that regulate retroviral infectivity.  For instance, 

the CA domain of HIV-1 directly interacts with CypA, a cellular protein that is 

incorporated into the virion through interactions with a proline-rich region in the N-

terminal region of the CA domain (11, 34, 77, 129).  CypA is a cytosolic protein that 

catalyzes the cis-trans isomerization of proline residues and has been shown to enhance 

viral infectivity (34). The specific role of CypA in HIV-1 remains unknown, however 

recent findings suggest that CypA modulates retroviral restriction activity (76).  

Directly downstream of the CA domain is the NC domain or I domain, a highly 

basic region whose role is to promote Gag-Gag multimerization, RNA binding and 

encapsidation (12, 22, 35, 118, 137). Other aspects of the virus life cycle that are 

influenced by the NC domain include genomic RNA dimerization, membrane binding, 

reverse transcription and annealing (35). Mutations in the NC basic residues cause 

defects in Gag-viral RNA interaction and thus in assembly and budding (12, 22, 137).  

The NC domain contains two zinc finger motifs that are highly conserved among 

retroviruses and are required for RNA binding (118).  RNA binding facilitates 



 

11 

 

localization and concentration of Gag monomers to promote Gag assembly. Recent 

studies showed that mutations in the NC zinc fingers have an effect in Gag trafficking, 

resulting in a strong intracellular Gag retention and a decrease in virus production (32, 

38).   

 

L domains 

The determinant of virus release in retroviral Gags is encoded by a sequence 

motif called the Late (L) domain which functions late in assembly and stimulate the 

release of virus particles from the plasma membrane (8).  Three classes of motifs have 

been defined in viral L domains (Figure 3); these bear the core sequence: Pro-Thr/Ser-

Ala-Pro [P (T/S) AP], Pro-Pro-X-Tyr (PPXY), or Tyr-Pro-X-Leu (YPXL). The first 

evidence that suggested the presence of a region in Gag that was necessary for virus 

release arose from the observation that truncation of the p6 domain at the C-terminus of 

HIV-1 Gag  inhibited virus production at a late stage in the assembly and release process 

(37). This phenotype was characterized by the accumulation of tethered virions at the 

plasma membrane as observed by electron microscopy. Subsequent studies that analyzed 

HIV-1 p6 revealed that a highly conserved region with the consensus sequence P(T/S)AP 

was responsible for the budding and release activity of p6 (53, 142). In the case of ASV 

Gag, a mutational analysis of this protein revealed that the small peptide p2b, located 

between the MA and p10 as shown in Figure 2, plays an important role in virus particle 

production (140). Later studies suggested the presence of PPXY motifs in other 

retroviruses such as Mason–Pfizer monkey virus [M-PMV(144)], murine leukemia virus  
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Figure 3. Viral Late budding or “L” domains. Examples of L-domain motifs from 

diverse retroviruses are shown. A single or double recognizable motif is present within a 

short linear sequence. HIV-1 contains a PTAP and the auxiliary LYPXL motif late 

domains while ASV encodes a PPPY sequence as its late domain. Similar motifs in the 

Gag proteins encoded by HTLV, MLV and EIAV retroviruses are shown.  
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[MLV(146)], human T-cell leukemia virus [HTLV-1(10, 49, 67, 135)], and bovine 

leukemia virus [BLV(136)] that facilitated virus budding. These findings led to new 

investigations, examining the role of these motifs in the structural proteins of other 

simple enveloped viruses. Different studies concluded that PTAP and/or PPXY motifs 

participate in the budding of filoviruses (47), rhabdoviruses (24, 48) and arena viruses 

(105).  Different L domain motifs, YPXL and YP(LXX)n, was identified for the 

retrovirus equine infectious anemia virus [(EIAV; Figure 3) (18, 104, 111)].  A related 

sequence is found in HIV-1 p6 region and, in certain contexts, this motif can provide 

some L domain activity to HIV-1 (81, 125).  

 

L Domains and Cellular Proteins 

 

A series of observations by different groups suggested that L domains display 

positional independence and functional exchangeability (24, 69, 104, 142, 145) and led to 

the idea that L domains were sites of interactions with cellular factors. The PTAP, PPXY 

and YXXL motifs were found to interact with different proteins that participate in the 

sorting of cellular cargo in the endosome. 

Endosomes are responsible for separating proteins that will be recycled from 

those that will be degraded in lysosomes (Figure 4). Cellular proteins that are not 

recycled back to the trans-Golgi network or the plasma membrane are delivered to late 

endosomes and lysosomes (39).  Proteins destined for degradation are incorporated into 

intralumenal vesicles that bud from the limiting membrane inwards, away from the  
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Figure 4. Illustration of the endocytic sorting pathway. Signaling receptors (e.g., EGFR) 

that need to be downregulated are internalized and then ubiquitinated by an E3 ubiquitin 

ligase protein such as Nedd4.  Monoubiquitination signals the endocytosis of the cellular 

receptor and the ubiquitin moiety is recognized by a series of cellular proteins that are 

part of the ESCRT complex (e.g., Tsg101). Deubiquitination events in combination with 

the disassembly of ESCRT complexes from the endosomal membrane causes the 

formation of intralumenal vesicles, i.e., biogenesis of the MVB. The MVB fuses with the 

lysosome where degradation of cellular cargo occurs. Degradation may also occur in 

proteasomes.  Those receptors that are not ubiquitin-targeted for degradation will recycle 

back to the plasma membrane.  
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cytoplasm, forming multivesicular bodies (MVBs).  Fusion of MVBs with lysosomes 

initiates the degradation of the intralumenal vesicles and their contents. Targeting of 

protein cargo into this degradative pathway is highly regulated and depends on 

posttranslational modification by ubiquitin.  Specifically, monoubiquitination serves as a 

signal for entry of proteins into the MVB pathway.  Both MVB vesicle formation and 

sorting of ubiquitinated cargo depends on the endosomal sorting complex required for 

transport (ESCRT) which is a group of conserved proteins that are recruited to the 

endosome. In a similar way, retroviral Gag proteins mimic host cell proteins that 

normally recruit ESCRT complexes and divert these complexes to sites of viral particle 

assembly to enable the topologically equivalent budding of cellular and nascent virion 

membranes away from the cytoplasm, leading to release of viral particles into the 

extracellular environment. In this section I will describe in detail the interaction of the 

retroviral L domains of HIV-1 (PTAP) and ASV (PPXY)-Gag and their interaction with 

cellular proteins that participate in the sorting of cellular cargo mediated by the ESCRT 

machinery.  

The PTAP L domain was shown to bind the cellular protein Tsg101. Specifically, 

our lab established that  Tsg101 interacted with the p6 region of HIV-1 Gag both in vitro 

and in the cytoplasm of transfected cells by doing yeast two hybrid analysis and co-

immunoprecipitation, respectively (133). Furthermore, another group established that 

depleting the endogenous levels of Tsg101 by siRNA markedly impaired HIV-1 virus 

production (26, 36). Tsg101 is a protein involved in the recognition and sorting of 

cellular endosomal cargo as illustrated in Figure 4 (5, 58) and is a component of the 

ESCRT-I complex. Tsg101 was originally identified in a random RNA knockout screen 
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for tumor suppressor genes (70). Its expression is tightly regulated and therefore 

overexpression leads to transformation (71) and can contribute in the progression of 

breast cancer (100). This protein has also been implicated in genome stability, mitotic 

spindle formation (143), gene transcription, regulation of ubiquitination events (71, 127) 

and recently in cytokinesis (15, 92) . However, in the context of virus budding, Tsg101 is 

important because it participates in the sorting of endocytic cargo and specifically in the 

process of intralumenal vesicle formation at an endosomal compartment which, as noted 

above, shares similarities with the process of virus budding. As shown in Figure 5, 

Tsg101 is a multidomain protein composed of an N-terminal ubiquitin E2 variant (UEV) 

domain (residues 1-145) which displays significant sequence similarity to E2  ubiquitin 

conjugases but is unable to catalize ubiquitin transfer as it lacks the active site cysteine 

(63, 109). This domain not only binds to ubiquitin or ubiquitinated proteins (58) but also 

binds the HIV-1 PTAP L domain (36, 133). In addition, Tsg101 has a proline rich region 

(residues ~146-215), a predicted coiled-coil region (residues ~240-311), and a predicted 

helical C-terminal domain that is highly conserved (residues ~330-390). These regions 

are responsible for interacting with other components of the ESCRT-1 complex and also 

provide an autoregulatory mechanism that controls its stability (31, 87). 

 L domains characterized by the PPPY motif have been shown to interact with the 

Neuronal precursor cell-expressed developmentally downregulated 4 (Nedd4) family of 

cellular E3 ubiquitin ligases.  Specifically, Nedd4 binds to the p2b region of the RSV 

Gag protein and is required for release of the virus-like particles (VLPs) assembled by 

Gag (60, 132). Like Tsg101, Nedd4 is also implicated in endocytic processes.  Nedd4 

ubiquitinates several plasma membrane proteins and provides the major signal for sorting  
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Figure 5. Schematic illustrations of Tsg101 and Nedd4 showing the putative domain 

structures and binding partners. A. Schematic illustration of Tsg101 showing the amino 

acid numbering scheme and approximate interaction sites of known binding partners. At 

its N-terminus the UEV domain contains sequences that can bind to ubiquitin and PTAP 

motifs such as the motif in HIV-1 Gag.  It also contains a Pro (proline rich) region; CC 

(coiled-coil) region; SB (steadiness box) region. Vps28, a member of ESCRT-1 binds in 

the SB region. Vps37, another member of ESCRT-1, bind to Tsg101 through the CC 

region. B. Schematic diagram showing the structural organization of a mammalian Nedd4 

E3 ubiquitin ligase family member. The C2 domain translocates the protein to the 

membrane upon calcium binding. Family members contain two to four WW domains that 

are known to bind substrate proteins containing PY motifs. ASV Gag contains a PY motif 

in its L domain. The catalytic cysteine within the HECT domain is responsible for 

ubiquitin ligation. 
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proteins into MVBs (57, 80).  Nedd4 and Nedd4-related proteins are conserved from 

yeast to mammals and are defined by a similar domain organization (Figure 5B).  All 

contain a C2 domain at the N-terminus; are known to interact with a variety of 

phospholipids and proteins (93); and are thought to function in protein localization and 

trafficking.  The two to four WW domains present in the middle of the protein are 

modules consisting of approximately 35 amino acids and named for the presence of two 

conserved tryptophan residues spaced 20-22 amino acids apart that mediate substrate 

recognition [reviewed in (78, 126)], primarily by recognizing PPXY motifs.  The HECT 

domain at the C-terminus of the protein provides the catalytic function for the 

ubiquitination of target proteins. Briefly, the mechanism involves the initial binding of an 

ubiquitin-conjugated E2 enzyme to the HECT domain with subsequent thiol-ester 

exchange to transfer the ubiquitin moiety from the E2 to the catalytic cysteine in the E3. 

Transfer of ubiquitin then occurs to either a target protein, or to another ubiquitin 

molecule, to form a polyubiquitin chain. In both situations, the ubiquitin is transferred 

from the E3 catalytic cysteine to a lysine side-chain ε-amino group forming an isopeptide 

bond (106, 119).  

In the case of the YXXL motif, it has been shown that the cellular proteins AP-2 

and AIP-1/ALIX can be recruited to sites of EIAV Gag viral budding (111, 125) by a 

direct interaction with the L domain in the p9 region of Gag. Similarly, a YP(LXX)n  

motif found downstream of the PTAP sequence in HIV-1 Gag can also recruit AIP-

1/ALIX but does not act in the same manner as the motif in EIAV Gag since the 

interactions of ALIX with p6 (HIV) or p9 (EIAV) are regulated by context-dependent 

factors (66).  Nevertheless, ALIX also participates in endosomal sorting and protein 
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trafficking by interacting with Tsg101 and other components of the ESCRT machinery. 

Clearly, all the L domain binding proteins, Tsg101, ALIX and Nedd4, have extensive 

interaction with other components of the MVB sorting machinery and thus provide a way 

to recruit all the factors that make the “budding machinery” necessary for efficient viral 

egress.  

 

The ESCRT cellular machinery 

Four ESCRT complexes have been described and are thought to function 

sequentially in trafficking of cellular cargo, at least in yeast. (54, 64) The ESCRT-0 

complex contains the proteins hepatocyte growth factor-regulated substrate (Hrs) and 

signal-transducing adaptor molecule (STAM). ESCRT-0 binds directly to the endosome 

by interacting with the lipid phosphatidylinositol 3-phosphate (PI3P) and recruits the 

ESCRT-I (59, 75, 90). The ESCRT-I is composed of four subunits, Tsg101, Vps28 and 

Vps37 and the recently identified Mvb12 (91, 99),  in both yeast and humans.  The Vps28 

subunit of ESCRT–I recruits ESCRT-II(64).  The ESCRT–II forms the bridge between 

ubiquitinated cargo, the endosomal membrane, and the ESCRT–I and –III complexes (4). 

It is composed of Eap30, Eap45, and Eap20. Eap45 contains a pleckstrin homology (PH) 

domain variant called a “GLUE” domain, which binds to phosphoinosites and ubiquitin 

(51, 123).  ESCRT-II binds proteins that compose ESCRT-III complex. The ESCRT-III 

is composed of several homologous, highly charged subunits that contain charged and 

predicted coiled-coil regions (3).  Four subunits, CHMP2A-B, CHMP6, CHMP3 and 

CHMP4, form a large and tightly membrane-bound assemblage. ESCRT-III binds the  
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Figure 6. Schematic showing the functions of endosomal sorting complex required for 

transport (ESCRT) and ESCRT-related proteins in endosomal sorting of ubiquitinated 

membrane proteins (cargo). Ubiquitinated cargo is recognized by ESCRT-0 complex by 

binding of the ubiquitin-interactive motif (UIM) in Hrs. This protein is anchored to the 

endosomal surface by an interaction between the FYVE motif in Hrs and PI(3)P in the 

endosomal membrane. Cargo is then transferred to the ESCRT-I complex, which is 

recruited via Tsg101’s UEV domain. ESCRT-II is recruited by the Vps28-Eap45 

interaction; ESCRT-III is recruited to the endosomal membrane by its interaction with 

lipids. In the final steps of sorting, ubiquitins are removed from cargo by the 

deubiquitinating enzyme (DUB) AMSH, and the ESCRT complexes are dissociated by 

the ATPase activity of Vps4.  

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 



 

25 

 

ATPase Vps4 to finally induce the deformation of the membrane, drive the invagination 

and fission of intralumenal vesicles into MVBs, and facilitate disassembly of the ESCRT 

complexes on the MVB limiting membrane (6, 7). Interestingly, ALIX bridges Tsg101 of 

ESCRT-1 with CHMP4B of ESCRT-III. As HIV Gag can bind both Tsg101 and ALIX, it 

does not require ESCRT-II function (65). Based on biochemical analysis of the ESCRT 

complexes in yeast, a model for the function of the ESCRT proteins in this pathways has 

been proposed [reviewed in (54)] and described in Figure 6.  

 

Sprouty2, a regulator of ESCRT-mediated EGFR trafficking 

 The ESCRT cellular machinery is targeted by regulatory proteins that have a 

negative impact in the process of cellular cargo degradation. The best example for this 

kind of regulation is mediated by proteins that belong to the Sprouty (Spry) family. The 

Spry family of proteins are a highly conserved group of negative modulators that have 

been shown to participate in the downregulation of receptor tyrosine kinases (RTKs) by 

targeting the endocytic machinery (61, 62).   

 The founding member of the family, Drosophila Spry (dSpry), was initially 

described as an antagonist of Breathless, the insect equivalent of the fibroblast growth 

factor receptor (FGFR) which mediates branching of the Drosophila trachea (41).  Four 

orthologs of dSpry have been identified in mammals (Spry1-4). Of these, Spry2 exhibits 

the highest level of homology to the ancestral gene and a great amount of studies have 

linked Spry2 to the modulation of epidermal growth factor receptor (EGFR) signaling 

and trafficking (115). Other RTKs that have been shown to be modulated by Spry2  
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Figure 7. Schematic of the four mammalian Sprouty proteins. The conserved carboxyl-

terminal cysteine rich region, responsible for membrane targeting to PI(4,5)P2 is shown in 

yellow; black bars indicate putative SH3-binding sequence (PxxP). Y indicates the 

conserved tyrosine residue locate in the amino terminal end. This residue undergoes 

phosphorylation in response to receptor tyrosine kinase stimulation 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

28 

 

 

include FGFR, the vascular endothelial growth factor receptor (VEGFR) and the 

hepatocyte growth factor receptor [HGF (55, 68)]. Signals that are derived from RTK, 

such as EGFR, are transduced by downstream signaling molecules (e.g., Grb2, Sos, Ras, 

Raf, etc), which lead to the activation of the mitogen-activated protein kinase (MAPK). 

This signaling event is essential for different cellular processes such as growth 

differentiation and migration.  

 As illustrated in Figure 7, Spry proteins contain a much conserved cysteine-rich 

region present at the carboxyl terminus of all mammalian Spry proteins.  This region is 

important for the translocation of Spry to the plasma membrane by its interaction with 

phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2 (72, 73)]. Outside the cysteine rich 

region, at the amino terminal site, a conserved tyrosine residue mediates the interaction of 

Spry with signaling molecules that contain Src-homology-2 (SH2) domains. However, 

outside of this region, sequence divergence is observed in all Spry homologs.  This might 

explain their complex and diverse mode of action that has been observed (13, 19, 40, 61, 

84).  

 The modulation of EGFR signaling and trafficking by Spry2 is complex. As 

illustrated in Figure 8, Spry2 can have a negative or positive effect on EGFR signaling. 

One way of positively modulating EGFR signaling is by Spry2’s interaction with the E3 

ubiquitin ligase Cbl.  Upon EGF induction, Spry2 undergoes phosphorylation on its 

tyrosine residue. This phosphorylation site functions as binding site for the SH2 domain 

of Cbl (33, 115).  As this SH2 domain is required for Cbl to interact with the activated 

form of the EGFR, the binding of Spry2 recruits Cbl away from the EGFR and prevents  
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Figure 8. Schematic diagram illustrating the EGFR signaling pathway and  modulation  

by Spry A. Upon activation of EGFR, various tyrosine residues become phosphorylated 

on the cytosolic tail of the receptor and they become targets of both positive and negative 

regulatory proteins bearing intrinsic SH2 domains. The SH2 domain on Cbl binds 

directly to one of the phosphorylated tyrosine residues on EGFR. Cbl functions as an E3 

ubiquitin ligase where it tags the EGFR for ubiquitination, endocytosis and destruction 

via the intracellular endosomal system. A positive signal, by which the Ras/MAP kinase 

pathway gets activated, is initiated by the binding of the Grb2 SH2 domain to tyrosine 

residues on EGFR. The signal gets transduced leading to cellular growth and 

differentiation. B. When Spry2 is expressed in activated cells it tranlocates to the plasma 

membrane, by binding to free PI(4,5)P2, and becomes phosphorylated. The two tyrosine-

phosphorylated sites on EGFR and Spry2 compete for binding to the SH2 domain of Cbl. 

This prevents EGFR downregulation and the net result of this is the failure of EGFR to 

submit to endocytosis and destruction, allowing the Ras/MAP-kinase signal to be 

sustained. Spry2 can also negatively regulate the EGFR signaling by recruiting the 

adaptor molecule Grb2 or by directly interacting with Raf. Adapted from Guy et al. (40) 
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its ubiquitination and internalization which leads to a sustained MAPK signaling. On the 

contrary, Spry2 can negatively regulate EGFR by interacting with adaptor molecules that 

participate in transducing the signal from the plasma membrane. One of these adaptor 

molecules is Grb2(46), which prevents the activation of Ras, and therefore inhibiting the 

transduction of the signal. 

 Spry2 functions in preventing ubiquitination of cellular cargo (e.g., EGFR) and 

the recent observation that Spry2 can modulate the interaction of ESCRT proteins, 

specifically the association between Hrs (ESCRT-0) and Tsg101 [(ESCRT-I)(62)], 

suggests that Spry2 can positively regulate EGFR signaling by preventing cellular sorting 

in the MVB, which ultimately prevents degradation  in the lysosome. This kind of 

regulation should provide an advantage to pathogens that utilize the ESCRT machinery. 

As noted above, HIV-1 Gag and ASV-Gag utilize the ESCRT machinery but are 

excluded from the lysosomal pathway. Instead Gag proteins can recruit this cellular 

machinery, assemble and exit the cell.  

 

Focus of this thesis 

Based on the observations described above, it is now apparent that MVB 

biogenesis and virus budding are topologically similar events and retroviral Gags, 

through their L domains, are hijacking the ESCRT machinery for trafficking and efficient 

release. However, the mechanism underlying the recruitment and utilization of these 

proteins by the different retroviruses is not clearly understood and the route that Gag 

follows before reaching its ultimate destination at the cell periphery still remains a 
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subject of debate.  Moreover, while the linkage to the endocytic trafficking machinery of 

viruses with PTAP motifs in their Gag proteins is well documented, the mechanisms that 

links Nedd4 and viruses whose Gag proteins contain a PPPY motif is not clear. 

Understanding the specific pathways utilize by diverse retroviral Gag proteins is of great 

importance in order to find specific inhibitors that can block their trafficking to the 

plasma membrane and, therefore, provide novel strategies for treatment  of infections 

caused by the human retrovirus HIV-1.   

 After describing Materials and Methods (Chapter Two), I investigate the 

dependence of the functionally exchangeable L domains of HIV-1 and ASV-Gag on 

Nedd4 and Tsg101, respectively, as a means of determining whether HIV-1 and ASV-

Gag use the same trafficking pathways (Chapter 3). In Chapter Four, I explore in more 

detail the requirement of ASV Gag for Tsg101 and conclude that Tsg101 can substitute 

for Nedd4, the natural cellular protein binding partner for Gag, in promoting efficient 

budding but Tsg101 directs ASV Gag to a different membrane region for VLP assembly 

and release.      In Chapter Five, I examine the role in Gag release of Sprouty2 (Spry2), a 

non-ESCRT protein that regulates trafficking of cell surface receptors to degradative 

compartments, a process that is directed by the ESCRT machinery.  I conclude that Spry2 

also regulates the trafficking and release of HIV Gag, and participates in directing Gag to 

the plasma membrane.  Together, the studies described in Chapters Three, Four, and Five, 

and discussed in Chapter Six, provide interesting new information about the cellular 

pathways involved in retroviral trafficking and release.    
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CHAPTER 2: Materials and Methods 

 

Plasmids 

pCMV-HIV-1 gag encoding HIV-1 Gag C-terminally tagged with green fluorescent 

protein (Gag-GFP) has been previously described (50). Briefly, plasmid p55M1234, a 

Rev-independent full length gag gene clone, was used to amplify the Gag sequence by 

PCR to produce an EcoRI site at the 5’ end and a BamHI at the 3’ to allow the insertion 

into pEGFP-N1 (Clontech, Palo Alto, CA) in frame with the gfp gene.  Site-directed 

mutation of the Gag PTAP motif to generate the construct P7L-Gag-GFP encoding a Gag 

with a non-functional late domain (LTAP) was constructed by using site-directed 

mutagenesis kit (Qiagen, Valencia, CA). The point mutation was sequenced to confirm 

the specified mutation. The plasmid ASV-Gag-GFP encodes the ASV Gag proteins 

minus the last six residues of NC and all of PR (132) fused to enhanced GFP in the 

pEGFP-N2 backbone.  Construct Δp2b-Gag-GFP lacks the nucleotide sequence coding 

for the PPPPYV sequence within p2b as well as the last six residues of NC and all of PR. 

The pΔp2b-Gag-GFP sequence was amplified from p2036-Gag/Δp2b by PCR to produce 

a HindIII site at the 5’end and a KpnI site at the 3’end to allow for insertion into pEGFP-

N2, with Gag placed in frame with GFP. DNA encoding ASV Gag -Δp2b-Tsg101 was 

constructed by doing a double digestion of p2036 (60) with KpnI and XbaI to remove the 

gfp coding region. Using PCR-based methods, a 5’ KpnI site was introduced upstream of 

the start codon of ASV Gag-Δp2b.  Additionally, a 3’ HpaI site was introduced 

downstream of the ASV-Gag-Δp2b coding sequence. Similarly, a 5’ HpaI and a 3’ XbaI 

site were introduced upstream and downstream, respectively, of the full length coding 
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sequence of tsg101.  Both PCR products were ligated to the KpnI and XbaI doubly 

digested p2036 vector DNA to produce p2036 ASV Gag-Δp2b-tsg101, in which Tsg101 

is translationally fused in frame to the C-terminus of ASV-Gag-Δp2b. This strategy was 

also utilized to construct HIV-Gag-P7L-tsg101 fusion construct and the ASV-Gag-Δp2b-

vps37C, -Δp2b-eap20, and Δp2b-chmp4B constructs. Constructs encoding the human full 

length Tsg101 C-terminally tagged with myc  (pLLEXP1-tsg101-myc) and Tsg101-myc 

deletion mutants including the pLLEXP1-tsg101 N-term or C-term-myc or the pLLEXP-

HA-tsg101 have been described previously (71, 75). DNA encoding human vps4A or 

vps4A-E228Q was a gift of Dr. Sunquist [University of Utah (36)]. LDI-1 construct had 

been previously described (60). Briefly, LDI-1 was subcloned into the p2036 backbone 

with a HA tag at the N-terminus.  KpnI and XbaI restriction sites were introduced by 

standard PCR techniques into the LDI-1construct at 5’ and 3’ ends, respectively, and 

used for subcloning into plasmid 2036.  

Plasmid amplification and purification  

Recombinant plasmids were propagated in Escherichia coli DH5α, c600, or MC1061/P3 

in Luria Bertani (LB) medium containing either 50ug/ml of ampicillin, kanamycin or 

25ug/ml of tetracycline at 37°C for about 12-16 hours. Isolation of plasmid DNA was 

performed by using the Endofree plasmid purification Maxi-prep kit (Qiagen, Valencia, 

CA) following the manufacturer’s instruction. Endotoxin removal ensures high 

transfection efficiency by using the endotoxin removal buffer provided in the kit. Plasmid 

DNA yield was determined by spectrophotometry at 260nm and quantitative analysis on 

an agarose gel was performed.  
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Cell culture and transfection 

Cos-1(African monkey kidney cells), 293/E (human embryonic kidney cells expressing 

the EBNA 1 protein of Epstein-Barr virus), DF-1(chicken embryo fibroblasts, or DF-

1/RCAS/BP-A (chicken embryo fibroblasts constitutively expressing ASV) cells were 

grown in Dulbecco’s modified Eagle medium [DMEM (GIBCO BRL-Invitrogen) 

supplemented with fetal bovine serum [5%, 10%, 10%, 10%, respectively (Hyclone, 

Inc)]. 293/E cells were supplemented with the antibiotic G418 (geneticin) for 

maintenance. For transfection experiments, cells were seeded to obtain 60% confluency 

in a 100mm tissue culture plate. Cells were grown at 37°C under 5% CO2.  Cells were 

transfected by using Fugene6 (Roche, Indianapolis, IN) transfection reagent according to 

the instructions of the manufacturer.  

Preparation of cytoplasmic extracts and virus isolation 

  At 48 hours post-transfection, the cells were harvested by scraping (cell scraper 25cm-2 

position blade from Sarstedt, Inc.) into cold Dulbecco’s Phosphate-Buffered Saline (D-

PBS) and collected by centrifugation at 3000 rpm for 10 min at 4°C. The pelleted cells 

were washed two times with cold D-PBS and allowed to swell in cold hypotonic buffer 

(10mM Tris-HCL (pH 7.4) and 1mM MgCl2), containing protease inhibitors (Roche, 

Indianapolis, IN) and disrupted using a Dounce homogenizer with a type B pestle (40 

strokes). The total lysate of approximately 1ml was spun for 10 min. at 1000x g at 4°C to 

remove unbroken cells, nuclei, and mitochondria, producing a total cytoplasmic fraction. 

For immunoprecipitation experiments, the cytoplasmic extract was cleared of large 

particulate material by spinning at 10,000x g. In order to isolate the virus-like particles 
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produced by Gag, the cell culture media from each plate was filtered through a 0.45µm 

filter and applied to a cushion of 20% sucrose in a centrifuge tube and then spun at 

37,000 rpm for 90 min at 4°C (Beckman SW41 rotor). The pelleted VLPs were 

resuspended in 50µl of PBS and loading buffer at 4°C. 

Protein detection 

 Proteins were separated by electrophoresis through 12.5% SDS-polyacrylamide gels. 

Following electrophoresis, the gels were transferred to nitrocellulose membranes and 

analyze by Western blotting. The membranes were blocked in 5% non-fat milk for 1 hour 

and then rinse three times with PBS-T (1% Tween). Shortly after the membranes were 

incubated with the primary antibody for 24 hours and rinsed. The corresponding 

secondary antibody was added at a 1:10,000 dilution in 5% non-fat milk dissolve in PBS-

T and incubated for 1 hour at room temperature. Proteins were visualized by 

chemiluminescence using Lumi-light reagents (Roche, Indianapolis, IN) and 

measurements of relative protein levels were determined by densitometry using NIH 

Image software. Alternatively, when using secondary antibodies containing a fluorescent 

dye, the proteins were visualized by scanning the membrane with the Odyssey Infrared 

Imaging System and protein levels were quantified using the Odyssey software.  

Antibodies 

Tsg101 was detected by using either a monoclonal or polyclonal antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA) at a 1:1000 dilution. Nedd4 proteins were detected with 

anti-Nedd4 polyclonal antibodies given by Dr. D Rotin (124). Anti-HA, anti-myc tagged 

proteins were detected by using either monoclonal or polyclonal antibodies from Sigma 
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(St. Lois, MO) at a 1:1000 dilution. GFP-tagged proteins were detected by using a 

monoclonal antibody from Clontech Laboratories (Mountain View, CA) at a 1:1000. For 

detection of ASV chimeric proteins an anti-AMV-MA (p19) monoclonal antibody was 

used, this antibody recognized the MA domain of ASV and was developed by David 

Boettiger and was obtained from the Developmental Studies Hybridoma Bank under the 

auspices of the NICHD and maintained by the University of Iowa, Department of 

Biological Sciences (Iowa City, IA). HIV chimeric proteins were detected using an anti-

CA rabbit polyclonal antibody raised against a native form of the capsid protein (30).  

Fluorescence microscopy 

Cos-1 cells were used for fluorescence imaging due to the relatively high ratio of 

cytoplasm to nucleus, which facilitates the analysis of cellular trafficking events. These 

cells were grown to 40% confluency on large square coverslips (22x22mm) in six well 

plates in DMEM supplemented with fetal bovine serum and antibiotics (1% Streptomycin 

and Penicillin) and transfected as previously described (88). At 24 hours post-tranfection, 

the cells were washed twice with PBS and fixed in 3.7% formaldehyde (Fisher, Fairlawn, 

NJ) in PBS for 20 min. at room temperature on a rocking platform and covered with 

aluminum paper. Samples were then washed three times with PBS, for 5 min. each wash 

and permeabilized with 0.1% Triton-X 100 for 4 min. and washed three times again with 

PBS.   
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CHAPTER 3: Functionally exchangeable PPPY and PTAP L domains and 

ESCRT mediated trafficking pathways required for efficient release.  

 

Summary 

In this chapter I examined the dependence of the functionally exchangeable L domains of 

HIV-1 and ASV Gag on Nedd4 and Tsg101, respectively, as a means of determining 

whether HIV-1 and ASV-Gag use the same trafficking pathways. The functional 

exchangeability feature of L domains predicts that ASV Gag, containing a PPXY L 

domain, might share the same pathway as the one used by HIV Gag, containing a 

PT/SAP L domain.  However, it is possible that the mechanism utilized by ASV Gag is 

independent of the pathway taken by a virus whose Gag contains a PTAP motif. One 

possible mechanism by which a Gag protein with the PPPY motif might be linked to the 

endocytic cellular machinery is through the interaction between the ubiquitin E2 variant 

Tsg101 and the E3 ubiquitin ligase Nedd4.  The results of the study described in this 

chapter suggests that ASV Gag, like HIV Gag, utilizes the endocytic machinery and that 

Tsg101 and Nedd4 interact at steady state,  providing a possible link for Nedd4 to the 

ESCRT cellular machinery.  However, it was observed that a dominant negative (DN) 

mutant of Tsg101 had little effect on ASV Gag VLP release and a DN mutant of Nedd4 

had little effect HIV Gag VLP release, indicating that the pathways used by HIV and 

ASV are not the same.   Interestingly, although a C-terminal fragment of Tsg101 that 

inhibited the budding of HIV and murine leukemia virus (MLV), a retrovirus whose Gag 

protein contains both the PTAP and the PPPY motif, was not found to block ASV 

release, we found that the quality of the budding event was impacted.  Examination by 

electron microscopy revealed double particles tethered to each other, indicating a defect 
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in particle-particle detachment. The results obtained in this study clearly support the 

notion that viruses lacking the PTAP motif can also utilize the cellular endocytic 

machinery.  However, the way they access the machinery is apparently not through the 

interaction between Nedd4 and Tsg101. Nevertheless, our EM observations suggest that 

proper interaction between Tsg101 and Nedd4 might be necessary for efficient particle 

detachment.    

Specific Contribution: I designed and performed the experiments in Figures 2, 3, 5, and 

6. The attached publication, Medina et al, 2005 in the Traffic Journal was provided by the 

copyright owner, Blackwell Munksgaard and permission has been granted for its use in 

this dissertation.   
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CHAPTER 4:  Alternative trafficking pathway of ASV Gag mediated by ESCRTs 

Summary 

In the previous chapter, I investigated the requirement for Tsg101 in ASV Gag 

trafficking and release using mammalian cell lines.  In this chapter, I explore in more 

detail the requirement of ASV Gag for Tsg101 using avian cells, which are the natural 

hosts.  I confirm that Tsg101 is not required for virus production in the natural host by 

demonstrating that siRNA targeted to mRNA encoding Tsg101 did not have a negative 

effect on VLP production in avian cells that were constitutively expressing ASV Gag, 

even though the endogenous pool of Tsg101 in these cells was depleted.  I also show that 

Tsg101 can substitute for Nedd4, the natural cellular protein binding partner for ASV 

Gag, in promoting efficient budding by demonstrating that the release of a chimeric ASV 

Gag lacking the Nedd4 binding site was rescued by translational fusion to Tsg101.  

Surprisingly, however, Tsg101 directed ASV Gag to a different membrane region for 

VLP assembly and release since the particles containing Tsg101 lacked markers of 

endosomal-like membrane domains that were detected in particles assembled from the 

wild type ASV Gag protein.  Based on this study, we conclude that Tsg101 can substitute 

for Nedd4 to allow ASV Gag release but these two cellular co-factors direct Gag release 

through functionally exchangeable but distinct pathways.    

 

Specific Contribution: I designed and performed the experiments in Figures 1A, 4, 5A-

H, and contributed to the writing of the manuscript. The attached publication, Medina et 

al, 2008 in the Virology Journal was provided by the copyright owner, Elsevier and 

permission has been granted for its use in this dissertation. License # 1970810613203
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CHAPTER 5: The non-ESCRT protein Spry2 and its role in Gag release 

 

SUMMARY 

In this chapter, I examine a non-ESCRT protein and its involvement in the release 

of retroviral Gag, with emphasis on HIV-1 Gag. As previously described, the recruitment 

of cellular proteins by retroviral L domains is required for efficient release from the 

plasma membrane.  The well-documented endocytic cellular machinery composed of 

ESCRT proteins is hijacked by retroviral Gags to the plasma membrane to facilitate viral 

egress from the cell, however the mechanism is not well understood.   In this study, I 

examined the role in Gag release of the cellular protein Sprouty2 (Spry2), which was 

identified in a proteomic analysis of membrane fractions containing ectopically expressed 

Gag.  The Spry2 protein is known to function in the negative regulation of signaling 

events that are activated by growth receptor tyrosine kinases (RTKs).  I observed that 

depletion of endogenous levels of Spry2 had a negative effect on VLP production as did 

overexpression of a C-terminal fragment of Spry2 protein.  Interestingly, a mutant of 

Spry2 that had no detectable effect on WT Gag release promoted the release of a Gag 

mutant lacking a functional Tsg101 binding site.  I conclude that in addition to 

modulating Tsg101-facilitated receptor downregulation, Spry2 also may play an 

important regulatory role in Tsg101-mediated HIV Gag release.  

Specific Contribution: I designed and performed all of the experiments in this chapter 

and wrote the first draft of the manuscript. 
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ABSTRACT 

 It is now well established that growth factor receptors on the cell surface and 

retroviruses both utilize ESCRT machinery to promote trafficking associated with 

delivery of receptors to degradative compartments in the cell interior and viral budding 

from the plasma membrane, respectively.   It has been proposed that Gag is targeted to 

release sites on the plasma membrane by the phospholipid PI(4,5)P2.  Sprouty2 (Spry2), a 

cellular protein that binds PI(4,5)P2 and directs the down-regulation of cell surface 

receptors that is mediated by the ESCRT machinery, was identified in a proteomic 

analysis of membranes isolated from cells expressing Gag.   Here, we show that depletion 

of the endogenous pool of Spry2 in COS-1 cells inhibits release of the virus-like particles 

(VLPs) assembled by Gag. Interestingly, although the C-terminal domain of Spry2 

(Spry2- 175) contains determinants that direct the protein to its phosphatidylinositol 

4,5-biphosphate [(PI(4,5)P2]-binding sites on the plasma membrane, co-expression of 

Gag with the Spry2 C-terminal domain caused both proteins to be sequestered inside the 

cell and interfered with VLP release.  Deletion of the Tsg101 binding site in Gag restored 

the ability of both Gag and Spry175 to be delivered to the cell periphery but, as 

expected, not VLP release, suggesting that both Tsg101 and a determinant in the Spry2 

N-terminus were required for efficient Gag egress.  Consistent with this possibility, co-

expression of the Gag mutant with a Spry2 mutant lacking the only conserved sequences 

in the N-terminal domain increased the efficiency of VLP release 5-fold.  In contrast, co-

expression of Gag with WT Spry2 had no detectable effect or an inhibitory effect.  

Examination of the cells by confocal microscopy revealed that WT Spry2 co-localized 

with PI(4,5)P2  in complexes that were resistant to cold Triton X-100 extraction. In 
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contrast, the Spry2 mutant failed to co-localize with PI(4,5)P2 following cold Triton 

extraction but, unlike the WT Spry2 protein, co-localized with caveolin-1.  We conclude 

that in addition to modulating the trafficking of cellular proteins using ESCRT machinery 

for delivery to interior compartments, Spry2 also regulates Gag membrane targeting and 

release efficiency, perhaps by modulating PI(4,5)P2 accessibility at the plasma 

membrane.  
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INTRODUCTION 

 Assembly and release of retroviral particles, including HIV-1, is driven by the 

expression of Gag precursor proteins (35). Gag proteins are sufficient for the formation of 

virus like particles (VLP) in the absence of other viral components. VLP release is a 

complex process that requires the interplay between the L domains and different cellular 

proteins. In the case of HIV-1, as described in the introduction in Chapter One, VLP 

release is mediated by the interaction between its PTAP L domain and components of the 

ESCRT machinery (134). An intriguing feature of the ESCRT-mediated budding of HIV-

1 is that recruitment of the endocytic machinery does not lead to degradation. In support 

of this notion, several studies have reported that HIV-1 Gag can concentrate on late 

endosomes/MVBs and progeny virus can effectively exit the cell (27, 97, 121, 134). In 

contrast, cellular cargo (e.g., EGFR) that also utilizes the ESCRT machinery gets targeted 

to the lysosome for degradation. Certainly, cellular proteins that regulate ESCRT-

mediated pathways should provide clues about the mechanism that allow retroviruses to 

exit from the plasma membrane.  

 A recent observation from Kim et al indicates that the cellular protein Sprouty2 

(Spry2) affects the endocytic trafficking of EGFR by preventing its down-regulation.  

Specifically, it was shown that Spry2 interfered with the interaction between Hrs and 

Tsg101: two components of the endocytic machinery that participate in the recognition of 

cellular cargo and recruitment of ESCRT complexes.  Furthermore, Spry2 can also affect 

the trafficking of EGFR by interacting with the E3 ubiquitin ligase Cbl. Upon EGF 

induction, Spry2 undergoes phosphorylation on its tyrosine 55 (Y55) residue. This 

phosphorylation site functions as binding site for the SH2 domain of Cbl (33, 115).  As 
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this same SH2 domain is required for Cbl to interact with the activated form of EGFR, 

the binding of Spry2 recruits Cbl away from EGFR and prevents its ubiquitination and 

internalization, which leads to a sustained MAPK signaling.  Given the resemblance of 

the events that block ESCRT-mediated EGFR trafficking and the ESCRT-mediated 

budding of retroviral Gags, we examined the possibility that Spry2 regulates ESCRT-

mediated trafficking pathways that are required for the efficient release of HIV-1 Gag.   

In the present study we analyzed Spry2 and its involvement in the release of HIV-

1 Gag. siRNA depletion of the endogenous levels of Spry2 in several cell lines (Cos-1, 

293E, and Mia-PaCa) revealed that steady-state levels of Spry2 are required for efficient 

release of HIV-1 Gag. Over-expression experiments utilizing the HA-tagged full length 

Spry2 indicated that Spry2 can inhibit Gag VLP release and this inhibitory effect of 

Spry2 on Gag release was mapped to the C-terminal domain. This domain contains a 

conserved cysteine-rich domain, through which the protein binds to the plasma 

membrane by interacting with the phospholipid PI(4,5)P2. Surprisingly, since it contains 

the sequences required for Spry2 translocation, analysis by confocal microscopy revealed 

that the overexpression of the Spry2 C-terminal domain prevented its translocation to the 

plasma membrane.  The Spry2 C-terminal fragment was found in intracellular vesicles 

where it colocalized with Gag. Together, these observations suggest that determinants in 

the N-terminal region of Spry2 are important for translocation of both Spry2 and Gag to 

the plasma membrane.  The notion that the C-terminal translocation domain and in 

particular the ability to interact with PI(4,5)P2 are important for Spry2 and Gag 

localization to the plasma membrane was confirmed by showing that a Spry2 variant 

bearing a single amino acid substitution that prevents PI(4,5)P2 binding, R252D, caused 
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Spry2 to remain intracellular and inhibited Gag VLP release.    Examination of a Spry2 

variant lacking a highly conserved sequence in the N-terminal region that binds to Cbl 

relieved the inhibitory effect exerted by the WT Spry2 protein on VLP release and even 

promoted release of P7L, a Gag mutant with a disrupted Tsg101 binding site.  

Comparison of the membrane localization of WT Spry2 and Cbl-Spry suggested that 

they localized in different subcellular compartments defined by the ability to co-localize 

with caveolin-1 and the ability to maintain association with PI(4,5)P2  following cold 

Triton X-100 extraction. We conclude that Spry2 participates in Gag release by 

facilitating Gag targeting to PI(4,5)P2 and modulating the availability of the phospholipid 

in specific domains of the plasma membrane.  
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RESULTS 

 

 

 Steady state levels of Spry2 are required for efficient release of HIV-1 Gag. In 

order to understand the significance of Spry2 to Gag assembly, we determined the effect 

of siRNA-mediated depletion of the endogenous pool of Spry2 in Cos-1 cells on HIV-1 

Gag accumulation and VLP production. We utilized a siRNA sequence or a DNA based 

shRNA expression plasmid to deplete the endogenous levels of Spry2 in cells that were 

transfected with HIV Gag-GFP. Non-targeting siRNA or sh-vector were used as controls. 

As seen in Figure 1 (panel A), treatment with Spry2-specific siRNA (20-80 nM) 

significantly reduced the levels HIV-1 Gag released (lanes 4- 6) in a dose- dependent 

manner when compared to the control (lanes 1-3). The intracellular level of Gag was not 

detectably affected by the siRNA treatment. The low levels of endogenous Spry2 present 

in Cos-1 cells prevented its examination by Western blot analysis. We therefore 

determined the extent of depletion by quantitative-PCR (Q-PCR).   Briefly, forty-eight 

hours post-transfection, total RNA was harvested and reversed transcribed. The resulting 

cDNAs were subjected to Q-PCR analysis to assess the expression levels of the spry2 

gene when treated with siRNA (panel B). The siRNA targeted to Spry2 reduced Spry2 

expression by more than 90% at the highest siRNA dose tested. In contrast, transfection 

of siRNA directed at a random sequence did not suppress the endogenous level of Spry2, 

indicating that the observed depletion was specific and not due to off-target effects. Semi-

quantitative analysis (Gag signal in VLP/Cell Lysate + VLP; panel C) indicated that 

under conditions where Spry2 was knocked down to > 90%, the efficiency of VLP 

release was reduced by 60-90%. The results indicate that the steady-state levels of Spry2  
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Figure 1. Steady state levels of Spry2 are required for efficient release of HIV-1 Gag 

VLPs. A. Cos-1 cells were transfected with Spry2-specific siRNA (lanes 4-6) or control 

siRNA (lanes 1-3) for 24 hours followed by transfection with DNA encoding HIV-Gag-

GFP for 48 hours. Gag proteins in lysates and media were isolated as described in 

Materials and Methods and analyzed by SDS-PAGE and Western Blotting. B. Depletion 

of Spry2 by Q-PCR. Cos-1 cells were treated with siRNA against Spry2 or against a non-

specific target (siControl), and transfected with Gag-GFP. Forty eight hours post 

tranfection total RNA was harvested and cDNAs were generated. cDNA levels were 

quantified by Q-PCR analysis using primers specific to Spry2. The data was normalized 

to the house-keeping gene h60S levels. The results represent the average of three 

independent experiments. C. Semi-quantitative analysis of VLP release. The panel shows 

the ratio of the Gag signal in VLP isolated from the media to the VLP signal plus the Gag 

signal in the cell lysate. Values reflect the mean ± SD of three independent experiments. 

Error bar represent the standard error (SEM); differences between experiments were 

examined with the Student’s t test (*p < 0.05) 
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are required for efficient VLP release. Similar results were obtained in experiments using 

shRNA (data not shown). 

 Overexpression of Spry2 full length and C-terminal fragment inhibits HIV-1 

Gag release. Spry2 is known to be a general modulator of growth factor signaling and 

ESCRT-mediated trafficking.  A number of interacting and associated proteins have been 

identified and contribute to Spry2’s function (16, 29, 45, 55, 73, 117, 141).  Many of 

these proteins interact with the C-terminal domain (61, 84).  In particular, the C-terminal 

domain of Spry2 can interact with the lipid PI(4,5)P2 at the plasma membrane during 

growth factor induction (73).  To determine the function of Spry2 that is relevant for Gag 

release, we examined the effect of overexpressing full length Spry2 and Spry2 fragments 

(Figure 2A) on HIV-1 Gag release. Cos-1 cells were co-transfected with different 

concentrations of DNA encoding HA-tagged Spry2 in the presence of HIV-1 Gag-GFP 

and VLP production was examined.  As shown in Figure 2 (panel B), the co-expression 

of HA-Spry2 and HIV-Gag-GFP resulted in a significant decrease in Gag VLP 

production at the higher doses tested (lanes 2-5).  This was observed in five out of seven 

independent trials. Under circumstances where VLP release was not inhibitory, Spry2 

expression was less than the one shown in this experiment. No effect on the intracellular 

levels of Gag was observed.  Next, the regions of Spry2 responsible for the inhibitory 

effect in growth factor signaling were investigated, namely the fragments of the protein 

comprised of the Spry2 N–terminus (Spry2 1-175) or the C-terminal part (Spry2 Δ175).  

Cells that were co-expressing the HA-tagged Spry2 fragment containing the N-terminus 

in the presence of HIV-Gag-GFP (panel C) had no negative effect on the release of 

VLPs.  In fact, an increase in VLP release was observed (lanes 2-5). This was observed  
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Figure 2. Over-expression of Gag of full length Spry2 or a C-terminal fragment 

inhibits HIV-1 Gag release. Western Analysis of VLPs and cell lysates for HIV-1 Gag-

GFP, HA-Spry2 full length, HA-Spry2 N-term and C-term. A. Schematic drawing of 

Spry2 and fragments used in this study. B-D. Cos-1 cells were transfected with a fixed 

amount of DNA encoding HIV-Gag-GFP (lane 1) and increasing amounts of DNA 

encoding HA-Spry2 full length (panel B), Spry2 N-terminal fragment (aa 1-175, panel 

C), or Spry2 C-terminal fragment (aa175-315, panel D) lane 2, spry2:gag, 1µg:3µg; lane 

3, 2µg: 3µg; lane 4, 3µg:3µg; lane 5, 4µg: 3µg). Media and cell lysate fractions were 

harvested at 48 hours post-transfection. E. Semi-quantitative analysis of VLP release 

(VLP/VLP + Cell Lysate). The panel shows the ratio of the Gag signal (determined using 

NIH image) in VLP isolated from the media to the Gag signal in the cell lysate. Values 

reflect the mean ± SD of seven (Spry2 WT) and four (N-term and C-term) independent 

experiments. Error bar represent the standard error (SEM); differences between 

experiments were examined with the Student’s t test (*p < 0.05) 
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 in four independent trials. In contrast, co-expression of the  HA-Spry2 C-terminal 

fragment (panel D) had a significant negative impact on VLP production (lanes 2-5) 

without significantly impacting the intracellular levels of Gag. This observation was 

detected in four independent trials.  A semi-quantitative analysis (panel E) of VLP 

release based on the comparison of Gag intensities in media and cell lysates indicated that 

the efficiency of Gag release was decreased by >80- 90% at the highest amount of HA-

Spry2 WT or HA-Spry2 C-terminal fragment tested.  The release efficiency of Gag was 

increased by an average of ~50% in the cases where an increase occurred. These results 

clearly indicate that the inhibitory budding effects associated with expression of Spry2 

FL maps to the Spry2 C-terminal region. To determine the mechanism underlying the 

inhibition, deconvolution confocal microscopy was conducted. Cos-1 cells were 

transfected with HA-Spry2 WT alone, HIV-1 Gag-GFP alone or co-transfected with Gag 

and the full length Spry2 WT, the HA-Spry2 N-terminal fragment or the HA-Spry2 C-

terminal fragment. Detection of the HA-tagged constructs was achieved by indirect 

immunofluorescent using an antibody against HA.  As observed in Figure 3 (panel A), 

HA-Spry2 distribution was mainly cytosolic and perinuclear with a punctate appearance 

as was previously described (62). Cells expressing Gag-GFP (panel B) showed the 

typical punctate distribution throughout the cell and along the plasma membrane. In cells 

that were co-transfected with Gag-GFP and HA-Spry2 WT (panel C), a clear 

colocalization intracellularly as well as at the plasma membrane was observed (panel C). 

Furthermore, a more plasma membrane proximal localization of Spry2 was observed, 

suggesting that the expression of Gag-GFP disturbed the distribution of Spry2. It was also  
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Figure 3. HIV-1 Gag distribution is altered by co-expression with the Spry2 C-

terminal fragment. Cos-1 cells were transfected with A) HA-Spry2 WT alone (red) or 

B) HIV-Gag-GFP alone (green). The HA-tagged construct were detected by indirect 

immunostaining using specific antibodies against the HA. Hoescht stain was used to 

detect the nucleus (stained blue). (continued) 
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Figure 3. (continued) Cos-1 cells were co-transfected with C) HIV-Gag-GFP (green) and 

HA-Spry2-FL (red), D) HA-Spry2 N-term or E) HA-Spry2 C-term. Colocalization is 

indicated by the yellow color in the merge images.  
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observed that Gag’s distribution was more intracellular. Cell expressing the Spry2 N-

terminal fragment (panel D) showed a very peripheral punctate distribution but did not 

change the localization of Gag-GFP. In contrast, the Spry2 C-terminal domain had a 

dramatic effect on the localization of Gag (panel E). The Spry2 C-terminal fragment 

showed an exclusive cytoplasmic localization in the form of intracellular vesicles. In 

some cases, almost everyone of these vesicles co-localized with Gag-GFP, whose 

distribution also changed to exclusively cytoplasmic. In other cases, only a subset of the 

vesicles contained Gag.  When looking at membrane proximal sites along the z-axis of 

the capture field, there was no evidence that Gag associated with the plasma membrane 

(data not shown). These findings suggest that while Spry2 full length could partially 

affect the localization of Gag, Gag appeared to be trapped with Spry2 in intracellular 

vesicles in the absence of the N-terminal region.  Surprisingly, the translocation of Spry2 

FL observed in cells expressing Gag (panel C) was not observed in cells expressing the 

C-terminal fragment even though the translocation domain which permits Spry2 to 

associate with the plasma membrane was intact. These findings suggest that determinants 

of the N-terminal part of Spry2 are required for proper translocation of both Spry2 and 

Gag to the plasma membrane. 

 Deletion of the PI(4,5)P2 binding site in the C-terminal domain of Spry2 

inhibits Gag VLP.  It was clearly observed that the C-terminal domain was responsible 

for inhibiting Gag VLP release. This is surprising, as it the PI(4,5)P2 –binding 

determinants in this region that permit Spry2 to translocate to the plasma membrane.  The 

MA region in Gag also binds to PI(4,5)P2 and this binding is believed to be required for 

proper targeting of Gag to the plasma membrane and for efficient VLP release  
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Figure 4. Deletion of the PI(4,5)P2 binding site in the C-terminal domain of Spry2 

inhibits Gag VLP. A. Western blot analysis of VLP release.  Cos-1 cells were 

transfected with DNA encoding HIV-Gag-GFP (lane 1) and increasing amounts of DNA 

DNA encoding HA-Spry2-FL (lane 2 and 3) or HA-Spry2 R252D (lane 4 and 5) at the 

indicated gag to spry2 ratio. B. Semi-quantitative analysis of VLP release efficiency 

(VLP/VLP + Cell lysates).The panel shows the ratio of the Gag signal in VLP isolated 

from the media to the Gag signal in the cell lysate. C., D. Immunofluorescent images of 

Cos-1 cells transfected with HA-Spry2-FL (green, panel C) or HA-Spry2-R252D (panel 

D). HA-tagged constructs were detected by indirect immunofluorescence using a specific 

antibody against HA.  
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 (20, 101, 116). In order to examine the notion that Spry2 translocation to PI(4,5)P2 on 

the plasma membrane is important for Spry2 and Gag localization, we utilized a Spry2 

construct where the PI(4,5)P2 binding site has been mutated (HA-Spry2-R252D).  Cos-1 

cells were mock transfected, and transfected with DNA encoding Gag-GFP, or co-

transfected with DNA encoding Gag and either HA-Spry2-WT or HA-Spry2-R252D and 

virion production was examined by Western blotting. In general, co-expression of Gag 

with HA-Spry2-R252D either had the same effect as co-expression of Gag with WT 

Spry2, wherein both WT and mutated Spry2 inhibited VLP release (compare lanes 1 to 5 

in Figure 4A) and by approximately the same degree (panel 4B) or neither inhibited VLP 

release significantly (data not shown). These results indicate that determinants in the N-

terminal region of the Spry2 are important for Gag release and suggest that Spry2 

interaction with PI(4,5)P2 is not critical. To check that the mutation had affected Spry2 

localization, confocal microscopy experiments were conducted using a line of Cos-7 cells 

that constitutively express Gag (Figure 4, panel C and D). As already presented, the 

localization of Spry2-WT showed a punctate cytoplasmic and plasma membrane 

distribution throughout the cell (panel C), however the mutation of the PI(4,5)P2 binding 

site caused Spry2 to be concentrated into intracellular vesicles (panel D). These results 

confirm previous studies indicating that Spry2 PI(4,5)P2 binding sites in the C-terminal 

translocation domain are  important for proper localization of Spry2 to peripheral regions 

of the cell.  

 Deletion of conserved sequences in the N-terminal domain of Spry2 had no 

effect on WT Gag release but promotes release of Gag mutant lacking the Tsg101 

binding site.  As noted above, all mammalian Spry proteins contain a well conserved  
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Figure 5. Deletion of the highly conserved Spry2 Cbl binding site rescues release of a 

late domain Gag mutant. A. Western analysis of VLP release. Cos-1 cells were 

transfected with DNA encoding HIV-Gag-GFP alone (lanes 1 and 2) or P7L-Gag-GFP 

alone (lanes 3 and 4) or with HA-Spry2-ΔCbl (lanes 5 to 7 and 8 to 10) at HA-Spry2 to 

gag ratios 0.5:1 (lanes 5 and 8); 1:1 (lanes 6 and 9); or 1:1.5 (lanes 7 and 10). The Gag 

and Spry2 proteins were detected using anti-GFP or anti-Spry2 antibodies, respectively. 

B. Semi-quantitative analysis of VLP release. The panel shows the ratio of Gag signal in 

VLP isolated from the media to the Gag signal in cell lysates and VLP (VLP/VLP +Cell 

lysates). Values reflect the mean ± SD of three independent experiments. Error bars 

represent the standard error (SEM).       
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region in their amino terminal end,  that binds to the SH2 domain of the E3 ubiquitin 

ligase c-Cbl (141).   In order to examine the importance of this site for VLP release, we 

utilized a construct encoding a variant of Spry2 containing a deletion that prevents its 

binding to c-Cbl (HA-Spry2ΔCbl). As seen in Figure 5, Cos-1 cells were mock 

transfected or transfected with DNA encoding HIV-1 Gag-GFP and different DNA 

concentrations of HA-Spry2 ΔCbl. Virus production was analyzed by Western blotting. 

As shown in Figure 5 (panel A) overexpression of the mutant form of Spry2 had little or 

no effect on the level of HIV-Gag VLP detected in the media (lanes 5-7) when compared 

to the control expressing Gag alone (lanes 1 and 2). However, a more dramatic effect on 

VLP release was observed in cells expressing a late domain Gag mutant (P7L-Gag). This 

mutant exhibits defective Tsg101 binding and is released very inefficiently (83). 

Compared to the control expressing P7L-Gag alone (lanes 3 and 4), cells that were co-

transfected with P7L-Gag and HA-Spry2-ΔCbl showed an increase in the amount of VLP 

in the media and no change in the level of Gag intracellularly, indicating enhanced 

release efficiency (lanes 8 to 10). A semi-quantitative analysis (panel B) of VLP 

efficiency indicated that the expression of Spry2- ΔCbl in cells expressing P7L-Gag 

increased VLP production by approximately 7-fold at the highest DNA concentration 

tested. These results suggest that deletion of the Cbl binding site relieved the inhibition 

mediated through the C-terminal region of Spry2 that was often observed with the WT 

Spry2 protein.  Furthermore, and most significantly, these observations suggest that 

deletion of the Cbl binding site in Spry2 can rescue VLP release in the absence of Tsg101 

binding. 
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Figure 6. Intracellular relationship of Spry2 variants and Gag. Cos-1 cells were 

transfected with DNA encoding WT-Gag-GFP or P7L-GFP alone (panel A, left and right, 

respectively), P7L and the Spry2-C-Term fragment (panel B), WT and Spry2- ΔCbl 

(panel C), or P7L Gag and Spry2-ΔCbl (panel D) Merge images show the red (Spry2) 

and green (WT or P7L) signals. Hoescht stain reveals nucleus (blue).  
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  Deletion of the Tsg101 binding site in Gag relieves Gag sensitivity to inhibition 

by the Spry2 C-terminal fragment. The observation that Spry2-ΔCbl had no effect on 

WT Gag release and rescued P7L-Gag release suggested that its relationship with Gag 

intracellularly is different from the relationship of Gag and the Spry2 C-terminal 

fragment. To examine this, we conducted confocal microscopy experiments to examine 

their localization. Cos-1 cells were transfected with DNA encoding HIV-Gag-GFP or 

P7L-Gag-GFP and HA-Spry2-ΔCbl or Spry2 C-Term. The Spry2 mutants were detected 

by indirect immunostaining using an antibody against the HA tag. As observed in Figure 

6, cells transfected with either HIV-Gag-GFP (panel A, left ) or P7L-Gag-GFP (panel A, 

right) exhibited an even punctate distribution throughout the cell. P7L-Gag-GFP 

exhibited a similar distribution when co-expressed with the Spry2-C-Term fragment 

(panel B).  This contrasted significantly with the altered Gag distribution that was 

observed when WT Gag was co-expressed with Spry2-C-term, as described above (see 

Figure 3E above).  Expression of HA-Spry2-ΔCbl did not disturb the localization pattern 

of WT Gag (panel C) or P7L-Gag (panel D).   These results indicate that interference 

with Tsg101 binding altered the relationship between Gag and Spry2 such that Gag was 

no longer susceptible to the sequestration mediated by the Spry2-C-terminal fragment.  

Also, although examination by confocal microscopy did not provide an explanation, 

interference with the Spry2 N-terminal region must have altered the relationship of Spry2 

with the Gag mutant, since co-expression with Spry2-Cbl rescued P7L release. 

 WT and Cbl-Spry2 exhibit different interactions with membrane 

components.  One possible mechanism by which deletion of sequences in the N-terminal 

region of Spry2 might rescue Gag VLP release in the absence of Tsg101 binding is by  
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Figure 7. Intracellular relationship of Spry2 full length or Spry2 variant (Spry2-

ΔCbl). and caveolin-1 (Cav-1) in the presence of Gag  A. Confocal microspcopy of 

A2.5 cells (panel A) transfected with HA-Spry2 FL(green) and endogenous Caveolin-1 

(Cav-1;red). Colocalization is observed in the merge imaged. The boxed region is 

magnified in the panel on the right. B.  A2.5 cells expressing HA-Spry ΔCbl. 

Endogenous Cav-1 was detected by using specific antibodies against Cav-1 
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exposing determinants in the C-terminal region of the protein that might link P7L-Gag to 

ESCRT machinery or other factors that could facilitate VLP release. To examine this 

possibility, we tested for differences in the C-terminal regions of WT and Cbl-Spry2 by 

determining their ability to co-localize with a known C-terminal binding partner,      

caveolin-1 (binds aa175-315). As previously reported, Spry proteins can associate with 

caveolin-1 (cav-1) through its C-terminus (14, 55, 96); specifically it was shown that 

Spry2 can colocalize with cav-1 at vesicular structures and the plasma membrane (55). 

Cav-1 is the principal component of caveolae membranes, which  are invaginations of 

lipid rafts that are rich in cholesterol, glycosphingolipids, and glycosyl-

phosphatidylinositol (GPI)-linked molecules (112). We conducted experiments to 

examine the relationship of Spry2 with cav-1 in the presence of Gag. A2.5 cells were 

transfected in the presence of Spry2 full length or Spry2 ΔCbl. Twenty four hours post-

transfection, cells were indirectly immunostained for detection of the HA-tagged 

constructs and endogenous cav-1 using specific antibodies. As observed in Figure 7, cells 

that were constitutively expressing HIV-Gag (A2.5) and transiently expressing Spry2 full 

length (in green; panel A), did not show an association with the cav-1 marker (in red; 

panel A).  In contrast, A2.5 cells that were expressing Spry2-ΔCbl (panel B), showed a 

very close association with cav-1. Clear colocalization was observed in vesicular 

structures and at the plasma membrane. This was indicated by the yellow color (merge).  

These results suggest that in the presence of Gag, the accessibility of the C-terminal 

region and, specifically, the interactions of Spry2 WT and the Spry2 mutant with cav-1 

compartments are different.  
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Figure 8. WT and ΔCbl differ in localization with detergent –resistant PI(4,5)P2. 

Immunofluorescent of A2.5 cells that were mock transfected (panel A and D) or 

transfected with Spry2 FL (green; panel B and E) or Spry2 ΔCbl (green; panel C and F). 

The endogenous PI(4,5)P2 was detected by using a specific antibody against PI(4,5)P2 

(red) by permeabilizing the cell with saponin (panel A,B and C) or Triton X-100 (panel 

D, E and F).  
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WT and Cbl-Spry2 interactions with PI(4,5)P2 exhibit different sensitivity to Triton X-

100 extraction.  As discussed above, another factor that interacts with the C-terminal 

region of Spry2 is PI(4,5)P2.  To determine whether WT and Cbl-Spry2 interacted 

similarly or differently with this factor, we analyzed and compared the association 

between Spry2 FL and Spry2-ΔCbl with this phospholipid, using confocal microscopy. 

The detection of endogenous PI(4,5)P2  was performed by utilizing two different 

permeabilization techniques: a) saponin; and b) Triton X-100 treatments. These two 

treatment detect PI(4,5)P2 associated at the plasma membrane and at distinct domains in 

the plasma membrane, respectively.  As illustrated in Figure 8, localization of PI(4,5)P2 

in cells that were mock-transfected (panel A) was mainly at the plasma membrane. 

Similarly, in cells that were expressing Spry full length (panel B) or Spry-ΔCbl (panel 

C), PI(4,5)P2 was distributed along the plasma membrane and both WT and mutated 

Spry2 co-localized with the phospholipid on the plasma membrane. This makes sense, 

since the PI(4,5)P2 binding site in Spry2 was intact in both cases. However, cold Triton 

X-100 extraction allowed us to distinguish PI(4,5)P2 populations that differed in ability to 

co-localize with Spry2. As observed in panel D, in mock-treated cells, PI(4,5)P2 was 

mainly detected in Triton X-100-resistant vesicles that were scattered throughout the 

cytoplasm. In the presence of WT Spry2, PI(4,5)P2 was detected in similar vesicular 

structures and also in peripheral regions at the plasma membrane.  PI(4,5)P2-Spry2  co-

localization was detected in both locations (panel E). In contrast, in cells that were 

expressing Spry2-ΔCbl and extracted with cold Triton X-100, the PI(4,5)P2 distribution 

was similar to that detected in the mock-treated cells and no co-localization between 

Spry2 and PI(4,5)P2 was observed (panel F). These results indicated that Spry2 and 
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Spry2-ΔCbl differed in their ability to localize with Triton X-1000-resistant-PI(4,5)P2.  

complexes and suggested that they associated with different regions of the plasma 

membrane. Thus, determinants in the N-terminal region of Spry2 might play a direct role 

in modulating the accessibility of PI(4,5)P2  that is required for efficient Gag release or 

regulate C-terminal accessibility to Spry2-binding partners that control ESCRT 

machinery.  

 

DISCUSSION 

 The results presented in this Chapter reveal important features of the ESCRT-

mediated trafficking pathways required for the efficient release of HIV-1 Gag VLPs. In 

this study we describe the relationship of Gag with a regulator of ESCRT-mediated 

pathways that directs release through the plasma membrane.  We explore the role of 

Spry2, a non-ESCRT protein that regulates ESCRT-mediated trafficking pathways and its 

relationship with Gag trafficking and release.  

 Here, we have used the siRNA and overexpression approach to elucidate Spry2’s 

mode of action in the release of VLPs. We showed that endogenous levels of Spry2 are 

required for proper egress of HIV-1 VLPs.  However, we observed that overexpression of 

Spry2 full length had a negative impact on the efficiency of VLPs and this inhibitory 

effect was mediated by Spry2 C-terminal domain. Immunofluorescent studies 

demonstrated that inhibition of VLP correlated with a concentration of Spry2 and Gag in 

intracellular locations. Specifically, we observed that deletion of the N-terminal domain 

of Spry2 blocked its translocation to the plasma membrane and also prevented the 
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localization of HIV Gag at the cell periphery, thereby inhibiting VLP release. These 

observations strongly indicated that N-terminal determinants of Spry2 participate in 

regulating Spry2 and Gag localization at the plasma membrane. Most likely, translocation 

of Spry2 to the plasma membrane regulates HIV-1 Gag plasma membrane localization. It 

is interesting to note in this regard that, although the translocation domain of Spry2 is 

located in the C-terminal domain (aa178-194; C-terminal domain = aa175-315), a region 

that permits Spry2 to bind microtubules is located in the N-terminal region (aa123-177; 

N-terminal domain = aa1-175).  

 As mentioned in the introduction, Spry2 can associated with PI(4,5)P2 at the 

plasma membrane (73). Similarly, this phospholipid can directly interact with HIV-1 

Gag, and is believe to target Gag to the plasma membrane and promotes VLP release 

(101, 116). Together, these findings suggest that PI(4,5)P2 plays a critical role in 

directing Spry2 and Gag to the plasma membrane.  In this study we observed that, 

although the interaction of Spry2 with PI(4,5)P2 is regulated by its PI(4,5)P2 binding site 

located in the C-terminal part, it is the Cbl binding site located in the N-terminal end that 

appears to be critical for facilitating Gag release. This was particularly evident in the 

absence of Tsg101 binding, suggesting that Spry2 might provide a link to ESCRT 

machinery that is cryptic or less apparent when Tsg101 is bound to Gag. Our studies also 

suggest that determinants in the N-terminal region of Spry2 influence the membrane 

region to which Spry2 is localized. Since Gag and Spry2-ΔCbl were found to be 

associated in immunoprecipitation experiments (not shown), it is likely that Spry2 

influences the membrane region to which Gag is targeted.   



 

101 

 

 In this study, we utilized the cellular marker, caveolin-1, to distinguish differences 

in localization of the WT Spry2 and a Spry2 mutant lacking N-terminal domain 

sequences.  However, it is important to note that caveolin-1 participates in lipid transport, 

specifically of cholesterol and other lipids that make up lipid rafts (74), and can directly 

bind to Spry2 through the C-terminal domain (14).  This fact, together with our 

observations, leads us to speculate that Spry2 might be modulating the trafficking of 

caveolar compartments that are rich in lipid rafts. As previously noted, lipid rafts are 

domains that have been implicated in HIV-1 assembly and release (94, 103). In addition, 

caveolin-1 has been shown to participate in the compartmentalization of signaling, 

specifically by modulating PI(4,5)P2 hydrolysis in caveolar compartments (108). 

Therefore, future studies should address the importance of regulating the trafficking of 

caveolar compartments to the plasma membrane, specifically how Spry2 modulates the 

targeting of lipid rafts to the plasma membrane. This will provide an alternative 

mechanism to explain the Spry2 role in Gag release.  

 We observed that a Spry2 variant rescued release of a late domain Gag mutant in 

a dose-dependent manner. Although the data presented in this study cannot explain why 

this is the case, several possibilities can be discussed: i) Spry2 can bind to several 

proteins that permit Spry2 to act as a regulator of ESCRT-mediated pathways. One way 

of regulating this pathway is by the recruitment of endocytic complexes, including the 

CIN85/endophilins (42).  This complex can provide a link to the endocytic machinery by 

interacting with ALIX. Recruitment of the ESCRT machinery that is required for 

efficient release can be sustained by the interaction between ALIX and ESCRT-III 

components in the absence of Tsg101; ii) Close examination of Spry2 C-terminal domain 
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revealed the sequence motif PTVP, which resembles a binding site for Tsg101. 

Furthermore, previous observations by confocal microscopy indicate that Tsg101 and 

Spry2 have can be found in close proximity (data not shown). If there is the formation of 

a Tsg101-Spry2 complex, then Spry2 can facilitate the targeting of Tsg101 to plasma 

membrane sites, where it is required for efficient Gag release. This provides an 

alternative method to direct Tsg101 and other ESCRT components to the membrane; and 

iii) Recent examination of a chimera protein (P7L-Gag-Eap20), where a component of 

the ESCRT-II complex (Eap20) was translationally fused to the C-terminal end of the late 

domain Gag mutant (P7L-Gag) indicated that Spry2 can co-localize with this protein 

intracellularly as well as at the plasma membrane (data not shown). This observation 

suggests that Spry2 can provide Gag with an alternative link to the ESCRT machinery 

independent of its interaction with Tsg101 or ESCRT-I components. Rescue experiments 

are currently being examined to provide support for this notion.  

 We believe that Spry2 functions as a regulator of ESCRT-mediated trafficking 

pathways by interacting with different components of the endocytic machinery and a 

modulator (in this study) of the availability of PI(4,5)P2 in specific domains of the plasma 

membrane. HIV-1 Gag can take advantage of these two functions that are proposed in 

this study: Spry2 can prevent Gag from being downregulated once in the endocytic 

pathway and Spry2 can facilitate the availability of the phospholipid PI(4,5)P2 in the 

membrane to target Gag to a specific PI(4,5)P2-enriched membrane domain, allowing 

efficient VLP release.  
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MATERIAL AND METHODS 

 

Cell culture and transfection.  

Cos-1 cells were grown in Dulbecco’s modified Eagle medium supplemented with 5% 

fetal bovine serum and 1% of penicillin and streptomycin. For transfection experiments, 

cells were seeded to obtain 60% confluency in a 100 mm tissue culture plate. For 

immunofluorescent experiments cells were seeded to obtain 40% confluency on a 

coverslips place in a 6 well tissue culture plate. Cells were grown at 37°C under 5% CO2. 

Cells were transfected by using Fugene6 transfection reagent according to the 

instructions of the manufacturer.  

Plasmids 

pCMV-HIV-1 gag encoding HIV-1 Gag C-terminally tagged with green fluorescent 

protein (Gag-GFP) had been previously described (50). Briefly, plasmid p55M1234, a 

Rev-independent full length gag gene clones was used to amplify the Gag sequence by 

PCR to produce and EcoRI site at the 5’end and a BamHI at the 3’ to allow the insertion 

into pEGFP-N1 in frame with the gfp gene. Site directed mutation of the Gag PTAP motif 

to generate the construct P7L-Gag-GFP encoding a Gag with a non-functional domain 

LTAP was constructed by using a site directed mutagenesis kit. The point mutation was 

sequenced to confirm the specific mutation. Plasmids encoding the human full length 

Spry2 N-terminally tagged with HA (pCGN-Spry2) and all fragments and point mutants 

were a generously provided by Dr. Dafna Bar-Sagi (New York University, NY, NY) and 

have been previously described (43).  Briefly, the human Spry2 cDNA was subcloned in 

the HA tag-containing mammalian expression vector (pCGN), using standard PCR 
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reaction and molecular cloning techniques. The specific restriction sites utilized for the 

cloning were 5’ XbaI and 3’ BamHI.  

RNA Interference 

In this study, we used two methods to deplete the endogenous levels of Spry2. The DNA-

based RNAi  (Spry2shRNA) was a kind gift from Dr. Bar-Sagi and have been previously 

described (62).  This plasmid DNA encodes a short hairpin RNA (shRNA) that targets 

the Spry2 gene. The specific targeting sequence is contained within the cysteine-rich 

domain of Spry2 (220-228aa).  Briefly, the following oligonucleotides were annealed and 

subcloned to the BglII and Acc65I sited of pcDNA/SUPER: 

5’GATCCCCGTGTGAAAGGTCTCTTCTATTCAAGAGATAGAAGAGACCTTTTCACACT

TTTTGGAAG-3’ and 5’GTACCTTCCAAAAAGTGGAAGGTCTCTTCTATCTCTTGAAT 

AGAAGAGACCTTTCACACGGG-3’.  Small RNAs are synthesized from this DNA 

template under the control of an RNA polymerase III promoter in transfected cells. Pol 

III has the advantage of directing the synthesis of small, noncoding transcripts whose 

3’ends are defined by termination within a stretch of 4-5 thymidines (9).  The other 

method utilized was RNA –based RNAi and the synthetic siRNA directed against the 

human Spry2 and the siControl was purchased from Dharmacon (Lafayette, CO). The 

siRNA Spry2 was designed by the ON-TARGET plus siRNA database in Dharmacon’s 

website.   

Real-time PCR analysis 

RNA was prepared from Cos-1 cells that were transfected with siRNA against the human 

Spry2 or siControl in the presence of HIV-1 Gag-GFP. Extraction of RNA was obtained 
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by using the Qiagen RNeasy kit and Qiashredder (Qiagen) according to the  

manufacturer’s protocol. Aproximately 5ug of RNA was reverse transcribed using oligo-

dT and Super Script III Reverse Transcriptase (Invitrogen, Carlsbad, CA). Quantitative 

PCR analysis was performed on a LightCycler (Roche) utilizing the cDNA templates and 

different primer pairs. The reaction consisted of FastStart DNA Master SYBR Green I 

(Roche), 2.5 mM MgCl2, and 25µM of each primer. In brief, the PCR program consisted 

of 95°C for 10 minutes, proceeded by 45 amplification cycles of 95°C for 5 seconds, 

55°C for 5 seconds, followed by 72°C for 10 seconds, and a final incubation at 82°C to 

avoid primer dimerization prior to quantification. For each gene, a standard curve based 

on successive cDNA dilutions was performed. To ensure a thorough calculation starting 

quantities of cDNAs of interest were compared to those of a house-keeping gene (h60s) 

in the same plate.   After each qPCR, specificity of the amplification was controlled by a 

melting curve ranging from 55-95 °C. All primers were designed in regions flanking 

introns to exclude data alteration by possible DNA contamination. Spry2 primers were 

designed by using Primer3 software (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi) and generated by Operon Biotechnologies (Huntsville, 

AL). Spry2 forward primer: 5’-CTAAGCCTGCTGGAGTGACC-3’ with a Tm = 64.5°C; 

and Spry2 reverse primer: 5’-GTGTTTCGGATGGCTCTGAT-3’with a Tm = 60.4°C. 

The p1 subunit of the human 60S ribosomal unit gene was utilized as a house-keeping 

gene in the QPCR reaction. The primers generated were as follows: h60s forward primer: 

5’-ATCTACTCGGCCCTCATTCTGC-3’ with a Tm = 58.7°C and h60s reverse primer: 

5’ GGTCCACCGGCCCCTACATT-3’ with a Tm = 62.1°C.   
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Preparation of cytoplasmic extracts and virus isolation 

At 48 hours post-transfection, the cells were harvested by scraping into cold Dulbecco’s 

Phosphate-Buffered Saline (D-PBS) and collected by centrifugation at 3000 rpm for 10 

min at 4°C. The pelleted cells were washed two times with cold D-PBS and allowed to 

swell with lysis buffer (1% Triton X-100; 160 mM NaCl, 20 mM Tris pH 8.0), containing 

protease inhibitors. The total lysate of approximately 1 ml was spun for 10 min. at 14,000 

x g at 4°C to get rid of large particulate material. A similar procedure was utilized to 

prepare cytoplasmic extracts for the immunoprecipitation experiments. In order to isolate 

the virus-like particles produced (VLPs) produced by Gag, the cell culture media from 

each plate was filtered through a 0.45 µm filter and applied to a cushion of 20% sucrose 

in a centrifuge tube and spun at 37,000 rpm for 90 min at 4°C. The pelleted VLPs were 

resuspended in 50 ul of PBS and loading buffer at 4°C. Before loading in a 12.5% SDS- 

polyacrylamide gel, the samples were boiled at 100 °C for 5 min.  

Protein detection 

Proteins were separated by electrophoresis through 12.5% polyacrylamide gels. 

Following electrophoresis, the gels were transferred to nitrocellulose membranes and 

analyze by Western blotting. The membranes were blocked in 5% non-fat milk for 1 hour 

and then rinsed three times with PBS-T (1% Tween). Shortly after, the membranes were 

incubated with the primary antibody for 24 hours and rinsed. The corresponding 

secondary antibody was added at a 1:10,000 dilution in 5% non-fat milk dissolve in PBS-

T and incubated for 1 hour at room temperature. Proteins were visualized by scanning the 
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membrane with Odyssey Infrared Imaging System and protein levels were quantified 

using the Odyssey software.  

Antibodies 

Sprouty2 was detected by using a polyclonal antibody (Sigma, St.Louis, MO) that 

recognizes the C-terminal region of Spry2 (Sigma, St.Louis, MO) or the N-terminal 

region of Spry2 (Upstate, NY) at 1:5000 dilution.  HA tagged proteins were detected by 

using either monoclonal or polyclonal antibodies from Sigma; for Western blot analysis a 

1:1000 dilution was used; for immunofluorescent experiments a 1:100 dilution was 

utilized. GFP tagged proteins were detected by using a monoclonal antibody from 

Clontech Laboratories at a 1:1000 dilution. Endogenous PI (4,5) P2 was detected by using 

monoclonal antibodies from Abcam (Cambridge, MA) at a 1:100 dilution.  

Fluorescence microscopy 

Cos-1 cells were used for fluorescence imaging due to the relatively high ratio of cytoplasm to 

nucleus, which facilitates the analysis of cellular trafficking events. These cells were grown to 

40% confluency on large square coverslips (22 x 22 mm) in six well plates in DMEM 

supplemented with fetal bovine serum and antibiotics (1% streptomycin and penicillin) and 

transfected as previously described.  At 24 hours post-transfection, the cells were washed twice 

with PBS and fixed in 3.7% formaldehyde in PBS for 20 min at room temperature on a rocking 

platform and covered with aluminum foil. In samples that required detection of PI(4,5)P2 at the 

plasma membrane, fixation and permeabilization was done simultaneously (3.7 % formaldehyde, 

0.1% glutaraldehyde and 0.075 % mg/ml saponin) at room temperature for 20 min. as was 

previously described (44, 131). Samples were then washed three times with PBS, for 5 min. each 

wash and permeabilized with 0.1% Triton-X-100 for 4 min. and washed three times again with 
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PBS. After blocking for 10min in PBS containing 1% bovine serum albumin (BSA), the 

cells were incubated with primary antibody for 1 hour at 37°C, rinsed three times with 

PBS and then incubated with the secondary antibody conjugated with the fluorophore 

TRITC, Texas Red or FITC for 30 min at 37°C.  The nuclear stain, Hoeschst (Molecular 

Probes, Eugene, OR) was added in the last 10 min. Samples were washed three times 

with PBS. After the final rinse, the cells were mounted using Vectashield hard set 

mounting medium (Vector Laboratories, Burlingame, CA). Confocal images were 

captured with an inverted fluorescent/dic Zeiss Axiovert 200M microscope equipped with 

an AxioCam HRm camera (Zeiss, Thornwood, NY) and mercury arc lamp light source 

using a 63x Plan-Apochromat (NA 1.40) oil objective and operated using Axiovision 

version 4.1-4.5 software. More than 40 cell images were examined from duplicate 

samples in each experiment. Approximately 20 optical sections along the z-axis were 

acquired (each z section measures 0.4µ). Most of the figures show the central image. The 

fluorescent data sets were deconvoluted using the constraint iterative method of the 

Axiovision software.  



 

109 

 

CHAPTER 6: Discussion 

 

 

 In this thesis I have addressed an important question concerning the ESCRT 

mediated pathways that are utilized by the functional exchangeable L domains of HIV-1 

and RSV Gag, namely, how are the two entering the pathways that leads to efficient viral 

release. In addition, I have explored the possibility that a non-ESCRT cellular protein, 

Spry2, that modulates ESCRT-facilitated receptor downregulation, can facilitate Gag 

membrane targeting and release efficiency. The result observed in these studies has 

served to examine alternative pathways that are utilized by retroviral Gags (summarized 

in Figure 1) that interconnect ESCRT and non-ESCRT cellular proteins for efficient 

release.  

 While the exiting pathway for the human retrovirus (HIV-1) exploits the 

endocytic-sorting cellular machinery by engaging Tsg101 and ALIX through PTAP and 

LYPX late (L) domains, the chicken retrovirus (RSV/ASV) uses PPXY L domains to 

recruit Nedd4 family ubiquitin ligases; however how this ubiquitin ligase connect PPXY 

L domains to the endocytic pathway is not clearly understood. The observations that 

Tsg101 and Nedd4 can stably associate in the cytoplasm suggested that both PTAP and 

PPXY domain converge at this point of the pathway, however, this idea was not 

consistent with our findings since dominant negative (DN) inhibitors of ASV-Gag did not 

inhibit HIV-1 VLP release. Similarly, DN inhibitors of HIV-Gag did not inhibit ASV-

VLP. It became clear that although both retroviral Gags utilize the endocytic machinery; 

their interaction with Tsg101-Nedd4 complex was not the same. Recent studies have  
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Figure 1. The interconnected network of ESCRT and non-ESCRT cellular proteins 

required for efficient retroviral release.  Schematic diagram showing the ESCRT and 

non-ESCRT proteins that are required for ASV and HIV-Gag release. Black lines 

indicate the pathways mediated by Nedd4 or Tsg101 that direct the release of 

functionally exchangeable PPPY or PTAP L domains; respectively. Green lines indicate 

the alternative pathways utilize by ASV Gag, mediated by either a) Tsg101; b) ESCRT-

II; c) ESCRT-III. Pink and yellow blocks at the plasma membrane indicate different 

membrane domains defined by the phospholipids N-Rh-PE and PI(4,5)P2; respectively. A 

non-ESCRT protein, Spry2 * regulates ESCRT mediated pathways and modulates 

PI(4,5)P2 availability.  
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shown that a native isoform of Nedd4-2 that lacks most of the C2 domain largely 

corrected HIV-1 release defects upon overexpression (130). This suggests that Nedd4 E3 

ubiquitin ligases in addition to participate in the release of ASV-Gag, it also facilitates 

budding of HIV-1 Gag but the mechanisms are different. Most likely, Nedd4 is 

ubiquitinating components of the endocytic pathway. Indeed, it was shown that Nedd4 

can ubiquitinate components of the ESCRT-1, specifically Tsg101 and Mvb12 (21) and 

this seems to be required for efficient VLP release. It is possible that in the case of HIV-1 

Gag, Nedd4 is not directly interacting with Gag, and therefore, its function in release is 

different from the one observed in ASV-Gag whose direct interaction mediated by Nedd4 

WW-PPXY association is critical for release. Specifically, Nedd4 has been shown to 

participate in the mono-ubiquitination of ASV Gag (132) which is required for release; 

however, the co-translational fusion of ubiquitin to ASV Gag did not prevented the 

inhibition of VLP release caused by a DN mutant of Nedd4.  This indicated that Nedd4 

has functions during Gag release in addition to the ubiquitination of Gag.  

 As observed in the results presented in Chapter 3, the DN mutant of Tsg101 did 

not prevent release of ASV-Gag, but blocked the separation of single particles. This 

observation suggested that Nedd4 and Tsg101 association play a crucial role in the 

formation of single VLPs.  This suggestion is supported by the observation that Nedd4 

and Tsg101 can bind to an adaptor protein called ALIX(82, 95, 125, 134), an essential 

protein in the MVB pathway (98) that participates in membrane deformation and/or 

vesicle formation, as it binds endophilins and the conical lysobisphosphatidic acid, which 

is abundant in endosomal vesicles (17, 85). Therefore, it is possible that the Nedd4-

Tsg101 complex can bring ALIX to budding sites for regulation of fusion events at the 
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release site to ensure that bud fission occurs before new budding is initiated. Although 

this suggestion could potentially explain the defects observed in ASV Gag VLPs upon 

expression of the C-terminal region of Tsg101 (Chapter 3), it cannot explain why ASV 

Gag VLPs were not sensitive to the depletion of endogenous Tsg101 (Chapter 4).  

Perhaps, when ASV-Gag binds to Nedd4, the affinity for interacting with Tsg101 is 

suppressed. Future experiments should explore the affinity of Tsg101 with Nedd4 under 

certain conditions, specifically when either ASV or HIV-1 Gag is present.  

 In addition to Nedd4’s possible role in recruiting adaptor proteins (e.g., ALIX), 

we demonstrate that Nedd4 can function in directing the release of ASV-Gag VLPs 

through specific membrane sites (Chapter 4). Most likely, directing Gag to the plasma 

membrane depends on the C2 domain in Nedd4, which allows interaction with lipids on 

the plasma membrane. The results observed in Chapter 4, indicated that ASV-Gag 

trafficking mediated by ESCRT-I components can re-direct Gag assembly and release to 

different sites on the plasma membrane. Specifically, we observed that translational 

fusion of Tsg101 to the C-term of a late domain Gag mutant (Δp2b) restored Gag VLP 

release. However, it did not restore the release through specific membrane sites that were 

defined by the lipid marker N-Rh-PE or CD63.  This can be explained by the fact that C2 

domains, such the one present in Nedd4, interacts with anionic lipids (e.g., 

phosphatidylethanolamine) on the plasma membrane (114) marking the site of release, 

while Tsg101 does not have an intrinsic membrane binding domain but can be directed to 

the plasma membrane by other mechanisms (138).  Furthermore, we demonstrate that 

components of ESCRT-II and ESCRT-III (Eap20 and Chmp4B) translationally fused to 

the C-terminus of Δp2b-Gag restored the release of ASV-Gag VLPs through pathways 
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similar to ASV-Gag WT. This revealed a potential for ESCRT-II and ESCRT-III to 

function in the budding pathways of ASV-Gag. Indeed, the depletion of endogenous 

levels of Eap20 inhibited VLP release of ASV-Gag (Pincetic unpublished data). 

Examination of ESCRT-II components and its relation with ASV-Gag release are 

currently being tested.  

 The studies presented in Chapter 3 and 4, clearly suggest that even though the 

functional exchangeable L domains, PTAP and PPPY, enter the endocytic pathways 

through different mechanisms, they both rely on a functional ESCRT-mediated system to 

egress from the cell. The hijacked ESCRT machinery usually participates in the 

downregulation of cellular cargo (e.g., EGFR) through the lysosomal pathway. Therefore, 

Gag proteins must have a way of preventing degradation in the lysosome and reach the 

plasma membrane.  In order to explore this notion, we investigated the role of Spry2, a 

protein known to regulate ESCRT-mediated trafficking pathways of the cellular receptor 

EGFR, in Gag VLP release.  

 The ability of Spry2 to regulate trafficking pathways mediated by ESCRT 

proteins was based on the following observations: i) Spry2 can prevent the 

downregulation of EGFR through the lysosome by blocking the mono-ubiquitination of 

the receptor (141); ii) Spry2 can prevent the interaction between Hrs and Tsg101 (62), 

two ESCRT components required for the recruitment of other ESCRT proteins at the 

endosomal membrane. Based on these findings and our results, we believed that Spry2 

participates in Gag release by regulating their trafficking pathways and facilitates the 

availability of PI(4,5)P2 in the membrane to target Gag to specific membrane domains, 

allowing efficient VLP release.   
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 Regulation of Gag trafficking pathways seems to be important for determining the 

choice of viral assembly and release sites. As described in the literature, HIV-1 Gag VLP 

release is cell type dependent (102); in T cells Gag proteins assemble and exit the cell 

through the plasma membrane, while in macrophages Gag almost exclusively 

concentrates on late endosomes/MVBs and progeny virions bud into the lumen of MVBs. 

The choice of plasma membrane versus endosomal pathway provides the virus with a 

strategy to avoid the immune system. For example, intracellular assembly may promote 

viral persistence since intracellular virions in macrophages retain infectivity for an 

extended period of time and can efficiently transfer the infection to lymphocytes upon 

contact (120). Thus, understanding the molecular mechanisms that regulate the choice of 

viral assembly site is very critical for HIV-1 pathogenesis. Therefore, it is possible that 

HIV-1 can utilize Spry2 to regulate the ESCRT-mediated trafficking pathways and 

facilitate Gag targeting to the plasma membrane once the immune system weakens. 

Indeed, it has been reported that high levels of Spry2 are found in macrophages, 

specifically in placental Hofbauer cells (2) during pregnancy.  Based on this studies and 

the one presented in this thesis, it is tempting to propose a novel involvement of Spry2 in 

the transmission of HIV-1 from mother to child.  

 In this thesis, I have explored the different routes that retroviral Gag proteins take 

in order to reach their cell surface localization and found that their intracellular paths 

direct their exiting through specific domains on the plasma membrane. Here, we have 

found alternative trafficking pathways that are utilized by two distinct retroviruses that 

can functionally exchange their L domains; however, this raises several more questions.  

Although it has been proposed that ESCRT-complexes are assemble in a sequential 
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manner when cellular cargo needs to be degraded, we observed that this might not be the 

case, since it appeared that not all retroviral Gags (HIV versus ASV) required all the 

components of the ESCRT machinery. In addition, it is not clear how the different Nedd4 

E3 ligases are participating in directing Gag release of HIV-1 and ASV-Gag. The 

different requirements might rely on the intrinsic membrane binding domain that is 

present in HIV-1 Gag, which is absent on ASV-Gag. Further studies should address these 

differences. Understanding the different trafficking pathways taken by different 

retroviruses and identifying mechanisms that regulate these pathways should provide a 

new venue for identifying new anti-retroviral therapies against HIV.  
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