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Abstract 

 

The Role of Host Factors in HIV-1 Assembly and Entry 

 

By Jung Hwa Kirschman 

 

 

HIV-1 is a global health threat with no vaccine available. Current treatment regiments are 

generally effective, but life-long administration of antiretroviral drugs has side effects 

and is quite costly. Uncovering the molecular mechanisms underlying the HIV-1 life 

cycle is important for developing effective drugs. HIV-1 Env is the only viral surface 

protein and it functions by initiating fusion to the host cell membrane, thereby initiating 

infection. Env is a major target for neutralizing antibodies. However, due to a dense 

glycan shield covering the Env and complex conformational changes during the fusion 

process, access to Env neutralization epitopes is limited. We therefore examined how Env 

gets incorporated into virions and how it induces viral fusion with the host membrane. To 

incorporate into progeny virions, Env must be transported to the virus assembly sites on 

the plasma membrane and interact with the assembling structural Gag protein. Here we 

elucidated the role of Rab11 and FIP1C in Env trafficking during HIV-1 assembly 

(Chapter 2). We found that the C-terminal fragment of FIP1C, when expressed in cells, 

can sequester Env inside the endosomal recycling compartment and thereby block the 

Env incorporation into virions. This dominant negative effect is likely proceeded by 

endocytosis of Env from the plasma membrane and is dependent on tyrosine motifs in the 

Env cytoplasmic tail. We also examined the mechanism of restriction of HIV-1 fusion by 

the new restriction factor SERINC5 (Chapter 3). SERINC5 incorporates into virions in 

the absence of Nef and potently inhibits fusion of sensitive, but not resistant HIV-1 

variants. Our results revealed that both sensitive and resistant Env glycoproteins are 

functionally inactivated over time and that the inactivation rate is increased upon 

SERINC5 incorporation into virions. Mutations that stabilize or destabilize specific 

regions on Env did not reveal a specific Env conformation that could be targeted by 

SERINC5.  However, a CD4 mimetic compound accelerated SERINC5-mediated Env 

inactivation, while a conformational blocker that stabilizes a native Env structure delayed 

the functional inactivation of Env in the presence of SERINC5. Collectively, our studies 

provided new insights into the molecular mechanisms of HIV-1 interaction with the host 

proviral and restriction factors during virus assembly and entry into target cells. 
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Chapter I: Introduction  

 

Background 

The HIV/AIDS epidemic is a global health problem of great significance. According to 

the World Health Organization (WHO), approximately 37 million people are currently 

living with the virus while 1.8 million people became infected in 2017. At least 940,000 

deaths have occurred as a result of this virus. As of 2017, 59% of infected adults and 52% 

of kids were subject to lifelong antiretroviral therapy (ART). HIV prevalence in Africa is 

more severe than in any other continents, reaching 70 percent of the global population 

infected.  

HIV is an enveloped RNA virus that targets specifically human immune cells, 

such as CD4 T cells and cells of monocyte lineage (macrophages). Following long term 

infection, CD4 T cell counts drops under 100 per ml of blood and this cause ineffective 

antibody response by B cells, leading to progression of AIDS and death within a few 

months to a few of years without treatment (1). Furthermore, HIV is exceedingly difficult 

to eradicate due to the presence of latently infected cells. These HIV-1 reservoirs are not 

cleared by immune cells.  

HIV is commonly spread by sexual encounters or sharing contaminated needles or 

syringes. Examples of body fluids that carry HIV include blood, semen, vaginal fluids, 

and breast milk from HIV-infected individuals. For transmission to occur, these fluids 

should be transferred to a recipient’s mucosal membranes, damaged tissues, or directly 

into the blood stream. Infection can occur from mother to child during delivery and breast 
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feeding, and the risk of infection is higher when the mother is not under anti-retroviral 

therapy. 

 

The origin of HIV 

The origin of HIV-1 among nonhuman primates has been traced back to SIVcpz, which 

affected chimpanzee colonies in the Southern Cameroon area in West Africa. It’s still not 

clear how SIVcpz was transferred to humans for the first time, but bloodborne 

transmission during hunting is a possible route. Phylogenetic tree analysis of HIV-1 from 

nonhuman primates revealed three unique transmission events in early 1900s resulting in 

three distinct HIV-1 groups: major M group, N group and the outlier O group (2, 3). The 

virus may have transferred to humans at Kinshasa, Zaire where the first HIV-1 infection 

of M group was documented after tracing it from a 1959 blood sample (4). Group M is 

currently the predominantly circulating group and it has been divided into subtypes. 

Subtypes A, B, C, D, F, G, H, J, and K are currently recognized. HIV-1 subtypes, also 

called clades, are phylogenetically linked strains of HIV-1 that are similar in genetic 

distance from one another (5).  

HIV-2 was originally found in West African nations where it infected >1% of the 

population in the late 1980s (6). Although the original zoonotic transmission route is not 

clear, HIV-2 is closely related to SIV from sooty mangabeys. HIV-2 infection is 

associated with an extensively long asymptomatic period compared to HIV-1 infection 

(7). In addition, HIV-2 infection is characterized by higher CD4 cell counts and lower 

viral RNA levels in blood than that seen in HIV-1 infection (8). 
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HIV-1 transmission 

Virus evolution during extreme selective pressure, the bottleneck for transmission 

According to a bottleneck theory (9, 10, 11, 12), during heterosexual transmission, a 

single HIV-1 variant can quickly (within a couple of weeks) establish a detectable viral 

load in the bloodstream. This HIV-1 variant is referred to as transmitted/founder virus 

(T/F virus). Accordingly, during acute infection, the recipient’s blood is dominated by a 

homogenous virus population. However, during chronic infection, extremely diverse 

variants appear due to rapid mutations. HIV-1 T/F viruses are known to be majorly CCR5 

tropic (13). Several studies revealed that T/F viruses do not effectively infect 

macrophages or other low-CD4 expressing cell types tropic (13, 14, 15, 16). One study 

has reported that infectious molecular T/F clones contain twice as many Env on virions 

than chronic HIV-1, perhaps due to mutation in the Env leader sequence, which increases 

Env density in the plasma membrane (17, 18). High Env density may enhance virus 

anchoring to mucosal cells in the genital tract mucosa, thereby aiding the virus entry and 

infection (19, 20). 

 

Antiretroviral therapy 

The current state-of-the-art treatment for HIV is a combination antiretroviral therapy 

(cART) which involves multiple drugs that have different modes of action. Early drugs 

approved by the FDA in the late 1980s included nucleoside reverse transcriptase 

inhibitors, followed shortly by protease inhibitors and non-nucleoside reverse 

transcriptase inhibitors. In the past decade, drugs that inhibit the integrase strand transfer 

activity have arrived on the market and are generally a preferred component of 
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antiretroviral regimens, alongside a protease inhibitor, due to high virologic efficacy and 

safety/tolerability profiles (21).  

 Overall, current antiretroviral treatments are able to reduce morbidity, increase 

survival times, and prevent transmission. Unfortunately, due to the presence of latently 

infected CD4 T cells produced during the initial acute infection, cART must be 

administered lifelong. Also, given that drugs can lose efficacy over time, develop adverse 

effects, or select for resistant viruses, alternative regimens may be required.  Thus, a 

different class of drugs targeting other HIV pathways and functions, such as entry or 

maturation inhibitors, is urgently needed. Many of these types of inhibitors are not yet 

FDA approved, but are in advanced stages of clinical trials. A promising example is 

BMS-626529, which inhibits HIV-1 entry into cells by binding to the envelope protein 

(Env) and preventing a conformational change necessary to bind the HIV-1 coreceptor 

(22). Another promising strategy under intense study is the use of broadly neutralizing 

antibodies targeting conserved epitopes on the HIV-1 Env. Development of novel types 

of therapeutic approaches is necessary in order to better target multiple points of the HIV-

1 replication cycle and curb infection.  

Vaccine efforts have not yet led to an effective vaccine that can prevent infection. 

Efforts to develop HIV vaccines and novel therapies against the virus may benefit from 

new basic discoveries related to post-assembly Env structure and virus entry into cells. 

Currently, no inhibitors target the process of HIV-1 assembly. My project focuses on 

defining the host factors and cellular pathways through which HIV-1 assembles in an 

infected cell. Specifically, we elucidated the molecular and cellular processes underlying 

the incorporation of HIV-1 Env into a viral particle during assembly. Understanding the 
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mechanism of interaction between host factors and Env will provide important clues for 

developing new inhibitors to precisely block the HIV-1 assembly steps and to farther the 

fundamental understanding of the HIV-1 replication cycle. 

 

HIV replication cycle 

HIV-1 virus replication proceeds through several major steps including fusion with the 

host membrane, uncoating, reverse transcription, integration of the newly synthesized 

viral DNA into the host genome, transcription of viral RNA and synthesis of viral 

proteins resulting in assembly of progeny virions that infect nearby target cells. Multiple 

host proteins are engaged in the HIV-1 replication cycle. (23) 

HIV-1 infection begins when its surface Env glycoprotein binds CD4 on the cell 

surface, which causes changes in Env conformation, which allow Env to engage co-

receptors, CCR5 or CXCR4 (step 1) (24, 25, 26),  (Figure 1). The formation of Env-CD4-

co-receptor complex initiates further conformational changes in Env, leading to fusion 

between the viral and cell membranes and release of the viral core into the cytoplasm 

(step 2) (27, 28, 29). Subsequent uncoating of the viral core occurs through shedding of 

the capsid (CA) protein (step 3) (30). Uncoating appears to facilitate the reverse 

transcription step in which the two copies of viral RNA are converted into a double-

stranded DNA by the HIV-1 reverse transcriptase (RT). This leads to the formation of a 

pre-integration complex (PIC) containing the viral genomic DNA and integrase (IN) (step 

4) (31, 32). PICs are transported to the nucleus and enter the nucleus through the nuclear 

pore complexes (NPCs) (step 5) (31, 32). After PICs enter into the nucleus, the host 

chromatin-binding protein, lens epithelium-derived growth factor (LEDGF), facilitates 
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integration of viral DNA between the long terminal repeats (LTRs) catalyzed by the HIV-

1 integrase (IN), leading to an integrated provirus (step 6) (31, 32, 33). Proviral DNA 

transcription mediated by the host RNA polymerase II (RNA pol II) and positive 

transcription elongation factor b (P-TEFb) generates unspliced mRNAs of various length 

with the help of viral protein Tat which promotes full-length transcription during the 

elongation phase of HIV-1 transcription (step 7) (34, 35, 36). Unspliced viral RNA is 

exported from the nucleus by the host CRM1 protein and viral Rev protein (step 8) (37, 

38). Spliced viral RNA is translated producing viral proteins (step 9) (39). Two copies of 

unspliced single-stranded viral RNAs are incorporated into assembling virions at the 

plasma membrane (step 10). Viral particle budding and release from the host cell 

membrane (step 11) is mediated by the Endosomal Sorting Complex Required for 

Transport (ESCRT) (40, 41) and ALIX (42, 43). At the time of budding or shortly 

afterwards, virions undergo maturation whereby the HIV-1 protease cleaves the Gag and 

Pol polyproteins, thus generating infectious particles (step 12) (44). Current antiviral 

therapies are focused on targeting different steps of the virus life cycle and understanding 

the role of host restriction factors during HIV-1 replication will provide new 

opportunities for drug development. 

 

HIV-1 entry 

HIV-1 entry occurs through sequential interaction with host receptor CD4 and co-

receptors, CCR5 or CXCR4 (24, 25). The coreceptor usage determines the cell types that 

are susceptible to infection. Engagement of CD4 and co-receptors triggers dramatic Env 

transformation. First, there are conformational changes in gp120 (V1/V2 and V3 loops, 
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bridging sheet) leading to formation of a co-receptor binding site (Figure 2B in Chapter 3 

Intro). Second, CD4 and coreceptor binding leads to formation of gp41 pre-hairpin 

intermediates characterized by the formation/exposure of the N-terminal fusion peptide 

and N-terminal and C-terminal heptad repeat segments (HR1 and HR2, respectively) 

(45).  Next, the fusion peptide is inserted into the target cell plasma membrane (46). 

Lastly, the folding of the gp41 heptad repeat regions HR1 and HR2 into the six-helix 

bundle structure promotes membrane fusion (27, 28, 29, 47). 

 

HIV-1 uncoating  

The HIV-1 core contains the viral genomic RNA, reverse transcriptase, integrase, and 

nucleocapsid proteins, encased within the cone-shaped shell made of the CA protein (48). 

Disassembly of the CA shell is indispensable for reverse transcription and virus infection 

(49, 50, 51, 52, 53). Numerous studies proved that HIV-1 uncoating is regulated by CA 

and cellular factors. The cellular proteins, such as cyclophilin A and CPSF6 (54, 55), 

bind the viral capsid and appear to influence infection by controlling uncoating (56, 57) 

In mature virions, CA, which consists of the N-terminal (NTD) and C-terminal (CTD) 

domains and forms hexamers and pentamers assembled into a cone-shaped shell (58,  

59). A few pentamers provide the necessary curvature to the capsid shell and are 

positioned at the top and the bottom of a cone (59). The host restriction factor TRIM5-α 

is known to recognize the HIV-1 capsid lattice structure and accelerate virus 

uncoating/degradation (60, 61). 

 

Reverse transcription of HIV-1 genome 
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HIV-1 RT has two p66 and p51 subunits. P66 contains two domains: RNA- and DNA-

dependent DNA polymerase in the N-terminus, and RNase H at the C-terminus. Single-

stranded viral RNA genome is reverse transcribed into double-stranded DNA. RT 

initially generates a minus-strand DNA, after which the RNase H degrades the RNA 

template. Minus-strand transfer occurs at the R sequence in the 3’ ends of either of the 

two single-stranded RNAs (62, 63, 64, 65). Minus-stranded DNA synthesis is initiated 

after this strand-transfer and continues along the whole genome. The polypurine tract in 

the RNA genome, which is resistant to RNase H activity, serves as a primer for the plus-

strand DNA synthesis. The reverse transcription process generates a dsDNA that is 

longer than the RNA genome from which it is derived: both ends of the DNA contain 

sequences from each end of the RNA (U3 from the 30 end and U5 from the 50 end). 

Thus, each end of the viral DNA has the same sequence, U3-R-U5; these are the long 

terminal repeats (LTRs) that will, after integration, flank the provirus.  

Two types of RT inhibitors, nucleoside (NRTI) and non-nucleoside inhibitors 

(NNRTI), are used in clinic. NRTIs mimic natural dNTPs and become incorporated into 

the newly synthesizing viral DNA by RT. Lack of a 3’-hydroxyl group in NRTIs can 

block inclusion of subsequent nucleotides during the polymerase reaction, which can 

terminate further viral DNA synthesis. NNRTIs act as allosteric inhibitors with a highly 

flexible binding pocket against RT which causes the loss of primer grip (66). 

APOBEC3G is a host restriction factor targeting the reverse transcription step. It can 

incorporate into virions and deaminase the cystidine into uracil residues in the viral 

cDNA genome, which impairs the elongation of reverse transcripts (67, 68, 69). HIV-1 
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viral protein Vif counteracts APOBEC3G by direct binding and targeting to degradation 

by the proteasome (70, 71, 64(Ch3)). 

 

HIV-1 integration/transcription 

Integration results in covalent annealing of the viral dsDNA with the host cell DNA. 

HIV-1 IN interacts with the cellular factor LEDGF/p75, which promotes efficient 

infection and tethers IN to the preferred integration sites (33). Previous studies of the 

integration intermediates revealed the precise steps of cleavage and ligation between viral 

genome and host DNA (72, 73). In the first step (3′end processing), two nucleotides are 

removed from each 3′end of the linear blunt-ended viral DNA. In the second step (DNA-

strand transfer), these 3′ends attack a pair of phosphodiester bonds on 5’ strands of the 

target DNA, across the major groove. In the resulting integration intermediate the 3′ends 

of the viral DNA are covalently joined to the target DNA. Integration is completed when 

the single-strand gaps and the two-nucleotide overhang at the 5′ends of the viral DNA are 

repaired by cellular enzymes.  

After integration, transcription starts from the U3 promotor region located in the 

long terminal repeats (LTR), the transcription promoter site and the viral transactivator 

protein Tat is required for efficient transcript elongation. HIV-1 gene expression is driven 

by the LTR, which contains many binding sites for host and viral factors (74, 75, 76). 

During nuclear export, HIV-1 uses the cellular export machinery and its nuclear export 
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receptor Crm1 in addition to virus protein Rev to bypass pre-mRNA retention 

mechanisms (144). 

 

HIV-1 assembly 

HIV-1 assembles on the plasma membrane (PM) of T cells and of model epithelial cell 

lines, such as HeLa cells. In order to generate an infectious particle, the viral structural 

proteins and genome must converge in a coordinated fashion to two types of plasma 

membrane microdomains, such as lipid rafts and tetraspanin-enriched microdomains 

(TEMs), both of which have been proposed to be platforms for HIV-1 assembly (77). 

Lipid rafts are dynamic, submicroscopic domains enriched in sterols, sphingolipids, 

glycosylphosphatidylinositol-anchored (GPI-anchored) proteins, and proteins modified 

with saturated acyl chains (78, 79). TEMs are membrane microdomains organized by 

homo- and hetero-oligomerization of tetraspanins, a family of homologous proteins with 

four transmembrane domains (80). Tetraspanins, including CD9, CD63, and CD81, are 

incorporated into virus particles (81), co-immunoprecipitate with Gag (82), and strongly 

colocalize with Gag by immunofluorescence and electron microscopy assays (83, 84). 

Lipid rafts and TEMs can be biochemically distinguished as they have different detergent 

solubility, different sensitivities to cholesterol depletion, and distinct protein constituents 

(85). The mechanisms of transport of the major structural precursor protein (Pr55Gag or 

Gag) and Env to the PM are not well understood.  Four models have been proposed to 

explain the incorporation of HIV Env into virions. (1) Passive incorporation: random 

diffusion of Gag and Env will end up coincidently incorporated into virions, (2) Direct 

Gag-Env interaction: Matrix domain of Gag is known to directly bind gp41 and this can 
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guide Env to assembly sites; (3) Gag-Env co-targeting; and (4) indirect Gag-Env 

interaction: certain host factors from producer cells can indirectly guide both Gag and 

Env to the PM (1, 2). 

 

Env synthesis and cleavage 

Originally synthesized as a trimeric gp160 precursor, a Type 1a transmembrane protein, 

Env is heavily glycosylated with N-linked and O-linked carbohydrates and is cleaved by 

a cellular furin or furin-like protease in the Golgi. Cleavage produces the two non-

covalently associated subunits for each protomer of the Env trimer, the gp120 (surface) 

and gp41 (transmembrane) subunits (86, 24, 87). Mature Env trimer spikes are 

transported to the plasma membrane and assemble with Gag to form virion (88, 89).  

 

GP41 cytoplasmic tail (CT)  

The extraordinarily long cytoplasmic tail of Env is a unique feature of lentiviruses. Its 

functions are not fully understood. With some exceptions, such as feline 

immunodeficiency virus (FIV) and puma lentivirus (PLV), most members of this family 

have, on average, a 120 amino acid long CT, while the CTs of other retroviruses are less 

than 60-residues long.  Equine infectious anemia virus (EIAV) has the longest Env tail 

(224aa) and the HIV Env cytoplasmic tail is 150aa-long.  HIV-1 Env CT can be defined 

as possessing distinct domains based on biophysical properties. The membrane-spanning 

domain of Env CT is followed by a hydrophilic region (90), which comprises of a highly 

immunogenic region (HIR) that generates high levels of antibody production in HIV-

infected individuals and SIV-infected rhesus macaques (91, 92, 93, 94).  The gp41 CT 
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contains three amphipathic lentivirus lytic peptides (LLPs). Both LLP-1 and LLP-2 were 

confirmed to form α helices via amphipathic moieties, while LLP-3 resides between LLP-

1 and LLP-2 (95, 96, 97). Based on in vitro studies, LLP-1, LLP-2 and LLP-3 are thought 

to guide gp41 tail to the plasma membrane by binding to lipid bilayers (94, 98, 99, 100). 

Env CT may stabilize the Env trimer spikes in their prefusion “spring-loaded” 

conformation which stores free energy for the process of virus-to-cell fusion (101, 102). 

Truncation of the gp41 CT has been shown to enhance the fusogenicity of the surface-

expressed Env (103, 104, 105). LLP-1 and LLP2 have been suggested to contribute 

differently to Env incorporation into virions (106). A direct interaction of the LLP-1 

amphipathic helix with the MA protein during the process of Env incorporation has been 

previously postulated (106). The mechanism by which Env CT stabilizes the metastable 

prefusion state of Env is unknown, but it has been proposed to occur through: (i) 

interaction with the matrix (MA) protein during maturation (107, 108, 109) and/or (ii) 

stabilization of the Env association of with the plasma membrane (110). 

The interacting host partners of HIV-1 Env CT include AP-1, AP-2 adaptor 

proteins. AP-1 is responsible for intracellular trafficking between the trans-Golgi network 

(TGN) and endosomes via clathrin-mediated endocytosis, while AP-2 is involved in 

endocytosis and retrograde trafficking from the PM. (11, 21).  

 

MA and Env incorporation into virions. 

The matrix (MA) domain (p17) of the Gag protein plays important roles in Env 

incorporation into HIV and SIV virions (111,112, 113). MA anchors the Gag precursor 

protein to the inner leaflet of the plasma membrane through a myristoylated basic 
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membrane-binding domain (114, 115). Targeting of Gag to the budding site at the plasma 

membrane is also directed by MA (116, 117, 120). MA binds to phosphatidylinositol(4,5) 

bisphosphate on the inner leaflet while a large deletion in MA is known to redirect the 

HIV-1 virion assembly from PM to ER (118, 119, 120). Previous studies indicated a 

direct interaction of purified, bacterially expressed Env and MA that mapped to the C-

terminal half of the Env CT (37) despite whether MA physically interact with gp41 CT is 

still not clear (118, 119). The Freed group has found that, in T-cell lines, small deletions 

in α-helix 2 (in the center of CT) disrupt the incorporation of Env glycoproteins into 

virions and significantly impair virus infectivity (122). Through the analysis of viral 

revertants, the Freed group has also demonstrated that a single amino acid change (34VI) 

in MA reverses the Env incorporation and infectivity defect imposed by a small deletion 

near the C terminus of the α-helix 2 (122). Conversely, single amino acid substitutions in 

MA (12LE, 30LE) can block incorporation of Env into virions. Thus, mutations in MA 

that block Env incorporation can be rescued by truncation of the N-terminus of LLP-2 

segment of gp41 CT (123). The Gottlinger group showed that MA deleted viruses were 

unable to incorporate the wild-type HIV-1 Env protein complex, but that this defect could 

be corrected by a second-site mutation, which removed the large cytoplasmic domain of 

CT (122).  Recent studies by Tedbury and Freed, showed that MA trimerization is 

required for HIV-1 Env incorporation into virus particles. Also, truncation of the long 

cytoplasmic tail of Env restores incorporation of Env into MA trimer-defective particles, 

thus rescuing infectivity. MA trimerization is required to form a Gag lattice capable of 

accommodating the long cytoplasmic tail of HIV-1 Env (124). Further studies are needed 

to fully elucidate the gp41 CT/MA interactions. 
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 The long cytoplasmic tail of Env has been speculated to have specific domains 

involved in indirect or direct interactions with the Gag lattice. Eric Freed and Phillip 

Tedbury (125) suggested four models of Env incorporation in the plasma membrane: (1) 

Passive incorporation (2) Gag-Env co-targeting (3) Direct Gag-Env incorporation (4) 

Indirect Gag-Env incorporation (Figure 2. The passive incorporation model suggests no 

interaction between Gag and Env. Simple diffusion of Gag and Env will reach plasma 

membrane by chance for passive incorporation into virions. The direct Gag-Env 

interaction model is based on previous studies that identified interacting domains in MA 

and Env CT. The Gag–Env co-targeting model assumes that both proteins are enriched in 

virus assembly microdomains, such as lipid raft. The indirect Gag–Env interaction model 

provides an alternative explanation for Env incorporation that involves an unknown 

adaptor protein that interacts with both Env and Gag.  

 

Endocytic signals in the Env CT 

At least two domains proximal to the N-terminal and C-terminal regions of the gp41 CT 

are responsible for efficient Env endocytosis (Fig. 3). The first endocytosis domain 

resides next to the membrane-spanning domain and contains a highly conserved tyrosine 

motif (YXXϕ, where X is any amino acid and ϕ is a hydrophobic amino acid). HIV-1 

NL4.3 has a 709GYSPL713 sequence, while SIVmac239 has 720GYRPV724. The µ2 subunit 

of AP-2 binds to these YXXϕ motifs and mediates Env endocytosis (126, 127, 128). 

Mutation of amino acids at positions 721 to 724 of the GYRPV motif caused reduced 

pathogenicity and significantly diminished the virion RNA in plasma of infected rhesus 

macaques. The first YXXϕ motif is highly conserved among HIV-1, HIV-2 and SIV. The 
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second YXXϕ motif is located near the C-terminus of CT. HIV-1 NL4-3 has another 

766YHRL769, which is responsible for NF-ĸB activation, but not endocytosis (129). 

SIVmac also has an additional YXXϕ motif that does not impact endocytosis. The last 

endocytosis motif of the CT is a dileucine motif at the C-terminus, which likely interacts 

with the σ2 subunit of AP-2 (849LERILL854 in HIV-1 NL4-3 while SIVcpz does not have 

this motif) (138, 142). When both YXXϕ and LL endocytic motifs within the CT are 

altered by mutations, Env endocytosis is significantly impaired and the surface level of 

Env increases dramatically (126, 127,135). There is also an additional dileucine motif in 

the very end of the C terminus that regulates Env endocytosis and it is highly conserved 

in among HIV-1, HIV-2 and SIV (878LL879 in SIVmac239) (138). 

On average, only 7-14 Env trimers are present on an HIV-1/SIV particle 

compared to SIV tail deletion mutant which express 70-79 trimers, as determined by high 

performance liquid chromatography (HPLC), western blotting, and cryo EM studies (130, 

131, 132, 133). The low number of virus-incorporated Env molecules is due to active Env 

internalization by clathrin-mediated endocytosis that greatly reduces the number of Env 

on the cell surface where the virus assembly occurs. After its arrival at the PM, Env is 

rapidly recycled via endocytosis/lysosome pathway (134, 147). Egan et al. (134) 

proposed that the MA domain of Gag can hold Env in the plasma membrane for 

incorporation into virions, preventing its endocytosis. The truncated SIV Env can be 

expressed on the surface 10 to 40 times higher than wild-type Env. Yuste et al. compared 

several SIV Env CT mutants containing premature stop codons and a mutation of the 

membrane-proximal YXXϕ motif and observed that the level of Env surface expression 

closely correlated with the level of Env incorporation into virions in CEMx174 cells and 
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rhesus immortalized T-cell line Rh221-89 (135). Numerous studies suggested the low 

number of Envs avoids avidity binding of Abs and reduces ADCC. (136, 137). Another 

possibility is that the relatively small number of Env might be advantageous to HIV-1, as 

this reduces the possibility of exposure of neutralizing epitopes to antibody recognition, 

leading to antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-

mediated cytotoxicity. Studies of SIV infection proved that increased surface Env levels 

after mutation in the first endocytic motif allowed a better control of virus pathogenesis 

by host immunity (138). 

 

Role of Env CT in virus incorporation 

Murakami and Freed (2000) showed that the Env CT is required for Env trafficking and 

incorporation into particles in peripheral blood mononuclear cells (PBMCs) and 

monocyte-derived macrophages (MDMs) (1). In his study, human CD4+ T-cell lines, 

such as CEM and Jurkat, showed significantly reduced incorporation of tail-truncated 

Env, while H9, MT-4 and HeLa cells showed slightly reduced incorporation compared to 

wild type Env. In contrast, the tail is not required for particle incorporation in some 

permissive cell types, such as 293T cells and M8166. CT truncation did not impair Env 

glycosylation, cleavage, trimerization, surface expression or the fusion activity. Also, a 

single-round infection assay showed that CT truncation did not affect specific infectivity 

both in permissive and non-permissive cells, which proves there is no structural 

impediment for virus entry. Interestingly, the SIV gp41 tail is progressively truncated 

when it is cultured in human cells (139-141, 145). Truncated gp41 can increase both 

infectivity and fusogenicity of SIV (44, 136, 146). HIV-1 infectivity and fusogenicity can 
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also be increased in certain cells types. Tail truncation only happens when SIV is cultured 

in human cells, but not in rhesus macaque cells, such as rhesus PBMCs. The SIV strains 

containing tail-truncated gp41 tail show reduced replication in rhesus PBMCs. After 

sequential passaging, the truncated gp41 tail tends to revert back to the original size of 

the gp41 tail, in contrast to the dominance of the truncated gp41 tail in human cell lines 

(139, 140, 141). In vivo studies also showed a similar phenomenon: truncated SIV Env 

mutants could rapidly revert back to the original size of the CT in rhesus macaques (141). 

When reversion of the truncated SIV Env was prevented, rhesus macaques had reduced 

viral loads and showed no clinical symptoms. The advantage of the truncated SIV gp41 

tail in human cells may be originated from unknown host restriction factors acting 

differently between the two species. The mechanism underlying the selective advantage 

of the SIV gp41 CT truncations for replication in human cells, but not in rhesus macaque 

cells, is still unknown. As there are only very few rhesus cell lines, most tissue culture 

experiments examining the effects of the SIV gp41 CT truncation have been performed in 

human cell lines. 

 

Summary 

In this study, I focused on two aspects of HIV-1 lifecycle: virus incorporation and 

stability of Env glycoprotein in the context of proviral and restriction factors Rab11-

FIP1C and SERINC5, respectively. In the first chapter, we will show how Rab11-FIP1C 

guides HIV-1 Env trafficking via an endocytic pathway from the endosomal recycling 

compartment to the plasma membrane In the second chapter, I will focus on 

understanding the role of SERINC5 restriction on HIV-1 Env during virus entry in the 
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context of functional stability of Env. We believe our work will reveal new roles of host 

factors regulating and targeting HIV-1 Env which will suggest future strategies for 

therapeutic intervention.  
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Figure 

  

 

 

Fig. 1. HIV-1 replication cycle  

Each steps in virus life cycle is stated as numbers and step-specific inhibitors are marked. 

After anchoring on the target CD4+ T helper cell, HIV-1 will proceed to fusion, viral 

genome replication and finally production of mature lentiviral particles on the assembly 

site and finally bud out virions for another transmission cycle. (Reproduced from 

Engelman 2012 Nature Rev Microbiol) 
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Fig. 2. HIV-1 Env incorporation model  

Env is shown as gp120 (blue) and gp41 subunit (stalk anchored on the plasma membrane 

and viral membrane). Gag is attached to inner leaflet of plasma membrane as shown with 

four subunits (from the top: MA (matrix) P17; Capsid (CA) p24; Nucleocapsid (NC); p7, 

p6). A specific microdomain on the plasma membrane assembly site is indicated (red). 

Adaptor protein mediating the interaction between MA and Enc CT is marked (magenta).   

(Reproduced from Tedburry and Freed 2016 Trends Microbiol.) 
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Fig. 3. Env CT region of HIV-1 and SIVmac.  

(A) HIV-1. (B) SIVmac. Note that LLP-2 and LLP-3 sequences of SIVmac have not been 

precisely identified. MSD, membrane-spanning domain; EC, endocytosis motif; 

(Reproduced from Postler and Desrosiers, 2013, JVI) 
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Abstract 

 

The human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein 

(Env) encodes specific trafficking signals within its long cytoplasmic tail (CT) 

that regulate incorporation into HIV-1 particles. Rab11-family interacting protein 

1C (FIP1C) and Rab14 are host trafficking factors required for Env particle 

incorporation, suggesting that Env undergoes sorting from the endosomal recycling 

compartment (ERC) to the site of particle assembly on the plasma membrane. 

We disrupted outward sorting from the ERC by expressing a C-terminal fragment 

of FIP1C (FIP1C560 – 649) and examined the consequences on Env trafficking and 

incorporation into particles. FIP1C560 – 649 reduced cell surface levels of Env and 

prevented its incorporation into HIV-1 particles. Remarkably, Env was trapped in 

an exaggerated perinuclear ERC in a CT-dependent manner. Mutation of either 

the YxxL endocytic motif or the YW795 motif in the CT prevented Env trapping 

in the ERC and restored incorporation into particles. In contrast, simian 

immunodeficiency virus SIVmac239 Env was not retained in the ERC, while substitution 

of the HIV-1 CT for the SIV CT resulted in SIV Env retention in this compartment. 

These results provide the first direct evidence that Env traffics through the ERC 

and support a model whereby HIV-1 Env is specifically targeted to the ERC prior 

to FIP1C- and CT-dependent outward sorting to the particle assembly site on the 

plasma membrane. 
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Introduction 

 

The mechanism of human immunodeficiency virus type 1 (HIV-1) envelope (Env) 

incorporation into developing particles is incompletely understood. Four possible 

models of Env incorporation have been proposed, including passive incorporation, 

direct Gag-Env interaction, Gag-Env cotargeting, and indirect Gag-Env interaction 

models (1, 2). Lentiviral envelope glycoproteins bear unusually long cytoplasmic tails 

(CTs) compared to those of other retroviruses (1, 3). Truncation of the HIV-1 CT does 

not disrupt incorporation into the developing particle when Env is expressed in certain 

permissive cell types, such as 293T or HeLa cells. However, the long Env CT is required 

for particle incorporation, infectivity, and cell-cell spread of virus in most T cell lines, in 

primary T lymphocytes, and in monocyte-derived macrophages (MDMs) (4). Distinct 

cellular trafficking signals have been identified within the HIV-1 CT. A membrane 

proximal YxxL motif interacts with the AP-2 clathrin adaptor complex and mediates 

clathrin-dependent endocytosis of Env (5–7). This motif has been shown to be important 

for mediating particle incorporation, infectivity, and basolateral targeting of Env (8–10). 

A dileucine motif located at the C terminus of the CT mediates interactions with the AP-1 

clathrin adaptor complex (5, 11). Additional conserved tyrosine-based motifs and 

dileucine motifs are present within the CT and have variable effects on cell surface 

expression and virion incorporation, as judged by mutagenesis studies (12). 

We previously described a role for Rab11-family interacting protein 1C (FIP1C; 

also known as Rab coupling protein or RCP) and Rab14 in HIV-1 Env trafficking and 
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particle incorporation (13). FIP1C forms a parallel homodimer capable of binding to two 

Rab molecules through its C-terminal Rab binding domain (RBD) (14, 15). In HeLa cells, 

FIP1C is largely concentrated in a perinuclear structure representing the endosomal 

recycling compartment (ERC) (16, 17). However, upon expression of HIV-1 Env, FIP1C 

redistributes to the cellular periphery along with Env (13). The redistribution of FIP1C 

depends upon specific sequences within the Env CT, as either a CT truncation mutant 

or the YW795SL mutant within the CT failed to elicit FIP1C redistribution (18). The 

YW795SL mutant was deficient in Env incorporation and replicated poorly in T cell 

lines, while a second-site revertant near the carboxyl-terminal end of the tail (L850S) 

restored FIP1C redistribution, Env incorporation, and replication to wild-type (WT) 

levels. These findings suggested to us that specific structural elements or motifs within 

the CT interact with FIP1C and Rab14, and that this interaction mediates Env trafficking 

from the ERC to the site of particle assembly on the plasma membrane (PM). However, 

there has been no direct evidence thus far supporting the presence of Env in the ERC, 

where it would need to transiently reside prior to outward sorting in complex with FIP1C 

and Rab14. 

Expression of the carboxyl-terminal domains of FIP1C or of Rab11-FIP2 has 

been shown to disrupt transferrin recycling and alters the morphology of the ERC (16, 19, 

20). Here, we investigated the role of the ERC in Env trafficking by disrupting outward 

sorting through expression of a carboxyl-terminal fragment of FIP1C. This intervention 

arrested HIV-1 Env trafficking, resulting in trapping of Env on perinuclear endosomal 

membranes that were Rab11 and Rab14 positive. Intracellular Env trapping mediated 

by truncated FIP1C significantly diminished Env incorporation into particles and particle 
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infectivity. Env trapping in the aberrant ERC was specific to FIP1C, as a comparable 

carboxyl-terminal fragment from Rab11-FIP2 failed to trap Env. Furthermore, arrest in 

the ERC was specific to the CT of HIV-1, as simian immunodeficiency virus (SIV) Env 

was not sequestered in the ERC unless its CT was swapped with that of HIV-1.  

 

Summary 

The HIV-1 envelope glycoprotein is an essential component of infectious viral particles. 

While many aspects of Env structure and function have been elucidated, its intracellular 

trafficking pathway prior to reaching the site of particle assembly at the plasma 

membrane is not well understood. The HIV-1 envelope protein has a very long 

cytoplasmic tail that interacts with the host cell trafficking machinery. Here we utilized a 

truncated form of the trafficking adaptor FIP1C protein to arrest the intracellular 

transportof Env and demonstrated that Env becomes trapped within the endosomal 

recycling compartment. Intracellular trapping blocked Env incorporation into the released 

particles and markedly diminished infectivity. Mutations of specific trafficking motifs in 

the Env cytoplasmic tail prevented itstrapping in the recycling compartment. These 

results establish that trafficking to the endosomal recycling compartment is an essential 

step in HIV-1 Env incorporation into particle. 
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Results 

 

A C-terminal fragment of FIP1C blocks HIV-1 Env localization at the cell surface 

and prevents virion incorporation.  

To define the role of the ERC in Env trafficking, we expressed a truncated form of FIP1C 

(FIP1C560–649) tagged to green fluorescent protein (GFP) in HeLa cells. Incorporation of 

Env into released HIV-1 particles was inhibited by FIP1C560–649 in a dose-dependent 

fashion (Fig. 1A, top, Appendix Fig. 1). This effect was not due to reduced synthesis or 

enhanced degradation of Env, as FIP1C560–649 had little effect on cellular levels of gp160 

(Fig. 1A, bottom). Titration of full-length GFP-FIP1C did not inhibit Env incorporation 

(Fig. 1A, right lanes). The infectivity of released particles was diminished by FIP1C560–

649 in a manner proportional to the removal of Env from particles (Fig. 1B, left) and was 

slightly increased (rather than diminished) by expression of the full-length FIP1C (Fig. 

1B, right). We next asked if truncated FIP1C altered cell surface Env levels. FIP1C560–649 

expression resulted in a significant reduction of cell surface Env, as measured by flow 

cytometry of nonpermeabilized cells (Fig. 1C, left), while cell surface levels were not 

significantly altered by wild-type FIP1C expression (Fig. 1C, right). These results 

indicated to us that FIP1C560–649 exerts a negative effect on Env incorporation into virions 

through a mechanism that reduces Env cell surface levels but does not significantly alter 

total cellular Env, suggesting that Env is trapped in an intracellular location. 

 

HIV-1 Env is trapped in the ERC by overexpression of FIP1C560–649.  
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To define the mechanism underlying the disruption in Env particle incorporation, we 

examined the subcellular distribution of Env when coexpressed with either wild-type 

FIP1C or FIP1C560–649. Wild-type FIP1C demonstrated a prominent perinuclear 

localization but also some more diffuse and punctate signals in HeLa cells (Fig. 2A). 

FIP1C560–649 was also found in a pronounced perinuclear compartment with less 

prominent peripheral puncta (Fig. 2B). We have previously shown that WT FIP1C is 

redistributed from the perinuclear ERC to the cellular periphery upon expression of HIV-

1 Env with a fulllength CT (13, 18). Characteristic redistribution of wild-type FIP1C 

upon Env expression is shown in Fig. 2C. In stark contrast, FIP1C560–649 remained tightly 

concentrated in a perinuclear location in the presence of HIV-1 Env (Fig. 2D). 

Remarkably, Env was found to colocalize very strongly with FIP1C560–649, indicating 

trapping of Env within the ERC (Fig. 2D). Trapping of Env correlated with a loss of Env 

from the cell surface upon FIP1C560–649 expression (Fig. 1C and 3A). To determine if Env 

trapping in the ERC was dependent upon the presence of the Env CT, we examined the 

distribution of CT144 Env, which lacks all but the membrane-proximal six residues of the 

CT. CT144 Env was not trapped by FIP1C560–649 but was found on cellular membranes 

and largely excluded from the ERC (Fig. 2E). The level of CT144 Env on the cell surface 

was unaffected by FIP1C560–649 expression (Fig. 3B). We reasoned that the trapping of 

Env could have been due to a general disruption of recycling from the ERC by 

overexpression of FIP1C560–649 or could represent a specific feature of the FIP1C 

carboxyl-terminal segment. To examine the specificity of this finding, we expressed a 

similar fragment of the C terminus of Rab11-FIP2, FIP2452–512. This construct expresses 

the RBD of FIP2 and is similar to one (FIP2446–511) previously shown to disrupt 
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transferrin recycling (19). The subcellular distribution of FIP2452–512 remained largely 

perinuclear in the presence of HIV-1 Env but did not result in Env trapping (Fig. 2F) and 

failed to diminish cell surface Env (Fig. 3D, compare titration to that of FIP1C560–649 in 

C). The colocalization of Env and FIP1C560–649 was much higher than that of Env and 

FIP2452–512, as represented in these images and quantified from multiple image stacks 

(colocalization measurements are presented in Fig. 3E, F, and G). 

 

Role of tyrosine-based motifs in Env retention in the ERC.  

We have previously identified athe CT mutant, YW795SL, that is deficient in Env 

particle incorporation in a cell type-specific manner, and proposed that this mutant has a 

defect in FIP1C-dependent transport to the PM (18). If this is the case, then we would 

predict that the YW795SL Env escapes retention in the ERC elicited by FIP1C560–649. 

Indeed, this was the case (Fig. 4A; YW795SL is referred to here as S5). We note that the 

overlap of Env and FIP1C560–649 signal was partial upon expression of YW795SL Env, but 

clearly Env was present more abundantly on cytoplasmic membranes and the PM than 

was seen for WT Env (compare Fig. 4A to 2D). Cell surface Env levels reflected a slight 

downregulation of YW795SL Env compared to wild-type Env (Fig. 4E, compare to D). 

We next examined a revertant virus derived from serial passage of YW795SL in which a 

second-site change (L850S) near the C terminus of the CT restored Env particle 

incorporation and infectivity (18). The YW795SL/L850S revertant Env was retained in the 

ERC by FIP1C560–649 in a manner similar to that of the wild type (Fig. 4B; the revertant is 

referred to as S5R Env). ERC retention was associated with a significant decrease in cell 

surface levels (Fig. 4F). The membrane-proximal YXXL motif of the CT has been shown 
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to be involved in AP-2- dependent endocytosis and to play a role in particle incorporation 

(6, 7, 21). We reasoned that AP-2-dependent endocytosis may be required to deliver Env 

to the ERC. We therefore expressed provirus incorporating the Y712C mutant that 

abrogates AP-2 interaction together with FIP1C560–649. In this case, we observed no 

trapping of Env in the ERC (Fig. 4C), and the cell surface levels of Y712C Env were 

unaffected (Fig. 4G). The extent of Env retention in the ERC was quantified using 

Pearson’s correlation coefficient (Fig. 4H) and the M2 correlation coefficient 

(representing Env pixels colocalizing with FIP1C pixels) from 10 representative three-

dimensional (3D) image stacks for each of the trafficking mutants shown in Fig. 4A to C. 

The extent of trapping was greatest for YW795SL/L850S revertant Env (S5R) and least for 

Y712C, as can be seen from either measure (Fig. 4H and I), while differences in the degree 

of colocalization/trapping between S5 and S5R were more apparent when Env/FIP1C 

signal is measured by the M2 coefficient representing the red (Env) pixels colocalized 

with green pixels (Fig. 4I). The absence of Y712C trapping suggested to us that 

endocytosis of Env from the plasma membrane mediated by AP-2 is required for Env to 

reach the ERC, where FIP1C560–649 is available to sequester Env. 

We next asked if YW795SL Env and Y712C Env incorporation into virion particles 

was also differentially altered upon FIP1C560–649 expression. WT NL4-3 Env 

incorporation was inhibited by FIP1C560–649 expression as described above (Fig. 5A, left), 

while YW795SL Env was resistant to this effect (Fig. 5A, middle blots). The second-site 

revertant YW795SL/L850S regained sensitivity to inhibition by FIP1C560–649 (Fig. 5A, 

right). Both CT144 and Y712C Env-bearing proviruses were resistant to the effects of 

FIP1C560–649 (Fig. 5B). In summary of this series of experiments, mutations disrupting 
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FIP1C-dependent trafficking (YW795SL) or AP-2-dependent endocytosis (Y712C) allowed 

Env to escape trapping by FIP1C560–649 in the ERC and allowed normal levels of Env 

incorporation into particles budding from HeLa cells. We note that HeLa cells are 

permissive for Env incorporation into particles by truncated Env, such as CT144, 

suggesting that an alternative pathway allowing Env incorporation exists in this epithelial 

line that is not present in many T cell lines or in primary T cells and macrophages 

(4, 18). This also is likely to explain the robust incorporation of YW795SL Env into 

particles (Fig. 5A, middle), whereas this Env is inefficiently incorporated in most T cell 

lines and in primary T cells and macrophages (18). 

 

SIV Env avoids capture in the ERC by FIP1C560–649.  

We next asked if the retention of HIV-1 Env in the ERC by FIP1C560–649 was also seen 

with SIVmac239 Env. Upon expression of full-length SIVmac239 provirus, we found that 

there was no significant trapping of Env by FIP1C560–649 (Fig. 6A), while in parallel HIV-

1 Env was almost quantitatively trapped as before (Fig. 6B). Cell surface levels matched 

the phenotype observed by immunofluorescence, as there was no significant shift in 

surface fluorescence of SIVmac239 Env upon expression of FIP1C560–649 (Fig. 6E). To 

determine if differences in the Env CT led to this dramatically different phenotype, we 

employed a codon-optimized SIVmac239 Env and created a chimera bearing the 

ectodomain and TM of SIVmac239 fused to the CT of HIV-1 Env. SIVmac239 codon-

optimized Env was not trapped in the ERC, reproducing results with expression from 

proviral DNA (Fig. 6C). The SIV-HIV chimera, in sharp contrast, was retained in the 

ERC upon FIP1C560–649 expression (Fig. 6D). Cell surface levels of SIVmac239 Env were 
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unaffected by expression of FIP1C560–649, while the surface distribution of the SIV-HIV 

CT chimera was shifted significantly (compare Fig. 6G to H). Taking this further, we 

performed Western blots to examine SIV Env incorporation into particles (Fig. 7). 

FIP1C560–649 expression had no effect on SIV Env incorporation into particles, while in 

parallel experiments NL4-3 Env was efficiently depleted (Fig. 7A). Expression of codon-

optimized HIV Env and Gag together with FIP1C560–649 led to depletion of Env from 

particles (Fig. 7B, left), while SIV Env incorporation onto SIV Gag particles was 

unaffected (Fig. 7B, middle). Strikingly, replacing the CT of SIV with that of HIV-1 

resulted in inhibition of Env incorporation into particles that was FIP1C560–649 dependent 

(Fig. 7B, right). Thus, the lack of trapping of SIVmac239 Env by FIP1C560–649 is reflected 

in normal cell surface levels and particle incorporation, while the SIV-HIV chimeric Env 

was trapped in the ERC, unable to reach the particle assembly site on the PM and 

unavailable for efficient incorporation into particles. 

 

FIP1C560–649 induces an aberrant ERC and traps Env on ERC membranes.  

We next focused on the structure of the intracellular compartment responsible for Env 

trapping using superresolution optical microscopy and electron microscopy (EM). While 

at lower resolution the ERC appeared as a roughly spherical compartment with a diffuse 

distribution of FIP1C560–649, upon higher resolution it appeared to consist of intertwined 

and packed tubules. Rab11 and FIP1C were not uniformly distributed on all 

tubules but demonstrated significant colocalization (Fig. 8A). Env was similarly 

concentrated more strongly on a subset of tubules (Fig. 8B). The center of the ERC 
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appeared somewhat hollow compared to the periphery (Fig. 8C to E). We extended this 

morphological study to the use of transmission electron microscopy (TEM). TEM images 

revealed compact clusters of tubules with an average diameter (or radius for those 

visualized on end) of 60 ± 10 nm (Fig. 8F). Control HeLa cells examined in parallel 

failed to reveal similar structures (not shown), indicating to us that this was an aberrant 

ERC similar to that described by Damiani and colleagues (20). Using immuno-EM, we 

found that Env was distributed along the ERC membranes (Fig. 8G). We conclude that 

FIP1C560–649 elicits a condensation of ERC tubules, and that Env becomes trapped on 

tubular membranes by this intervention and is subsequently unable to reach the 

particle assembly site on the plasma membrane. The identity of this structure as the 

ERC was further validated by colocalization of FIP1C560–649 with Rab14 and transferrin 

receptor and by the lack of colocalization of FIP1C560–649 with late endosomal markers 

(Fig. 9, Appendix Fig. 2-4). 

 

Env CT-dependent internalization and capture within the aberrant ERC.  

Having shown that Env is trapped in the ERC in a CT-dependent manner, we next asked 

if Env present on the cell surface can reach this compartment (Suppl. Fig. 1, Appendix 

Fig. 5). To facilitate pulse labeling of cell surface Env, we created an artificial envelope 

construct composed of an N-terminal fluorogen-activating protein (FAP) domain fused to 

the TM and CT regions of HIV-1 Env (FAP-TMCT). This allowed fluorescent pulse 

labeling of FAP-TMCT on the cell surface in the absence of internal labeling by using the 

membrane-impermeant fluorogen MG-11p (22, 23). FAP-TMCT demonstrated PM 

labeling when cells were exposed to fluorogen on ice (Fig. 10A, z section in center of 
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cell, and B, at coverslip level). Expression of FIP1C560–649 did not alter the cell surface 

labeling pattern of FAP-TMCT (Fig. 10C). At 37°C, however, FAP-TMCT was rapidly 

internalized from the cell surface. Internalized signal was apparent at the end of a 5-min 

pulse (Fig. 10D). FAP-TMCT signal was further internalized for 20 min and colocalized 

significantly with FIP1C560–649 (Fig. 10E, with quantitation in M). By 60 min, 

colocalization of pulsed FAP-TMCT with FIP1C560–649 was further enhanced (Fig. 10F, 

with quantitation in M). As controls, we employed a well-characterized membrane-

anchored FAP construct that includes the platelet-derived growth factor (PDGF) receptor 

transmembrane domain and lacks any HIV sequence (23) and a modified version of FAP-

TMCT in which the C-terminal 144 amino acids of the CT are absent (FAP-CT144). The 

FAP membrane control remained largely, but not entirely, on the cell surface over this 

time course (Fig. 10G to I). A portion of the surface-labeled FAP-CT144 was rapidly 

internalized (Fig. 10J) but did not appear to become significantly concentrated in the 

ERC over time (Fig. 10J to L). Signal from the internalized fraction of both control FAP 

proteins at 60 min colocalized only weakly with FIP1C560–649 compared to that with FAP-

TMCT (Fig. 10M). These results support a model in which the Env CT mediates 

internalization from the PM to the ERC, leading to CT-dependent sequestration in the 

aberrant ERC formed by FIP1C560–649 expression. 
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Discussion 

 

HIV-1 Env and Gag must coordinately reach the plasma membrane during the 

process of particle assembly. How they do so remains unclear. Env is translated as the 

precursor gp160 protein on ER-bound ribosomes and subsequently forms trimers in 

the endoplasmic reticulum (ER) (24–28). During transit through the trans-Golgi network 

(TGN), a furin-like protease cleaves gp160 into SU and TM subunits (29, 30). The form 

of Env that reaches the surface of the cell is therefore a trimer of SU/TM heterodimers, 

presumably completely modified and competent for incorporation into virions. Gag 

is synthesized on cytosolic ribosomes and reaches the inner face of the plasma 

membrane by an alternate and poorly understood route, where it interacts with 

phosphatitdylinositol-4,5-bisphosphate (PIP2) and cholesterol-enriched membranes 

(31–33). The matrix (MA) region of Gag is essential for Env incorporation, as point 

mutations in MA have been identified that eliminate Env incorporation without 

disrupting particle assembly and budding (34–36). A direct interaction between Gag and 

the Env CT has been reported for HIV (37) and for SIV (38), but there has been little 

additional evidence supporting this. Env exclusion by MA mutants may instead be 

regulated by a steric clash between the MA lattice and the Env CT created by MA 

mutants that disrupt the MA trimer interface (39). In support of this model, it was 

recently shown that MA trimers exist in virions, and that mutations that eliminate 

trimerization correlated with a loss of Env incorporation (40). This work suggests that 

the long Env CT must fit within a central aperture within a hexamer of trimers formed 

by MA at the particle budding site. 
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We previously reported that the Rab-related adaptor protein FIP1C directs Env 

incorporation in a CT-dependent manner (13). The Rab protein recruited by FIP1C 

relevant for Env incorporation was shown to be Rab14. This suggested to us that Env 

must be delivered to and sorted from the ERC prior to reaching the site of particle 

assembly. This model is further supported by the finding that a YW795SL mutation in 

the CT disrupted Env incorporation in a cell type-specific manner identical to that of the 

CT144 Env lacking most of the cytoplasmic tail (18). A second-site mutant near the C 

terminus of the CT restored FIP1C-dependent incorporation of Env in Jurkat and H9 T 

cell lines and in macrophages. The FIP1C-dependent trafficking model of Env 

incorporation proposes that Env must traffic through the ERC prior to particle 

incorporation, and that interactions between the CT and the FIP1C/Rab14 complex direct 

outward sorting of Env to the particle assembly site. This model does not conflict with 

the steric model of Env exclusion by MA mutants discussed above, but rather helps to 

incorporate the role of specific trafficking signals in the CT in directing Env to the 

assembly site. 

Here, we employed a dominant-negative approach to further define Env 

trafficking and the proposed requirement for ERC trafficking. A short C-terminal 

fragment of FIP1C (FIP1C560–649) led to a dramatic trapping of Env in the modified ERC 

and inhibited incorporation of Env into particles. The YW795SL CT mutant largely 

escaped trapping in the ERC, while a second-site revertant in the distal CT restored the 

inhibitory effect of FIP1C560–649. Thus, the dominant-negative ERC trapping effect was 

specific to residues within the Env CT. Furthermore, a similar fragment derived from 

Rab11-FIP2 failed to inhibit Env incorporation. These results support the ERC trafficking 
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model for Env incorporation and a specific requirement for FIP1C in outward sorting of 

Env. 

The overexpression of a similar, slightly larger C-terminal fragment of FIP1C, 

termed H13, was reported previously to create an altered morphology of the ERC in 

RAW macrophages and to disrupt transferrin recycling to the PM in this cell type (20). A 

C2 domain deletion of FIP1C similarly caused an accumulation of phosphatidylserine 

containing membranes in the pericentriolar region of HeLa cells (41). The structures we 

observed by fluorescence microscopy and by EM in HeLa cells are likely analogous to 

the altered tubulovesicular endosomes seen in these two prior studies. Both H13 and 

FIP1C560–649 express the FIP1C Rab binding domain, or RBD, which binds to Rab11 

GTPase family members (Rab11a, Rab11b, and Rab25/Rab11c) and Rab14 (42). One 

potential mechanism for the dominant-negative inhibition seen upon RBD fragment 

overexpression is the sequestration of Rab GTPases required for outward sorting to the 

plasma membrane. In support of this, Rab11a and Rab14 were found in the current 

study to be sequestered in the aberrant ERC formed by FIP1C560–649 (Fig. 8 and 9). 

Because Rab14 was previously shown to be required for Env incorporation (13), it seems 

likely that Rab14 sequestration is involved in Env trapping by FIP1C560–649. Immuno-EM 

studies showed Env associated with tubular ERC membranes upon FIP1C560–649 

expression. A logical interpretation of these data is that the Env CT and the Rab14-FIP1C 

complex normally interact on these membranes prior to outward sorting to the particle 

assembly site on the PM, and that sequestration of the relevant Rab GTPase-FIP1C 

complex leads to cosequestration of Env in this compartment. It is also possible that the 

complex of Env with truncated FIP1C and Rab14 is unable to recruit the motor protein 
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required for transit out of the ERC to the plasma membrane site of assembly. Further 

experiments are under way to evaluate the model outlined here, including efforts to 

identify the relevant motor protein involved in Env transit out of the ERC and to define 

potential protein-protein interactions between FIP1C and the Env CT. 

We have previously proposed that Env trimers on the PM must be endocytosed to 

the ERC in a step preceding outward sorting to the particle assembly site (depicted in 

Fig. 11). Env is known to be actively endocytosed by an AP-2/clathrin-dependent 

process that depends upon the Y712XXL motif in the proximal portion of the CT (21), 

and this motif plays a key role in particle infectivity (8). Remarkably, we found that a 

Y712C Env mutant was not trapped by FIP1C560–649, consistent with a sequential 

trafficking model where AP-2-dependent endocytosis to the ERC is followed by FIP1C/ 

Rab14-directed sorting to the particle assembly site on the PM. A second plausible 

model, however, would not require the appearance of Env first on the PM prior to 

directed sorting. Notably, the Y712XXL motif on the Env CT also interacts with the TGN 

and endosome-associated AP-1 clathrin adaptor, and AP-1 may direct post-Golgi 

trafficking of Env through additional CT motifs, such as the C-terminal dileucine motif 

(11). In this scenario, AP-1-dependent trafficking could direct Env from the TGN to the 

sorting endosome/ERC, followed by FIP1C/Rab14-dependent outward sorting. Either 

scenario would be consistent with the fact that dominant-negative FIP1C560–649 traps 

Env prior to outward sorting for particle incorporation. In support of the plausibility of 

the endocytosis model, we found that an FAP-tagged artificial Env incorporating the 

HIV-1 Env TM and CT domains was rapidly endocytosed and reached the aberrant ERC 

created by FIP1C560–649 (Fig. 10). We do not suggest that this result rules out the 
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existence of the TGN-to-ERC pathway, but it does provide supportive evidence that Env 

on the PM can be endocytosed in a CT-dependent manner and subsequently reach 

the ERC. 

We note the important limitation of performing these experiments in HeLa cells 

alone. As initially described by the Freed laboratory and also seen in our studies 

describing FIP1C’s role, T cell lines such as Jurkat and H9, as well as primary T cells and 

macrophages, are nonpermissive for Env incorporation in the absence of the full-length 

CT (4, 13, 18). We expect that capture of Env with an intact CT would be retained in T 

cells and macrophages, while the permissive pathway allowing truncated Env to be 

incorporated would be absent, as in previous studies. While knockdown of FIP1C or 

Rab14 supports this conclusion (13, 18), unfortunately we have not been able to 

achieve sustained and efficient expression of FIP1C560–649 in T cell lines and primary 

cells in order to directly reproduce the Env incorporation defects demonstrated here for 

FIP1C560–649 in HeLa cells. We also recognize the potential for unintended effects upon 

overexpression of a protein that acts in a dominant-negative fashion. We employed 

overexpression of a similarly truncated FIP2 protein as a control for this but recognize 

that there may still be unintended effects from overexpression of truncated FIP1C. 

Confidence in the specificity of our findings was enhanced, however, by the lack of 

robust ERC trapping of the HIV-1 Env CT mutant YW795SL by FIP1C560–649 and by the 

HIV CT-specific sequestration of HIV/SIV chimeric Env. 

How does the regulation of Env incorporation by MA fit with the sequential 

trafficking model proposed here? In a convergent trafficking model, the delivery of Env 

by FIP1C/Rab14 to the site of a developing Gag lattice would be consistent with the 
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trimerization/steric interference model proposed by Tedbury and colleagues (40). 

Delivery to the common PM site would be followed in the case of MA mutants such as 

29/31 KE by steric exclusion of the Env CT and lack of incorporation. Another exciting 

possibility is that the Gag-membrane interactions originate on tubular ERC membranes 

enriched in PI(4,5)P2, where Env interacts with the FIP1C/Rab14 complex, and that 

cotrafficking of Gag and Env on vesicles to a common PM site contributes to 

incorporation of Env on particles. We note that cotrafficking cannot be obligatory for 

Gag, however, as disruption of Env trafficking by ERC sequestration does not alter the 

amount of Gag particles produced. The recognition that ERC trafficking is an essential 

step in the Env particle incorporation pathway will facilitate future studies to define 

how Gag and Env reach a common assembly site on the PM. 

 SIVmac239 Env in this study did not appear to utilize ERC transit for 

incorporation into virion particles, and this was shown to be dependent on the SIV Env 

CT. It is possible that FIP1C-dependent outward sorting from the ERC is unique to HIV-

1, or that species-specific differences in host trafficking factors exist that do not allow 

interactions of the SIV CT with the human FIP1C/Rab14-mediated sorting pathway. It is 

interesting that SIV isolates propagated in human cells frequently truncate their 

cytoplasmic tails (43, 44), suggesting that host cell differences limit the ability of SIV 

with a full-length CT to propagate in human cells. Interactions with trafficking pathways, 

including AP-2/ clathrin-mediated endocytosis, have been implicated in determining SIV 

Env incorporation and infectivity (45–48). Still, the reasons that SIV CT truncations 

provide an advantage in human but a disadvantage in simian cells remain poorly defined. 

Comparisons of FIP1C-dependent trafficking pathways between human and simian cells 
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may prove informative in understanding these differences. 

 The inhibition of HIV-1 Env incorporation and particle infectivity using a 

dominant negative Env trapping strategy was specific to FIP1C and the HIV-1 Env CT. 

There are currently no antiretroviral drugs targeting Env incorporation. Future studies 

establishing how the Env CT interacts with components of the FIP1C/Rab14 trafficking 

complex thus are thus likely to prove provide insights intoinformative in understanding 

fundamental aspects of the HIV-1 assembly processes and should provide identify novel 

targets for antiretroviral drug development. Also, targeting the interaction between FIP1C 

and Env CT could be a good strategy for putative drug development. So far, we are 

missing information related to direct interaction between FIP1C and Env CT has not be 

demonstrated, but it would be an important direction for which needs to be confirmed in 

future studies. 

 

FIP1C as a dominant-negative inhibitor of Env trafficking 

We showed that a truncated FIP1C construct expressing the C-terminal Rab-binding 

domain acts as a dominant-negative inhibitor of Env trafficking and incorporation into 

virions. Also RBD-FIP1C sequesters Env in the ERC. Env trapping in the ERC is 

dependent upon an intact YW795, Y712 motif in the cytoplasmic tail. Also, we showed 

that the dominant negative effect of RBD-FIP1C is HIV-1 specific, and that SIV, HIV2 

Env is not trapped. 

 

Rab14 and Rab11-FIP1C 
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We previously showed that disruption in Rab-binding sites in FIP1C can impair 

trafficking of HIV-1 Env toward the plasma membrane (13, 15). The dual mutant FIP1C 

(S580N S582L) was used in parallel with dominant-negative C- terminal fragment of FIP 

(FIP1C560-649) to see if Rab14 trafficking is affected. Fluorescent microscopy, flow 

cytometry analysis, and western blot data showed that FIP1C560-649 failed to completely 

trap NL4-3 Env inside the ERC due to moderately impaired outward trafficking by 

Rab14 (Suppl. Fig. 2). Interestingly, the trapping phenomenon of Env in the presence of 

FIP1C 560-649 S580N S582L looked similar to the S5 tyrosine motif mutant (Suppl. Fig. 

2C) which suggests (1) a motor protein which interacts with Rab14, such as Kinesin 16B 

(Kif16B), should colocalize with Env along with Rab 14 (54) (2) Live imaging of the 

ERC compartment with Rab14 and Env is necessary to understand the path of trafficking 

in and out of the ERC in the presence of FIP1C560-649. 

 

FIP1C 560-649 and host restriction factor Tetherin 

 We previously observed that the host restriction factor tetherin (BST-2 or CD317) 

is also trapped inside the ERC (data not shown). The dominant negative effect of FIP1C 

560-649 was effective against Tetherin as well – endogenous Tetherin was sequestered in 

the ERC with FIP1C560-649 (data not shown). We originally speculated ER-Golgi 

pathways were disturbed by FIP1C560-649 but found that gag was not affected at all by this 

dominant negative effect and FIP1C560-649 itself was not toxic to cells. It is most likely 

Tetherin became trapped in the ERC after endocytosis (55, 56, 57) since there is no 

evidence whether Tetherin binds to either HIV-1 Env or Rab 14. Further exploration into 
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other host restriction factors is necessary to determine if they are affected by the 

dominant negative effect of FIP1C560-649 in different cell types. 

 

FIP1C 560-649 in human macrophages 

We transduced GFP-FIP1C560-649 in monocyte-derived human macrophages based on a 

lentiviral system using vpx and VSVG packaging vectors. (58). We cultured the 

monocytes isolated from human blood samples and cultured with GM-CSF for 7-10 days 

before transduction of GFP-FIP1C560-649 along with other packaging vectors. Next, we 

infected macrophages with AD8 provirus and fixed and stained with Env antibody. 

Trapping of Env was increased in later time points (Day 2: 58%, Day 4: 71% when fixed 

at 5 days of infection) (Suppl. Fig. 3 E F).The virus containing compartment marker, 

CD9, was mostly colocalized with Env and FIP1C560-649  in the same compartment (if 

trapped). P24 Gag was also colocalized with Env at Day 5 and Day 9 (Suppl. Fig. 3 A-

D). Overall, the combination of transduction and infection methods had limitations in (1) 

the expression levels of GFP-FIP1C560-649 and (2) a low yield of macrophages infected 

after transduction. Also, the early infection stage is preferable in order the minimize the 

formation of abnormal syncytia formation in later stages; however, Env signal was weak 

and in each experiment there were populations showing heterogeneously trapped Env or 

even no trapping effect. For further analysis, optimizing the expression of viral proteins 

would allow better fidelity in measurements. 

 

FIP in other viruses 
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The Rab 11 pathway is important to influenza A virus budding and filament formation 

(59) while Rab11 vesicles were found forming clusters in influenza A infected cells 

which contain viral ribonucleotides (60). It would be interesting if FIP1C acted as a 

proviral host factor in influenza- infected cells assuming that HA proteins of influenza 

may be a target for FIP1C. Other members of FIP including FIP3 and FIP2 which are 

rather known to have roles in regulating metastasis in breast cancer cells (61) and gastric 

cancer cells by modulating cell motility (62). Since Rab11 proteins can form complexes 

with motor proteins such as myosin, kinesin, and dynein, it would be interesting to see if 

other viral cargos also interact or hijack this Rab11 trafficking pathway. Even though 

direct interaction of FIP1C with HIV-1 Env was not shown, probing the interacting 

proteins in virus infected cells by proteomics may provide bigger windows for other 

possible proteins contributing to the FIP1C effect on Env. 
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Materials and Methods 

 

Cells and plasmids.  

HeLa cells were obtained from the American Type Culture Collection (ATCC; 

CRM-CCL-2). TZM-bl cells were obtained through the NIH AIDS Reagent Program, 

Division of AIDS, NIAID, NIH, from John C. Kappes, Xiaoyun Wu, and Tranzyme, Inc. 

HeLa and TZM-bl cells were maintained in DMEM (Dulbecco’s modified Eagle 

medium) containing 10% fetal bovine serum (FBS) and 2 mM penicillin-streptomycin. 

pNL4-3 proviral plasmid was obtained through the NIH AIDS Reagent Program, 

Division of AIDS, NIAID, NIH, from Malcolm Martin. pNL4-3CTdel-144-2 Env was 

kindly provided by Eric Freed at NCI Frederick and is referred to as CT144 in the text. 

HIV-1 gp41 mutants Y712C, S5, and S5R in the pNL4-3 backbone have been described 

previously (12, 18). GFP-FIP1C and GFP-FIP1C560–649 have been described previously 

(18, 49). GFP-FIP2452–512 was generated by PCR amplification using forward 

primer 5’-GCAGAATTCCACCTATGAAGAGGTTCTACAGGAGCTG-3’ and reverse 

primer 5’-GCAGGATCCTTAACTGTTAGAGAATTTGC-3’, followed by cloning into 

the EcoRI and BamHI sites of the pEGFP-C1 vector (Clontech). Codon-optimized JR-FL 

gp160 and SIVmac239 gp160 genes were synthesized by GenScript and cloned between 

EcoRI and EcoRV sites of pcDNA 5/TO (Thermo Fisher Scientific). SIV-HIV chimeric 

Env was created by overlap extension PCR using inner primers 

CCATTATACTTTCAGCAGACCTCTTTTCAGACTCTGCTGCCAGCACCTAGG 

(forward) and TGCTGGCAGCAGATGCTGAAAAGAGGTCTGCTGAAACTAGGA 
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TGGAGGGCT (reverse) and outer primers 

ACGAATTCGCCACCATGGGCTGCCTGGGAAATCGA (forward) and 

TGGATATCTTACAGCAGTGCCCGTTCCAGCCC (reverse) and cloned between 

EcoRI and EcoRV sites of pcDNA 5/TO. pVRC-3900 expressing codon-optimized HIV-

1 Pr55Gag polyprotein (50) was kindly provided by Gary Nabel (VRC, NIH). Fluorogen-

activated protein expression constructs were obtained from Spectragenetics (Pittsburgh, 

PA). Plasmid pMFAP-alpha2 (Spectragenetics) was used as a control and was 

employed to create pMFAP-TMCT, which placed the TM and CT domains from codon-

optimized JR-FL Env (synthesized by GenScript) in frame with the N-terminal alpha2 

FAP domain using Sal1 and Not1 sites of pMFAP-alpha2. Oligonucleotides for 

amplification of the HIV-1 Env TMCT were 

AGAGTCGACTTCATCATGATTGTGGGAG (Sal1 site, forward oligonucleotide) and 

CTTCGCGGCCGCTTACAGCAGTGCCCGTT (Not1 site, reverse oligonucleotide). 

The same plasmid backbone and PCR cloning strategy was used to create the CT 

truncation construct pMFAP-CT144, using the reverse oligonucleotide 

CTTCGCGGCCGCTTAATAGCCCTGCCGGACTCG. 

 

Virus release and infectivity assays.  

GFP-FIP1C560–649 or GFP-FIP2452–512 and pNL4-3 were cotransfected 

into HeLa cells using Lipofectamine 2000 (Thermo Fisher Scientific). Cells and 

supernatants were harvested 48 h posttransfection for analysis by Western blotting, p24 

antigen quantitation, and flow cytometry. Infectivity of cell culture supernatants was 

measured using TZM-bl indicator cells following p24 normalization as previously 
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described (13). Viruses were pelleted from cell culture supernatants through a 20% 

sucrose cushion at 20,000 × g for 2 h at 4°C; cells were harvested and pelleted at 800 × g. 

Virus pellets and HeLa cell lysates were dissolved in radioimmunoprecipitation assay 

(RIPA) buffer containing protease inhibitors. Virus pellets and cell lysates were separated 

on 8 to 12% polyacrylamide gels and subjected to Western blotting using antibodies 

outlined below. 

 

Antibodies for Western blotting and immunostaining.  

Goat polyclonal antibody AHP2204, from AbD Serotec (D7324), was used for detecting 

HIV-1 gp120 and gp160 for Western blotting. Murine monoclonal 5009 from BTI 

Research Reagents was used for blotting HIV-1 gp41. Mouse anti-p24 monoclonal CA-

183 (provided by Bruce Chesebro and Kathy Wehrly through the NIH AIDS Research 

and Reference Reagent Program) was used for enzyme-linked immunosorbent assay 

(ELISA) to measure HIV-1 Gag in virus-containing culture supernatant and virus pellets; 

the capture ELISA was performed as previously described (51). Rabbit antiserum to SIV 

gp120 was obtained from Advanced Biosciences Laboratories. Anti-SIVmac251 p17 

monoclonal KK59, from Karen Kent and Caroline Powell, was obtained 

through the NIH AIDS Reagent Program and was used to detect SIV Gag in Western 

blotting. IRDye goat anti-mouse, IRDye rabbit anti-goat, and IRDye goat anti-rabbit 

secondary antibodies from LiCor Biosciences were used for Western blotting. All blots 

were acquired and analyzed using the LiCor Odyssey infrared detection system. The 

following antibodies were utilized in immunofluorescence assays: human anti-gp120 

antibody IgG1 2G12 was kindly provided by James Crowe (Vanderbilt University), and 
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b12 and 447-52D were obtained from the NIH AIDS Reagent Program. Anti-Rab11a 

monoclonal antibody (clone 47) was from Millipore. Monoclonal antibodies detecting 

EEA1 (clone 14/EEA1), CD63 (clone H5C6), and Lamp1 (CD107a, clone H4A3) were 

obtained from BD Pharmingen. Anti-transferrin receptor monoclonal antibody (MEM-

75) was from Abcam. Anti-TGN46 sheep polyclonal antiserum (AHP500) was 

purchased from Bio-Rad. Alexa Fluor secondary antibodies and 4’,6-diamidino-2-

phenylindole (DAPI) were obtained from Molecular Probes. 

 

Fluorescence microscopy.  

HeLa cells were plated in MatTek 35-mm poly–D-lysine-treated dishes 

(Brooke Knapp MatTek) overnight and then were cotransfected with HIV-1 provirus and 

GFP-FIP constructs using Lipofectamine (ThermoFisher Scientific), followed by 

incubation for 48 h. Before staining, cells were rinsed with phosphate-buffered saline 

(PBS) three times and fixed in 4% paraformaldehyde for 10 min at room temperature. 

Cells were washed with PBS three times with mild agitation after fixation and then 

permeabilized for 10 min with 0.2% Triton X-100, followed by washing with PBS. Dako 

blocking solution was applied to cells for 30 min under gentle shaking conditions. 2G12 

antibody against HIV-1 gp120 was diluted in Dako antibody diluent to 1:300. Anti-goat 

secondary antibody was diluted in Dako antibody diluent to 1:1,000. All antibodies for 

immunostaining endocytosis markers were used between 1:1,000 and 1:5,000 dilutions in 

Dako antibody diluent solution. The coverslips were mounted in Prolong Gold (Thermo 

Fisher) overnight and imaged on the DeltaVision imaging system (GE Healthcare) 
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or the OMX imaging system (GE Healthcare) for structured illumination microscopy. 

The Volocity 6.3 software program (PerkinElmer) was employed for analysis and 

presentation of microscopic images obtained. Quantitation of colocalization between 

HIV-1 Env and GFP-FIP1C560–649 was performed using Volocity software features, 

including derivation of Pearson’s coefficient and M1 and M2 colocalization 

coefficients. Statistical differences between colocalization coefficients were calculated by 

Student’s t test as recommended by Dunn et al. (52). For labeling experiments with FAP 

control, FAP-TMCT, or FAP-TMCT144, HeLa cells were transfected with GFP-

FIP1C560–649 and pulse labeled with the nonpermeable fluorogen MG-11p from 

Spectragenetics. Cells were examined the following day at 18 to 20 h after transfection. 

Cells were exposed to 200 nM MG-11P for 5 min, and then medium was removed and 

replaced with medium lacking fluorogen to prevent further labeling. Cells were incubated 

for the indicated times and fixed and imaged as described above, using the Cy5 channel 

for detection of FAP signal. Pearson’s correlation coefficient was derived for 10 imaged 

fields of cells per construct/time point shown. 
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Figures 

 

 

 

Fig. 1. Truncated FIP1C inhibits Env incorporation and particle infectivity.  

(A) GFP-FIP1C and truncated mutant of FIP1C (FIP1C560–649) plasmids were transfected 

in increasing concentrations together with a fixed amount of pNL4-3 proviral DNA into 

HeLa cells. Shown are results of this titration on viral protein content (upper blots) and 

cellular protein content (lower blots) 48 h posttransfection. (B) Infectivity of virus 

particles was quantified using TZM-bl cells following dose titration of FIP1C560–649 (left) 

or wild-type FIP1C (right). Results are shown as blue cells/nanogram of p24 and are 



78 
 

presented as means ± standard deviations (SD). Statistical comparisons between groups 

were performed using the unpaired t test. Graphs shown are representative of major 

findings from three independent experiments. ns, ρ ˃ 0.05; *, ρ < 0.05; **, ρ < 0.001; 

***, ρ < 0.0001. (C) Cell surface staining for Env using anti-gp120 mouse monoclonal 

antibody BDI123 (Novus Biologicals) 48 h following transfection with the indicated 

constructs. Cells first were gated for GFP-FIP1C expression. 
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Fig. 2. FIP1C560–649 sequesters Env in a perinuclear compartment in a CT-dependent 

manner.  

(A) Wild-type GFP-FIP1C subcellular distribution in HeLa cells when expressed alone. 

(B) Subcellular distribution of GFP-FIP1C560–649. (C) Distribution of wild-type GFP-

FIP1C when coexpressed with NL4-3 proviral DNA. Cells were fixed and 

immunolabeled with human neutralizing antibody 2G12 to stain HIV-1 gp120. Green, 

GFP-FIP1C; red, Env; rightmost image, overlay. (D) Distribution of FIP1C560–649 when 

coexpressed with NL4-3 proviral DNA. Staining is as described for panel C. (E) 

Coexpression of FIP1C560–649 and CT144 proviral plasmids stained and imaged as 

described for panel C. (F) GFPFIP2452–512 and pNL4-3 proviral expression stained and 

imaged as described for panel C. All panels shown are from transfected HeLa cells. 

Images selected are representative of the major phenotypes found for more than 100 cells 

examined in repeated, independent experiments. Bars represent 10 um. 
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Fig. 3. Cell surface levels of CT144 Env and effect of FIP1C560–649 versus FIP2452–512. 

(A) HeLa cells were cotransfected with GFP-FIP1C560–649 and pNL4-3 proviral plasmid 

and stained for Env using anti-gp120 mouse monoclonal antibody BDI123. Histograms 

of cell surface staining are shown in the absence (red) or presence (other colors as 

indicated) of FIP1C560-649 expression. (B) CT144 proviral plasmid was substituted for 

wild-type Env and cell surface staining repeated with and without GFP-FIP1C560–649. (C) 
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Dose titration of GFP-FIP1C560–649 resulted in dose-dependent reduction in cell surface 

Env signal. (D) Dose titration of GFP-FIP2452–512 had little effect on cell surface Env. (E) 

The degree of colocalization between GFP-FIPs and HIV-1 Env was measured by 

Pearson’s correlation coefficient equation using Volocity 6.3 software after manual 

thresholding. Results are shown as means ± SD from a total of 10 representative images. 

***, ρ < 0.001; ****, ρ < 0.0001. P values were calculated using the Student’s unpaired t 

test using GraphPad Prism 6. (F and G) Correlation coefficients, FIP1C signal/Env (M1), 

or Env signal/FIP1C (M2) from the images examined for panel E. 
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Fig. 4. Trapping of Env by GFP-FIP1C560–649 is dependent on specific trafficking 

motifs in the CT.  

(A) HeLa cells were cotransfected with GFP-FIP1C560–649 and YW795SL (S5) proviral 

plasmids. Forty-eight hours posttransfection, cells were fixed and stained with anti-HIV-1 

gp120 antibody 2G12 (red). (B) HeLa cells cotransfected with GFP-FIP1C560–649 and 

YW795SL/L850S (S5R) proviral plasmids and stained for Env as described in panel A. 

(C) HeLa cells were cotransfected with GFP-FIP1C560–649 and Y712C proviral plasmids 

and stained for Env as outlined for panel A. All size bars represent 10 um. (D) Cell 

surface staining for NL4-3 Env with and without GFP-FIP1C560–649 expression. Cells 

were fixed and stained for Env using anti-gp120 mouse monoclonal antibody BDI123. 

(E) S5 designates NL4-3 Env CT mutant YW795SL. Cell surface staining performed for 

wild-type NL4-3 as described for panel D. (F) S5R is a second-site revertant virus in the 

Env CT, YW795SL/L850S. Cell surface staining was performed as described for panel D. 

(G) Cell surface staining of NL4-3 Y712C mutant performed with and without FIP1C560–

649, as described for panel D. (H) Pearson’s correlation coefficient. (I) M2 correlation 

coefficient, Env signal/FIP1C signal. Results are shown as means ± SD from a total of 10 

representative 3D image stacks. *, ρ < 0.04; ***, ρ < 0.001; ****, ρ < 0.0001. 
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Fig. 5. Effects of titration of FIP1C560–649 on Env particle incorporation for Env CT 

trafficking mutants.  

(A) FIP1C560–649 was cotransfected with the indicated proviral constructs at increasing 

amounts of DNA as indicated above the blots. Shown are Western blots for Env and Gag 

content in particles (top) and cell lysates (bottom). WT NL4-3 is shown as in Fig. 4 and 

serves as a control for inhibition of Env incorporation into particles. Note that S5 is the 

Env CT mutant YW795SL, while S5R (revertant) is the second-site revertant in the CT, 

YW795SL/L850S. (B) Dose titration of FIP1C560–649 as described for panel A, showing 

effects on CT144 and Y712C Env compared to wild-type NL4-3. Particle blots are shown 

on the top, and cell lysates are below. Results are from HeLa cells. 
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Fig. 6. Dominant-negative FIP1C560–649 fails to trap SIV Env in the ERC.  

(A) HeLa cells were cotransfected with GFP-FIP1C560–649 and SIVmac239 proviral 

plasmids. After 48 h, cells were fixed and stained with anti-SIV gp120 rabbit serum (red). 

(B) Codon-optimized JR-FL Env was coexpressed with GFPFIP1C560–649, followed by 

fixation and staining with 2G12 antibody (red). (C) Codon-optimized SIVmac239 Env 

coexpressed with GFP-FIP1C560–649 and stained with anti-SIV gp120 rabbit serum (red). 

(D) SIV-HIV tail chimeric Env coexpressed with GFP-FIP1C560–649 and stained with anti-

SIV gp120 rabbit serum. Scale bars, 10 um (A, C, and D) and 5 um (B). (E) Cell surface 

staining of SIVmac239 Env with and without GFP-FIP1C560–649 using anti-SIV gp120 

rabbit sera. (F) Surface staining of JR-FL Env expressed from codon-optimized construct 

with and without coexpression of GFP-FIP1C560–649. (G) Codon-optimized SIVmac239 

Env cell surface staining with and without expression of GFP-FIP1C560–649. (H) Cell 

surface Env signal of SIV-HIV chimeric Env, stained with anti-SIV gp120 rabbit sera 

with and without GFP-FIP1C560–649 expression. 
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Fig. 7. Dose titration of FIP1C560–649 and effects on SIVmac239 Env incorporation. 

(A) Comparison of effects of titration of FIP1C560–649 on Env incorporation by NL4-3 

versus SIVmac239 in HeLa cells. In this experiment, full-length SIVmac239 proviral 

DNA was cotransfected with increasing amounts of FIP1C560–649. (B) CT-dependent 

reduction in Env incorporation illustrated by SIV-HIV Env chimera. (Left) Codon-

optimized HIV-1 (JR-FL) Env was coexpressed with codon-optimized HIV Gag and 

increasing amounts of FIP1C560–649 DNA. (Middle) Codon-optimized SIVmac239 Env 

coexpressed with optimized SIVmac239 Gag and increasing amounts of FIP1C560–649. 

(Right) Effects of FIP1C560–649 expression on particle incorporation of a chimeric Env 

where the ectodomain and transmembrane domain of SIVmac239 Env was fused to the 

CT of HIV-1 Env. In this experiment, the Gag protein expressed was SIVmac239 Gag. 
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Fig. 8. GFP-FIP1C560–649 creates an aberrant ERC that traps Env on endosomal 

membranes.  

(A) Structured illumination microscopy of aberrant ERC. HeLa cells transfected with 

GFP-FIP1C560–649 and stained for Rab11a. Shown is a 3D projection of the aberrant ERC 

where both Rab11a and GFP-FIP1C concentrate. Blue color represents nuclear stain. 

Scale bar, 1 um. (B) Structured illumination microscopy for morphology of ERC with 

HIV-1 Env. HeLa cells were cotransfected with GFP-FIP1C560–649 and pNL4-3 proviral 

DNA and stained for HIV-1 Env. Env is shown in red, with FIP1C in green. Scale bar, 1 

um. (C to E) A section of ERC from the experiment depicted in panel B is shown to 

illustrate the less densely staining inner core. (F) Transmission electron microscopy 

image of the abnormal ERC induced by GFP-FIP1C560–649. Scale bar, 200 nm. (G) 

Postembedding immunoelectron microscopy using a cocktail of anti-Env monoclonal 

antibodies 2G12, b12, and 447-52D, with detection using 10-nm protein A-gold beads. 

The hatched area in the image is shown in magnified form at the upper right corner, and 

arrowheads point out some of the individual gold beads. Scale bar, 100 nm. 
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Fig. 9. Endosomal markers present in FIP1C560–649-positive ERC.  

(A) To examine the enrichment of ERC markers in the FIP1C560–649 compartment, we 

utilized immunofluorescence microscopy for a series of endosomal markers. All images 

shown here are from HeLa cells. Rab11a is shown concentrated in the FIP1C560–649 

compartment (left 3 images) compared with its normal distribution (rightmost image). (B) 

Rab14-mcherry (red) was coexpressed with GFP-FIP1C560–649. The distribution of Rab14-

mcherry alone is shown in the rightmost panel. (C) The distribution of endogenous 

transferrin receptor is shown together with the FIP1C560–649-positive compartment 

compared to its normal distribution (rightmost image). (D) EEA1 distribution following 

expression of FIP1C560–649, together with staining for TGN46. (E) CD63 distribution in 

the presence of FIP1C560–649. TGN46 staining also is indicated. (F) LAMP1 and TGN46 

distribution in the presence of FIP1C560–649. 
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Fig. 10. Endocytosis and trapping of artificial Env in ERC.  

FAP-TMCT is an artificial envelope bearing the FAPalpha2 module at the N terminus 

fused to the TM and CT of HIV-1 Env. (A) FAP-TMCT labeled following a 10-min pulse 

with MG-11p on ice, showing a z section at approximately the midpoint of the cell. (B) 

Same cells as those described for panel A, showing labeling at the PM (coverslip level). 

Nuclei are superimposed for reference. (C) PM labeling on ice in HeLa cells expressing 

GFP-FIP1C560–649. (D) HeLa cell expressing GFP-FIP1C560–649 and pulse labeled with 

MG-11p for 5 min, shown immediately at the end of the pulse. (E) FAP-TMCT 

colocalization with GFP-FIP1C560–649 after a 5-min pulse followed by a 20-min chase 

period. (F) FAP-TMCT colocalization with GFP-FIP1C560–649 following a 5-min pulse 

and 60-min chase period. (G to I) Control membrane protein produced from pMFAP-

alpha2 vector using methods described for panels D and E. (J to L) FAP-TMCT144 time 

course with time postlabeling indicated. Scale bars, 11 um. (M) Pearson’s correlation was 

derived from image stacks representing 10 fields of cells from each time point. Error bars 

indicate standard deviations. 
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Fig. 11. Model for Env trafficking and retention in ERC by truncated FIP1C. 

A. Model of Env trafficking through the ERC. In this scheme, step 1 represents 

trafficking through the secretory pathway to the PM. Step 2 represents clathrin- and AP-

2-dependent endocytosis to the ERC. Step 3 is dependent upon FIP1C and Rab14, in 

which Gag and Env come together at the PM assembly site. (B) Altered Env trafficking 

by FIP1C560–649. In this model, steps 1 and 2 remain intact but Env is retained on ERC 

membranes, while step 3 is absent, resulting in particles lacking Env. 
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Supplemental figure 

 

Suppl. Fig. 1. Endocytosis and trapping of artificial Env in ERC. 

GFP-FIP1C560–649 (GFP-RBD-FIP1C) and NL4-3 provirus were expressed in TZM-BL 

cells 48 hours before surface staining with 2G12 antibody. Mcherry secondary antibody 

was shown as red. Gp120 broadly neutralizing antibody was used to stain HIV-1 NL4-3 

Env for 1 hour on the ice before starting chase to block the endocytosis of antibody/Env 

complex. At Each time point, the cells were fixed and permeabilized then stained with 

fluorophore-labeled secondary antibody and visualized under TIRF microscopy and Z-
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stack imaging (Delta Vision). (A) Time 0: Env was stained with secondary antibody right 

after primary antibody staining. Env is located majorly on the cellular surface (B-D): At 

15min pulse chase, already most of the envs are getting internalized into ERC. At 30 min, 

ERC is already enriched with Envs. Env trapping is still effective after 4 hours (data not 

shown). 
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Suppl. Fig. 2. Mutation in Rab14 binding sites in FIP1C560–649 rescues Env from 

ERC. 

(A) Co-localization of Rab14 and FIP1C560–649 

(B) Co-localization of HIV-1 NL4-3 Env and FIP1C560–649 

(C) Partial co-localization of FIP1C560–649 S580N/S582L and HIV-1 NL4-3 Env 

(D-E) Flow cytometry analysis of FIP1C560–649 S580N/S582L shows only mild decrease 

in surface Env expression. 

(F) Western blot shows dominant negative effect of FIP1C560–649 is reversed by Rab14- 

binding mutations in low-mid dose of FIP1C560–649 S580N/S582L plasmid. 
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Suppl. Fig. 3. FIP1C560–649 can capture AD8 Env in some monocyte-derived human 

macrophages  

(A) Co-localization of AD8 Env and FIP1C560–649 at Day 5 after transfection 

(B) Co-localization of AD8 gag and FIP1C560–649 at Day 5 after transfection 

(C) Co-localization of AD8 Env and FIP1C560–649 at Day 9 after transfection 

(D) Co-localization of AD8 gag and FIP1C560–649 at Day 9 after transfection 

(E) Day 4: CD9 and AD8 Env 

(F) Day 3: CD9 and AD8 Env. CD9 was used as a marker for virus-containing 

compartment (VCC) marker in virus-producing macrophages. 
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Abstract  

 

SERINC5 incorporates into HIV-1 virions and inhibits viral fusion with target cells, and 

this effect is counteracted by Nef. Different Envs exhibit a broad range of sensitivities to 

SERINC5. The resistance to this restriction factor has been mapped to the variable loops 

V1-V3 of gp120 located at the apex of Env trimer. Our laboratory has previously shown 

that, in the absence of Nef, SERINC5 accelerates spontaneous functional inactivation of 

sensitive Envs, potentiates the neutralizing activity of anti-gp41 antibodies and, 

ultimately, inhibits the formation of small Env-mediated fusion pores (17). Here, we 

attempted to elucidate a link between SERINC5 sensitivity and functional inactivation of 

Envs. Toward this goal, we measured the rates of functional inactivation of a panel of 

HIV-1 Envs consisting of sensitive lab adapted strains, as well as resistant primary 

isolates and transmitted/founder viruses. We found a reasonable correlation between 

HIV-1 sensitivity to SERINC5, as measured by fold-reduction in infectivity, and the 

extent to which this factor accelerated Env inactivation (measured as reduction in half-

time, T50). The effect of SERINC5 on the rate of inactivation of sensitive Envs was more 

profound than on resistant strains. Increasing the density of Env in the virions did not 

noticeably affect SERINC5 incorporation, but rendered viruses more resistant to 

restriction. We also found that one of the Env conformational blocker, BMS-378806, 

delayed SERINC5-mediated Env inactivation. In addition, we showed that CD4 mimetics 

potentiated the SERINC5 effect. These results support the model that SERINC5 drives 

structural reorganization of Env and thereby favors its inactivation and a CD4-bound 

conformation is more prone to inactivation.  
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Introduction 

 

Virus accessory protein, Nef 

HIV-1 encodes for the structural viral proteins Gag, Pol and Env, as well as regulatory 

and accessory proteins Tat, Rev, Vif, Vpr, Vpu (Vpx in SIV) and Nef. Accessory proteins 

help dampen the host immune responses. The role of Nef in HIV-1 replication has not 

been fully understood until two recent papers revealed that Nef counteracts the HIV-1 

restriction factor, SERINC5 (1, 2). 

Nef was originally named ‘negative regulatory factor’ after the clinical 

observation of patients that were seropositive for HIV-1, who happened to be infected 

with Nef-negative virus (91). Long-term non-progressing HIV-1 infection (patients that 

maintained normal CD4 lymphocyte counts and very low virus blood titer) was found to 

be related to a lack of intact Nef genes. Slow disease progression in those patients was 

surprisingly similar to rhesus macaques infected with SIV strains lacking functional Nef, 

and presented slow clinical progression and lower viral load. 

Nef can cause rapid endocytosis of major histocompatibility complex class I 

(MHC-I) from the surface of infected lymphoid cells, antigen presenting cells, and 

epithelial cells. This can prevent the recognition and clearance of infected cells by 

cytotoxic CD8 T cells. Natural killer cells (NK cells) are also involved in killing of virus-

infected cells, but their function is impaired in the presence of Nef, which inhibits 

degranulation by lytic enzymes (3, 4). Nef from most SIV and HIV-2 strains can 

downregulate TCR-CD3 from infected T cells, thereby blocking activation-induced cell 

death. More importantly, Nef can also downregulate CD4 from the cell surface by 
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inducing its endocytosis and degradation, thereby preventing premature Env activation in 

infected cells and avoiding ADCC. The activation of Src kinases, such as Hck and Lyn, is 

also targeted by Nef, which impairs the function of downstream effectors in the signaling 

cascade during immune cell activation.  In addition, Nef can disrupt actin dynamics via 

downregulation of cofilin, cellular motility, the formation of immunological synapse, and 

causes massive secretion of exosomes from T-cells which leads to apoptosis. Nef is also 

known to modulate protein expression and trafficking through binding and hijacking 

Dyn2 and AP-2. 

Interestingly, SIV Nef can still actively increase HIV-1 infectivity in human cells 

(about two to ten times) (5). An unrelated murine leukemia virus protein referred to as 

glycoGag has been found to enhance infection, similar in effect of Nef on HIV-1 

infection. Even though replacing HIV-1 Env with unrelated VSV G protein overcomes 

the Nef requirement, the exact molecular mechanisms of Nef-mediated infectivity 

increase has not been understood (6).  

 

Serine incorporators, ‘SERINCs’ 

An important function of Nef has been revealed in 2015 when two groups discovered a 

novel restriction factor “SERINC5” as a target of Nef (1, 2). The abbreviation SERINC 

comes from a study by the Inuzuka group (7) showing that this protein helps to 

incorporate serine during phosphatidylserine and sphingolipids biosynthesis in E. Coli, 

yeast and COS-7 cells. SERINC5 belongs to a unique family of 10 transmembrane 

domain proteins (Type III) that has no amino acid homology to other proteins, but is 

highly conserved among eukaryotes and contains five members. 
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SERINC5 has been shown to reduce fusion and late reverse transcription products 

in infected cells by ~4 fold, whereas infectivity was inhibited by ~20 fold (1, 2). 

SERINC5 knock-down (by siRNA) or knock-out (by CRISPR/Cas9) in CD4 T cells 

restores the infectivity. The counteracting effect of Nef against SERINC5 is saturable, 

since SERINC5 can still inhibit infection by 2-3 fold in the presence of Nef, as compared 

to 20-30 times in the absence of Nef, depending on the Env strain and producer cells. The 

Gottlinger group has shown that Nef counteracts SERINC5 by inducing its translocation 

from the PMto the large perinuclear compartment, likely late endosomes. Both Usami 

and Rosa et al. papers suggested a possibility that SERINC5 may interfere with fusion 

pore expansion and thereby block delivery of the core into the cytoplasm (1, 2). 

 

Nef and SERINC in an evolutionary arms race 

Analysis of Nef alleles derived from a broad panel of diverse HIV and SIV isolates have 

proven that the effect on infectivity is phylogenetically highly conserved (8). HIV-1 Env 

alleles are known to differ significantly in their Nef requirement (9). Nef is much less 

effective at increasing infectivity of primary isolates, such as ADA, YU2, and JRFL (9), 

and this effect has been mapped to Env. 

There is a strong correlation between anti-SERINC5 potency of Nef and SIV 

prevalence in both primate and non-human primate species (10).  Studies from the 

Murrell group (11) support the idea that SERINC5 and SERINC3 are unique retrovirus 

restriction factors in that these are not under positive selection. Compared to other 

restriction factors, such as APOBEC3, TRIM5-α, SAMHD-1 and BST-2 (Tetherin), 

SERINC5 and SERINC3 have lower proportions of codon sites under positive selection. 
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The Gottlinger group has shown that the intracellular loop 4 (ICL4) of SERINC5 

determines its sensitivity Nef (12).  

 

SERINC5 antiviral activity 

As the name “serine incorporator” suggests, a possible mechanism by which SERINC5 

inhibits HIV-1 infection is the altered lipid composition of the virus assembly sites (lipid 

rafts) on the plasma membrane. However, in contrast to the original findings by the 

Inuzuka group, the Trautz group has reported that SERINC5 expression neither alters the 

lipid composition of progeny virions nor changes the lipid content of virus-producing 

cells (13). SERINC5 restricted HIV-1 infectivity without altering the lipid composition 

and organization of virions (13). Trautz et al. also reported that Nef can increase 

infectivity in spite of SERINC5 incorporation into virions, suggesting a possible cryptic 

mechanism for HIV-1 infectivity regulation by these proteins. 

The Gottlinger group has mapped the Nef sensitivity to the gp120 V1/V2 loops 

that are known to contribute to the trimer stability and neutralization sensitivity of Env 

(1). Compared to the NL4-3 and 89.6 Env, which are strongly inhibited by SERINC5, all 

transmitted/founder viruses are much less sensitive, and viruses like AD8 and YU-2 are 

highly resistant to SERINC5 (1). Fusion of HIV-1 particles pseudotyped with VSV-G 

protein or Ebola virus glycoproteins is also resistant to SERINC5 (14, 1, 2). SERINC5 is 

likely to inhibit other retroviruses, since the GlycoGag protein of murine leukemia virus 

and the S2 protein of equine infectious anemia virus counteract SERINC5 (1, 2, 15). The 

NL(AD8Env) chimera with AD8 Env cloned into the NL4-3 backbone showed resistance 

against SERINC5 inhibition (16). Interestingly, SERINC5 sensitizes both sensitive 
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HXB2 Env and resistant JRFL and BaL26 Env to the gp41-derived inhibitory peptides 

(e.g., C34) and neutralizing antibodies targeting the gp41 MPER (e.g., 4E10) and heptad 

repeat domain 1 (8k8) (16, 17). This shows that SERINC5 alters accessibility of certain 

epitopes on HIV-1 Env to neutralizing antibodies through inducing conformational 

changes in Env.  

Sood et al. have shown by live cell imaging that SERINC5 blocks small fusion 

pore formation between single viruses and cells (17). This is in contrast to the original 

model proposed by Usami et al. and Rosa et al. that SERINC5 impairs the enlargement of 

a fusion pore (1, 2). An additional antiviral activity has been discovered by measuring the 

rates of spontaneous inactivation of HIV-1 Env in control and SERINC5 containing 

viruses (17). The accelerated inactivation of sensitive, but not resistant Env strains upon 

SERINC5 incorporation suggests an additional mechanism of antiviral activity and it is 

consistent with SERINC5-induced conformational changes in Env. 

 

Structure of Env 

The first structure of a monomeric HIV-1 gp120 core in complex with soluble CD4 and 

17b Fab (a surrogate for co-receptor) has been solved in 1998. (18). The gp120 core 

consists of an inner domain and outer domain connected by a bridging sheet. The gp120 

subunit contains highly variable loops V1-V5 that are largely exposed.  The gp120 

subunit is non-covalently associated with the gp41 subunit, masking the more conserved 

functional domains of gp41 involved in viral fusion. The gp41 membrane-proximal 

external region (MPER) links the C-terminal portion of the HR2 domain to the 

transmembrane domain. The gp120 and gp41 subunits within the Env trimer form a 
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lollipop -like structure that contains unique neutralizing antibody binding sites (19). More 

recently, the native unliganded Env structure has been reported (20). The structure of 

stabilized trimeric Env ectodomain has also been reported (21, 22). The three HR1 

helices form a coiled-coil structure along the trimer symmetry axis. The V1, V2 and V3 

loops of gp120 stabilize quaternary interactions between protomers, with the V3 loop 

sitting beneath V1/V2 and behind the glycan moiety N197. The V3 loop determines co-

receptor usage and contains of high-mannose patch. The V4 and V5 loops project to the 

periphery and do not make contacts with other variable loops. Multiple broadly 

neutralizing antibodies (bnAbs) can recognize the N332 site, but bind at different angles 

(23, 24). The N332 site is composed of a number of overlapping glycan-dependent 

epitopes (25). The V3 epitope is structurally proximal to the V2 site (21), is located 

within the N332 supersite. V3-targeting antibodies show a similar mechanism to V2 site 

recognition, in that they access a minimal eight-residue peptide epitope between the 

positions 323 and 330 via long CDR-H3s (26). Two antibodies, PGT121 and PGT128, 

are highly dependent on the glycans at positions N301 and N332 (27). Studies with bnAb 

PG9 demonstrated its binding to the cluster of glycans including N156, N173, N160 at 

the apex of a trimer (28).  

The Env molecule is meta-stable and readily dissociates into gp120 and gp41 

subunits (gp120 shedding) upon soluble CD4 (sCD4) binding or interaction with some 

neutralizing antibodies (19, 30, 31). This property of Env has been a big hurdle for 

structural studies. A native-like trimeric Env has been engineered by insertion of a 

disulfide bind (SOS) at the gp120/gp41 interface with an additional mutation of 

Isoleucine to Proline in the 559th amino acid in gp41 (IP) to stabilize the gp41 against 



125 
 

refolding and enhance proper trimerization (SOS+IP=SOSIP) (32, 33. 34). SOSIP 

appears to maintain proper antigenic and structural features of Env, as judged by cryo-

electron tomography, single particle EM, and broadly neutralizing antibody binding (19, 

35, 36). 

The CD4 binding site (CD4bs) is located inside the gp120 protomer with limited 

accessibility in the contest of a trimer, which dictates the angle of bnAb binding to this 

site. The CD4bs is further restricted by surrounding glycans (37). Tier-1 viruses are more 

susceptible to CD4bs -targeting antibodies because of their more open structure and 

dissociated V1/V2 loops, while Tier-2 viruses less avidly bind CD4 due to a more 

compact trimer conformation that restricts access of CD4bs-targeting bnAbs (38). 

Exposure of the gp41 MPER is induced by the CD4 binding, so this important 

neutralization epitope is only transiently exposed during the fusion process (39, 40, 41). 

Two human autoreactive bNAbs, 2F5 and 4E10, interact with a conserved region in the 

MPER (42, 43). They block viral infection by attacking an intermediate pre-hairpin 

conformation of gp41, and their binding to the viral membrane enhances the neutralizing 

activity (44, 45). Another MPER-specific antibody, 10E8, has recently been reported to 

neutralize HIV-1 with potency and breadth much greater than those of 2F5 or 4E10, but it 

appeared not to bind phospholipids and might target the native envelope spikes (46) 

  

Conformational dynamics of Env 

Envs from primary HIV-1 isolates are resistant to neutralizing antibodies. This is 

accomplished by the “closed” neutralization-resistant ground-state conformation and 

extensive N-glycosylation that masks conserved epitopes. Once Env engages the CD4 
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receptor on the host cell, it undergoes structural transformations, which expose the 

coreceptor binding site (47). Subsequent coreceptor engagement induces sequential 

rearrangement of the gp41 region, which exposes/forms the HR1 and HR2 domains, and 

refolds into the final six-helix bundle structure that brings the viral membrane and the cell 

membrane into close proximity and induces their fusion (48).  

Recent groundbreaking studies by the Mothes group have directly measured the 

dynamic characteristics of the Env trimer in its native and CD4-bound states. These 

authors applied a single-molecule FRET assay to visualize conformational transitions in 

dual-labeled Env trimers. Donor and acceptor fluorescent dyes were introduced into 

different variable loops of gp120 from the neutralization-sensitive lab adapted strain 

NL4-3 or neutralization-resistant primary isolate JRFL.  Single-molecule FRET 

experiments have shown the existence of three distinct conformations corresponding to 

low, intermediate and high FRET signal in the unliganded HIV-1 NL4-3 Env and JRFL 

Envs.. The major population in both unliganded Envs is low FRET, suggesting that Env 

preferentially remains in a closed, ground state conformation, which is masked from 

antibodies. Transitions into high and intermediate FRET levels corresponding to 

intermediate and CD4-bound structure, respectively, have been identified. The CD4 

mimetic JRC-II-191, which promotes receptor-bound conformation, stabilizes the 

intermediate FRET level. When the small molecule entry inhibitor BMS-626529 was 

used as a conformational blocker (49), it stabilized the native-ground state in both HIV-1 

NL4-3 Env and JRFL Envs. This work strongly suggests that locking Env in a ground 

state could be the mechanism of Env to evade antibody neutralization. 
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Small molecule inhibitors of HIV-1 entry  

 

1. BMS-378806 

BMS-378806 (aka BMS-806) is active against HIV-1, but not HIV-2 or SIV. 

BMS378806 stabilizes the prefusion ground state and blocks the Env conformational 

transitions induced by CD4, such as exposure of the gp41 HR1 coiled coil (50). It has 

been demonstrated that BMS-806 selectively affects regions around the gp120/gp41 

interface, whereas the CD4 mimetic, NBD-556, destabilizes the V1/V2 and V3 crown 

loops (47).  However, at higher concentration, the BMS-806 compound binds a distinct 

pocket under the ß20- ß21 loop where CD4 binds, leading to allosteric blockage of CD4 

engagement (51). In summary, BMS-806 can indirectly block CD4-induced Env 

conformational changes, impeding the exposure of the gp41 HR1 coiled coil, but not 

gp120 V1/V2 relocation.  

 

2. 484 (18A) inhibitor 

484 (an analog of 18A inhibitor (Herschhorn 2014 Nature Chem Bio)) inhibits the entry 

of a wide range of HIV-1 isolates. 18A does not interfere with CD4 or CCR5 binding, but 

can block the CD4-induced disruption of quaternary structures at the trimer apex and the 

exposure of the gp41 HR1 region. In a recent paper, Herschhorn et al. found that 484 

inhibits the following CD4-induced structural changes in a dose-dependent manner: (1) 

the movement of the V1/V2 region, detected by the quaternary PG9 antibody interaction, 

and (2) the exposure of the gp41 HR1, detected with the C34-Ig fusion protein, consisting 

of the Fc portion of human IgG1 linked to the HR2 region of the HXB2 Env (51). Thus, 
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484 inhibits CD4-induced Env transitions to downstream conformations that are critical 

for virus entry (51).   

 

Nef-SERINC5 interaction as a drug target 

There is one FDA-approved drug that blocks the HIV-1 entry steps (Enfuvirtide, 

Fuzeon; T20), which is used as salvage therapy in patients failing to respond to the 

current antiviral drugs. However, its clinical application is limited because of low 

efficiency, drug resistance and cross-reactivity with the preexisting antibodies in HIV-

infected patients (85, 86, 87, 88, 89). For this reason, new HIV-1 fusion inhibitors are 

urgently needed. In this regard, studies of SERINC5-mediated HIV-1 restriction may 

provide important clues about Env vulnerability. An important aspect of SERINC5’s 

activity is altering the Env structure which sensitizes Env to neutralizing antibodies (12). 

In addition, structural studies of Nef-SERINC5 interactions may lead to development of 

drugs targeting this interaction and thus counteracting the Nef activity. 

 

Summary 

In this chapter, we aimed to define the mechanism of SERINC5 restriction on HIV-1 

entry/fusion. Recent studies revealed the important role of SERINC5 in inhibiting HIV-1 

Env fusion, which can be counteracted by the viral protein Nef. However, the exact 

mechanism of inhibition of HIV-1 fusion by SERINC5 remains a mystery. In our study, I 

aimed to define the factors that can affect the Env resistance to SERINC5 restriction. I 

will mainly focus on functional inactivation of a panel of HIV-1 Env in the presence of 
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SERINC5 in order to assess the correlation between diverse Env conformations and 

SERINC5 sensitivity. 
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Results 

 

Functional inactivation of both sensitive and resistant HIV-1 strains is accelerated by 

SERINC5. 

A metastable structure of HIV-1 Env is spontaneously inactivated at 37oC or even at 0oC 

(17, 52). Other physical or chemical agents can affect the Env conformational preference, 

favoring a more “open” states that could be prone to functional inactivation (51, 52, 53). 

The relationship between the Env conformations and spontaneous inactivation is unclear. 

A paper by the Melikian lab (17) has reported that, in the absence of Nef, SERINC5 

incorporated into virions enhances spontaneous inactivation of the susceptible strain 

HXB2, but not of the resistant JRFL Env. Strains that exhibited intermediate resistance to 

SERINC5 (BaL and R3A) showed moderate acceleration of spontaneous inactivation. 

SERINC5 has been reported to alter the native conformation of Env, leading to exposure 

of cryptic gp41 domains, such as the Membrane Proximal External Region (MPER) and 

HR1 domain (16, 17). We hypothesized that the Env’s preference for the native 

(closed/State 1 (51, 54) conformation, as opposed for an intermediate or a CD4-bound 

conformation, confers resistance to SERINC5.  

To assess the effect of SERINC5 on Env without Nef and to test the link between 

the Env stability and SERINC5 resistance, we generated a panel of pseudotyped viruses 

using a number of diverse Envs. We found that SERINC5 accelerates spontaneous 

inactivation of sensitive and, to a lesser extent, resistant Env (Fig. 1). As expected, 

sensitivity to SERINC5 greatly varied among HIV-1 isolates. Sensitive lab-adapted 

strains, such as HXB2 and ADA, that were more strongly inhibited by incorporated 
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SERINC5 exhibited faster decay of infectivity at 37oC (shorter half-time of decay, T50). 

Overall, we found that both susceptible and resistant Env strains were largely inactivated 

within 24 hours at 37oC (Fig. 1). The relationship between fold-restriction of infectivity 

and fold-acceleration of infectivity loss over time (expressed as the ratio between T50 for 

control and SERINC5 viruses) are shown in Table 1. As in our previous study, the 

infectivity decay of the Tier-1 HXB2 and ADA Env, which tend to sample more open 

conformations, was more strongly accelerated by SERINC5 than the infectivity decay of 

the Tier-2 primary isolates, JR2 or JRFL (17). In control experiments, and in agreement 

with our previous results (17), incorporation of the inactive SERINC2 into virions did not 

exhibit any antiviral effects, even for the most sensitive HXB2 Env (Fig. 1A). As 

expected, pseudoviruses bearing a non-HIV VSV G protein, were hardly affected by 

SERINC5 (Fig. 1C, Table 1).  

To determine whether the observed loss of infectivity over time for all 

pseudoviruses tested was due to the loss of Env function, we measured decay of the viral 

fusion activity, using the enzyme-based BlaM assay (55). The BlaM assay is based on the 

incorporation of beta-lactamase-Vpr proteins (BlaM-Vpr) into HIV-1 virions. Upon viral 

fusion, BlaM-Vpr is delivered into the cytoplasm of a target cell and cleaves the 

fluorescent substrate CCF2-AM, changing its fluorescence emission spectrum from green 

(520 nm) to blue (447 nm). Blue/Green was calculated as a measure of viral fusion with 

TZM-bl cells after subtracting the background signal, as described in (55). As shown in 

Fig. 1D, decay in the fusion activity over time mirrored the SERINC5 effect on 

infectivity decay, showing that loss of infectivity was due to the loss of the Env function. 

Importantly, we found poor correlation between the fold-restriction and the T50 ratio for 
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various HIV-1 strains (Fig. 2, Table 1). Exclusion of the HXB2 Env, which appears to be 

an outlier, further reduces correlation between the fold-restriction and the T50 ratio (Fig. 

2B).   

 

Stabilizing and destabilizing mutations in Env do not consistently alter SERINC5 activity. 

We next compared the effects of mutations known to stabilize or destabilize the native 

structure of Env on SERINC5 sensitivity (fold-restriction and fold-acceleration of 

infectivity loss). We hypothesized that inducing a more open Env conformation will aid 

the SERINC5 activity due to exposure of cryptic epitopes, perhaps the gp41 MPER.  

Among destabilizing mutations, the JRFL I423A mutation favors an open Env 

conformation (51). The I423A and L193A mutations in the β20–β21 base lead to open 

Env conformations, recapitulating the structural changes induced by CD4. These mutants 

require less CD4 to infect cells and are relatively resistant to Tier-2 preferring broadly 

neutralizing antibodies. However, the I423A mutant exhibited the same rate of Env 

inactivation or the fold-restriction in the presence of SERINC5 as wild-type JRFL (Fig. 2, 

Fig 3A-B).  

The JR2 gp41 MPER destabilizing mutant K683Q is known to be partially 

neutralized by the MPER targeting antibody 10E8 (56). We expected it to exhibit a 

greater sensitivity to SERINC5, along with other MPER destabilizing mutants, such as 

F673L and W680G (56). However, only JR2 K683Q showed a moderate increase both in 

the SERINC5 fold-restriction and the T50 ratio, while the other MPER destabilizing 

mutants only slightly affected the SERINC5 sensitivity (Fig. 4). 
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The gp120 Phe43 cavity accommodates CD4 residues and CD4-mimetic 

miniproteins (58). This cavity is thus critical for the CD4-gp120 interaction. In the AD8 

S375W mutant, this cavity is already occupied by the bulky indole ring of Trp, which 

creates a CD4-bound-like conformation and thereby allows the binding of antibodies 

against the coreceptor binding site (58). The AD8 Env S375W mutant is also known to be 

sensitive to spontaneous Env inactivation in the cold (52). However, no significant 

differences in either the T50 ratio or fold-restriction were observed between this mutant 

and wild-type AD8.  

 Next, we looked at stabilizing mutants of Env, hoping to confer SERINC5 

resistance to sensitive Env strains (Fig. 3 C, D). The ADA V1-alt variant contains 

multiple mutations, including N139/I140 deletion and N142S substitution, that appear to 

stabilize the native conformation of the gp120 V1 loop region (59). The V1-alt Env 

exhibits resistance to heat inactivation (59). We also tested the N302Y and R315Q 

mutants that stabilize the gp120 V3 region of ADA Env. (60).  The N302Y mutation 

converts the V3 crown from the consensus motif of clade B to that of clades A and C 

(i.e., GPGR-GPGQ) and is known to decrease in the potency of CCR5 antagonist 

maraviroc, and abrogates virus neutralization by both 447-52D and F425-B4e8 antibodies 

against the V3 loop (60). R315Q also increases the Maximum percent neutralization 

(MPN) of the PG9 bnAb against ADA and increases the thermal stability of ADA Env 

(60). We also tested the HXB2 3.2P variant which has been isolated from rhesus 

macaques after infection with a SHIV construct. The HXB2 3.2P has a dozen mutations 

in variable regions of gp120 and gp41 and is not only more resistant to neutralizing 

antibodies and cold inactivation (61, 62, 63), but also to cholesterol depletion (61). 
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Another stabilizing mutation tested was the H66N mutant in AD8 Env that exhibits 

reduced sampling of a CD4-bound conformation and reduced virus inactivation in the 

cold (52, 65). We found that neither of the above ADA stabilizing Env mutations 

exhibited decreased functional inactivation by SERINC5 (Fig. 3 and Table 1). The 

stabilizing mutants didn’t show notable decreases in T50 ratio except for the HXB2 3.2P 

mutant which was more resistant than wild type HXB2. Based on the overall results for 

both stabilizing and destabilizing Env mutants, we conclude that there is no clear 

correlation between the apparent Env stability or propensity to sample an open 

conformation and sensitivity to SERINC5-mediated loss of Env function. 

 

A higher density of Env resists SERINC5 restriction.  

We asked if the Env density can modulate the HIV-1 resistance to SERINC5. The Zwick 

group recently reported successful generation of cell lines that allow packaging high 

densities of ADA-derived Env expressed on their surface into HIV-1 particles (66). These 

sequentially selected cell lines termed V1, V2, V3, and V4 allow the incorporation of up 

to 15-fold more Env compared to parental 293T cells. Env expressed in these cell lines 

has a stop codon after amino acid 755 in the gp41 cytoplasmic tail, known as 755 stop, 

which itself does not ensure high Env expression on the cell surface. The Zwick group 

also confirmed that the CT truncation did not alter the antigenicity of high density Env-

containing VLPs (hVLPs) that remained sensitive to neutralization by bnAbs, but not by 

Abs against the CD4-induced Env conformation, supporting the notion that mutant Env 

maintained the native Env structure.  
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We produced pseudoviruses carrying high density Env in the V1 and V4 cell lines 

(Fig. 5A). First, the expression levels of Env and SERINC5-HA was compared in control, 

V1 and V4 viruses by Western blotting. These analyses confirmed the abundance of Env 

in virions generated from V1 and V4 cells, as reported previously (Fig. 5B). SERINC5 

was efficiently incorporated into V1 and V4 viruses. Functional analysis of the 

pseudoviruses produced in V1 and V4 cell lines revealed decreased susceptibility to 

SERINC5 inhibition compared to the sensitive ADA Env and its mutants, including 

Comb-mut and 755-stop produced in parental 293T cells (Fig. 5C). The V1 and V4 

viruses were equally resistant to SERINC5, as measured by fold-restriction. The T50 ratio 

for the V1 cell-produced viruses was even less affected by SERINC5 than V4 derived 

particles (**P=0.0033). This was unexpected, since V4 cell-produced viruses incorporate 

more Env than V1 cell-produced ones ((66) and Fig. 5B).  Since, SERINC5 is efficiently 

incorporated into V1 and V4 virions (Fig. 5B), the reduced SERINC5 activity in these 

viruses is not due to exclusion of SERINC5. The rate of infectivity decay in control, V1, 

and V4 viruses showed minor differences in the T50 values (Fig. 5C). In conclusion, the 

high density of Env on viruses resists SERINC5 restriction without affecting the 

fundamental Env inactivation rate. 

 

A small molecule inhibitor targeting closed conformation of Env does not significantly 

modulate the effect of SERINC5 

The 484 (a derivative of 18A) fusion inhibitor does not interfere with the CD4 or CCR5 

binding and appears to block HIV-1 fusion by locking Env in the native conformation 

(67). In other words, 484 inhibits CD4-induced disruption of the quaternary structure at 
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the trimer apex and the exposure of the gp41 HR1 coiled coil after CD4 binding. Since 

484 targets the closed Env conformation, Tier-1 strains, such as ADA and HXB2, that 

reside primarily in intermediate or open conformation are resistant to this compound. In 

contrast, Tier-2 strains, including JR2 and JRFL, are generally sensitive to this 

compound. We sought to test the effect of this conformational inhibitor on sensitivity of 

Env to SERINC5 under conditions disfavoring Env’s exit from the native conformation. 

Since JRFL is known to be hyper-sensitive to 484 (67) we selected JRFL virus to test the 

effect of 484 on SERINC5’s antiviral activity. Control and SERINC5-containing JRFL 

pseudoviruses were pre-incubated for varied times with a fully inhibitory concentration 

of 484 to block the Env transition from the “closed” to “open” state. Viruses were then 

bound to cells, washed to remove excess compound, and the effect of SERINC5 on 

infectivity was measured. We found that SERINC5 activity was not altered in 484 treated 

viruses compared to untreated samples (Fig. 5A-B), as judged by the T50 ratio and fold 

restriction. The caveat of this approach is that, although JRFL Env is sensitive to 484 

inhibition, it is resistant to SERINC5 inhibition (Table 1). This may mask the SERINC5 

effect following the 484 pretreatment. In summary, attempts to lock Env in a closed 

conformation, which are less feasible for viruses that already prefer the native 

conformation, did not noticeably affect the SERINC5-mediated decay in infectivity. 

 

Probing the Env’s closed conformation preference using 484 inhibitor 

Since the Env sensitivity to the 484 inhibitor is thought to be proportional to the time 

spent in the native state (66), we sought to use this inhibitor as a probe the effects of 

SERINC5 and Env mutations on the closed conformation preference. We found that the 
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484 potency correlated with the greater stability of native Envs (Fig. 6 and Table 2). By 

and large, the antiviral activity of 484 increased for Env-stabilizing mutations and 

decreased for destabilizing mutations. Also, incorporation of SERINC5 tended to 

potentiate the 484 inhibition of ADA and HXB2 Env-mediated fusion (Table 2). The 

exception was the increased 484 potency against the highly stable JR2 Env containing 

SERINC5. This indicates that, strangely, SERINC5 can stabilize the native quaternary 

structure of the Env apex, while exposing the MPER (Fig. 7) (16, 17). 

All ADA Env stabilizing mutants exhibited reduced IC50 for 484, while the 

MPER destabilizing JR2 mutants increased IC50 in control viruses (Table 2). We did not 

observe any strong enhancement of the 484 potency by SERINC5 incorporation (Fig. 7), 

in contrast to the effect reported in (68). The IC50 ratios for the control and SERINC5 

viruses were between 1 and 2 (Table 2). Overall, the IC50 was slightly decreased by 

SERINC5 and by stabilizing mutations while it was increased by SERINC5 in 

destabilizing mutations (Fig. 7A, B).  

 

CD4 mimetic enhances SERINC5 activity. 

Soluble CD4 (sCD4) and CD4 mimetics (CD4m) can irreversibly inactivate most of HIV-

1 Env strains at high concentrations, while low concentrations can promote infection, 

especially in CD4-deficient target cells (69, 70). CD4m are also known to sensitize Env 

to antibody-dependent cell-mediated cytotoxicity (ADCC) by promoting an open 

conformation of Env. Recent studies revealed that CD4m can induce a short-lived active 

conformation of Env, which irreversibly leads to loss of fusion competence. In contrast, 

cell-surface CD4 induces long-lived active Env conformation (30). To investigate if HIV-
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1 is sensitized to SERINC5 in the presence of the CD4 mimetic BNM-III-170 (71, 72), 

we tested control and SERINC5-containing JRFL viruses for synergy between the 

restriction factors and CD4 mimetic in promoting spontaneous inactivation of Env (Fig. 

8). Incubating with BNM-III-170 for 2 or 8 hours revealed that BNM-III-170 

significantly accelerated functional inactivation of JRFL-SERINC5 viruses compared to 

no treatment control, as determined by the T50 ratio (*P=0.0123, Fig. 8A). The ratio of 

T50 between Vector and SERINC5 was also increased by CD4m (*P=0.0157, Fig. 8B). 

Vector versus SERINC5 virus clearly showed that SERINC5 potently inhibited JRFL 

virus by 8 hours of CD4m treatment (Fig. 8C). We conclude that CD4m itself accelerates 

functional inactivation and SERINC5 acts synergistically to further promote loss of 

function.  

 

A conformational blocker slows down inactivation of Env by SERINC5 

BMS-378806 is known to bind to a gp120 pocket that is distinct from the CD4 binding 

site and allosterically stabilize the native Env structure (73). This compound has been 

shown to shift the Env conformational transitions toward the closed/State 1 conformation 

(74). We asked whether this compound affects SERINC5-mediated inactivation of Env. 

These experiments rely on the ability to wash out the drug after pre-incubation and probe 

the resulting infectivity, which proved difficult due to the poor reversibility of BMS-

378806 binding to gp120 (75). Hence we used an intermediate concentration of BMS-

378806 and a “reverse infection system” adapted from previous literatures (73, 76) (Fig. 

9A). In this system, viruses are first adhered to the bottom of poly-lysine coated multi-

well plates, treated with drugs, washed and overlaid with cells (76). After incubating the 
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virus with BMS-378806, we measured the fold decrease of infectivity between 2 and 6 

hours of BMS-378806 pretreatment at 37oC. Only SERINC5+ virus and not Vector virus 

showed a significant fold decrease in T50 (2.1 ± 0.39 to 1.4 ± 0.26, **P=0.0059) (Fig. 

9B). Likewise, the infectivity decay of SERINC5 virus over time without the drug was 

accelerated compared to control, while BMS-378806-treated SERINC5 virus exhibited a 

significantly delayed functional decay. We assume that stabilizing the native 

conformation of Env by BMS-378806 prevents SERINC5 access to more vulnerable 

open conformations. In summary, conformational blocker BMS-378806 decelerated 

SERINC5 inhibition of ADA virus. 
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Discussion 

 

We hypothesized that an inherent stability of Env and its propensity to sample different 

conformations may modulate the sensitivity to SERINC5. We also speculated that 

mutations, physical factors and chemical agents that promote transition from the native 

conformation may modulate resistance to SERINC5. Our result showed that spontaneous 

inactivation of both susceptible and resistant HIV-1 Envs is accelerated in the presence of 

SERINC5, but that the resistant strains were less affected by this factor. In addition, most 

stabilizing and destabilizing mutations in Env did not alter the SERINC5’s antiviral 

activity. We demonstrated a moderate correlation between the propensity of Env to 

assume an open conformation and SERINC5 restriction. Modulation of the Env 

conformational preference by some mutations or by fusion inhibitors is consistent with 

the notion that SERINC5 targets a transient intermediate Env conformation.   

A much weaker SERINC5 effect on the T50 ratio was observed for SERINC5-

resistant Envs compared to sensitive Envs, consistent with our previous paper (Fig. 1) 

(17). HXB2 showed the far greater fold-restriction and the T50 ratio by SERINC5 

compared to other strains. Unfortunately, another sensitive strain, ADA, had only a 

moderately larger fold-restriction and the T50 ratio compared to resistant strains. A 

relatively weak correlation between fold-restriction and T50 ratio suggests that 

acceleration of functional Env inactivation is not the main mechanism of SERINC5 

activity, except for the HXB2 strain. 

Comparison of various Env stabilizing and destabilizing mutants did not reveal a 

strong correlation between the preference for the closed Env structure, SERINC5 
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sensitivity and fold-restriction, especially in regards to the T50 ratio.  There were, 

however, a few mutations that showed a predicted phenotype. The stabilization of the 

hyper-sensitive HXB2 Env by selecting for a stable HXB2 3.2P variant significantly 

reduced the virus sensitivity to SERINC5 (Fig. 3C-D, Fig. 4C). Stabilization of another 

SERINC5-sensitive strain ADA by introducing a cold-resistance mutation H66N resulted 

in a significant decrease in the T50 ratio compared to wild-type Env (Fig. 3C-D, Fig. 4D). 

Also, one destabilizing K683Q mutation in the JR2 MPER increased the inactivation rate 

by SERINC5. However, no significant effects on SERINC5 sensitivity were observed for 

other MPER-destabilizing mutations, JR2 W680G or F673L.  Overall, most of the 

mutations in different regions of Env altering its stability failed to significantly modulate 

the effect of SERINC5. 

The fact that a denser array of Env renders the virus resistant to SERINC5 (Fig. 5) 

is in line with the promotion of functional inactivation of Env by SERINC5, as proposed 

previously (17). Whereas the fundamental rate of Env inactivation appears to be 

independent of the Env density, a much greater number of functional Envs is expected to 

be retained by viruses that contain more copies of Env at any given time.  Indeed, the 

average number of Env trimers required for entry is between 1 and 7 (82, 83), whereas 

V4 viruses pack around 150 trimers (66). We currently cannot explain the greater 

resistance of V1 viruses to SERINC5 as compared to V4 viruses that pack on average a 

greatest number of Envs per virion (66). It is possible that a gross overexpression of Envs 

in V4 cells comes at the cost of slightly altered Env processing and/or post-translational 

modifications. Usage of a different Envs, such as the sensitive HXB2 strain in V1/V4 

packaging cells could be a good control. 
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We observed that a CD4 mimetic can enhance the SERINC5 effect on functional 

inactivation of the resistant JRFL Env. Conversely, BMS-378806 decreased the rate of 

SERINC5-mediated inactivation of sensitive ADA Env. These findings are consistent 

with the hypothesis that SERINC5 targets transient epitopes that are exposed in an 

intermediate or open (CD4-bound) structure of Env. Previous study showed that 

SERINC5 renders HIV-1 Env become sensitive to CCR5 co-receptor antagonist 

maraviroc (17). Unlike BMS-378806, incubation with 484 did not modulate the 

SERINC5-sensitivity of JRFL Env. The lack of 484 effect may be due to its ability to 

lock the ground conformation of Env (51) versus the BMS-378806’s ability to drive 

conformational transitions from the intermediate/open states to the closed/ground state 

(84).  

The ability of SERINC5 to inhibit infection did not exceed 20-fold under our 

conditions, even for the most sensitive strains, in contrast to the stronger SERINC5 

effects reported in the literature (2). This is likely due to our explicit strategy not to over-

incorporate SERINC5 into virions. One caveat is that we did not measure the 

incorporation of SERINC5 into virions. These issues can be addressed in the future 

experiments.  

Coreceptor tropism does not appear to correlate with SERINC5 sensitivity, since  

both the lab-adapted HXB2 strain is CXCR4-tropic, while the ADA strain uses CCR5 for 

entry are sensitive to SERINC5. The Chou group (90) recently published the NMR 

structure of the prefusion state of the MPER and transmembrane domain. Their findings 

showed very slow bnAb binding with epitopes which indicates that infrequent 

fluctuations of the MPER structure give these antibodies occasional access to alternative 
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conformations of MPER epitopes. We speculate the epitope required for SERINC5 

inhibition has very limited access to SERINC5 during fusion process which needs more 

mutation studies to probe spatiotemporal access in the presence of variable open Env 

conformations. 

Through altering the native Env conformation, we obtained important clues 

regarding the mechanism of SERINC5-mediated acceleration of functional inactivation 

of Env. We found that a CD4 mimetic that promotes an open conformation of Env 

potentiates SERINC5 restriction of viral fusion. In contrast, the conformational blocker, 

BMS-378806, which favors the closed conformation of Env, delays SERINC5-mediated 

inactivation. Additionally, some mutations that stabilize the closed Env conformation 

(HXB2-3.2P, AD8 H66N) render Env more resistant to SERINC5. Even though we did 

not observe a clear correlation between the Env conformation and SERINC5 sensitivity, 

our results are consistent with be existence of cryptic sites within Env that may interact 

with SERINC5. Our results suggest that these putative epitopes are more accessible to 

SERINC5 in a CD4-bound state. While the exact conformation(s) targeted by SERINC5 

is(are) unknown, it is possible that certain transient states other than the three main Env 

conformations depicted in the model (Fig. 1D in Introduction to SERINC5) interact with 

SERINC5. It is also possible that SERINC5 targets an Env conformation downstream of 

a CD4-bound state, such as the ternary complex of Env with CD4 and coreceptor. The 

inconsistent effects of stabilizing and destabilizing mutations indicate that a single 

substitution may not be sufficient to expose a cryptic epitope that may be targeted by 

SERINC5. We speculate that the JR2 K683Q mutation in the MPER, which is positioned 

at the hinge between the gp41 MPER and transmembrane domain (56), but not other 



144 
 

tested mutations in this region, may expose a SERINC5-targeted epitope. In future 

studies, SERINC5/Env co-IP can be performed in the presence of CD4 mimetics to favor 

SERINC5-interacting conformation of Env. 
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Materials and Methods 

 

Cell Lines, plasmids and reagents 

HEK293T/17 cells were purchased from ATCC (Manassas, VA) and TZM-bl 

cells from the AIDS Research and Reference Reagent Program (National Institutes of 

Health). HEK293T/17 cells and TZM-bl cells were passed in Dulbecco's Modified 

Eagle's Medium with L-glutamine (Lonza, MD), sodium pyruvate and glucose (Gibco, 

NY) supplemented with 10% fetal bovine serum and 100units/ml penicillin/streptomicin 

(Gemini Bio-Products, Sacramento, CA). The culture medium for HEK293T/17 cells 

included 0.5mg/ml Geneticin (G418) to keep selection of resistant cells over passage 

(Cellgro, Mediatech, Manassas, VA). Cells were incubated at 37°C in a humidified 5% 

CO2 air environment. 

Bright-Glo luciferase kit was purchased from Promega (Madison, WI). Fresh fetal 

bovine serum (FBS) was heat-inactivated in 55°C before added to the growth medium 

(Corning, NY). Poly-D-lysine was obtained from Sigma, Germany. The BMS-378806 

compound (50, 78) was synthesized by ChemPacific Corp. (Baltimore, MD). 484 (18A) 

was a kind gift from Dr. Sodroski (Dana-Farber Cancer Institute, Harvard Medical 

School, Boston, MA). 

The pCAGGS plasmids encoding HXB2, JRFL envelope glycoproteins were 

provided by Dr. J. Binley (Torrey Pines Institute, CA). pcRev (Dr. Bryan R. Cullen) (79); 

pMM310- BlaM-Vpr (Dr. Michael Miller, Merck Research Laboratories) (80); HIV 

immunoglobulin (HIV Ig) (Dr. Luiz Barbosa, NABI, NHLBI, National Institutes of 

Health); HIV monoclonal antibodies (mAbs) PG9 (from IAVI, La Jolla, CA); The 
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pMDG-VSV-G plasmid expressing VSV-G was kindly offered from J. Young (Roche 

Applied Science, Mannheim, Germany). The HIV-1-based packaging vector such as 

pR9ΔEnvΔNef was from Dr. Chris Aiken (Vanderbilt University). PBJ5, PBJ5-SER5-

HA, PBJ5-SER2-HA expression plasmids were engineered and used as described 

previously. (2, 77). 

 

Pseudovirus production 

HIV-1 pseudoviruses were produced after transfection of packaging vectors and each 

Envelope-containing plasmids in HEK293T/17 cells. Cells were transfected with 4μg of 

pR9ΔEnvΔNef, 1.5μg of pBJ5 mock or pBJ5-SER5-HA or pBJ5-SER2-HA, 2ug of 

BlaM-vpr, and 1μg of pcRev per 100-mm dish as described in our previous paper (17). 

JetPrime transfection kit (Polyplus, NY) was used for transfection. For dense Env array 

experiments, 755 stop Comb-mut Env was transfected into 293T cells along with 

packaging vector pR9ΔEnvΔNef while in V1 and V4 cell lines only packaging vector 

was transfected with or without SERINC5-HA plasmid. After overnight transfection, the 

supernatant was replaced with phenol-red negative media (Gibco, NY) and at 48 hours 

post-transfection the supernatant was harvested and filtered through 0.45um syringe filter 

(VWR, PA). V1 and V4 Env packaging cell lines were a kind gift from Dr. Zwick (The 

Scripps Research Institute, La Jolla, CA) and were culture in the presence of 2 μg/ml 

puromycin (Life Technologies). Lenti-X concentrator (Clontech, Japan) was used for 

further concentration of virus (10x concentration). Virus stocks were stored in at -80°C 

before used in BlaM assay or single round infectivity in TZM-bl cells. 
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Virus-cell fusion and infectivity assays 

Virus-cell fusion was quantified using BlaM assay, as described previously 

(Miyauchi, 2009 Cell).  Briefly, TZM-bl cells were plated in 96-well clear-bottom pated 

(corning) a day before to reach minimum 90-100% confluency next day. Each virus was 

normalized with p24 measurement by ELISA before initiation of BlaM assay and 

infectivity assay. Viruses were attached to target cells by spinoculation method which 

involved chilling cells at 4°C while centrifuging for 30 minutes at 1650xg Cells were 

rested in incubator at 37°C for 90 minutes in phenol red negative growth medium before 

stopping fusion process by directly putting the plate on the ice (Sood, 2017 JBC). The 

growth medium was replaced with BlaM substrate, CCF4-AM (Invitrogen). BlaM 

activity was measured next morning after incubating cells at 12°C overnight using 

SpectraMaxi3 fluorescence plate reader (Molecular Devices, Sunnyvale, CA). The fold 

was quantified by calculating the ratio of coumarin versus fluorescein signal. 

 Infectivity assays were performed with normalized amount of virus, as in the 

BlaM assays in TZM-bl cells. In order to prevent the luciferase signal saturation in a 

given time window, viruses were serially diluted. Cells were plated a day before with 

1x104 cells per well in the 96 black clear well plates. Viruses were incubated in the 96 

well tissue-treated plate for indicated times at 37°C in the presence of 20 mM of HEPES 

before spinoculated over target cells. After 48 hours of incubation at 37°C, the infectivity 

was measured using Bright-Glo luciferase substrate.  

 

P24 ELISA and Western blotting 
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 Mouse anti-p24 monoclonal CA-183 (provided by Bruce Chesebro and Kathy 

Wehrly through the NIH AIDS Research and Reference Reagent Program) was used for 

enzyme-linked immunosorbent assay (ELISA) to measure HIV-1 Gag in virus-containing 

culture supernatant and virus pellets; the capture ELISA was performed as previously 

described (81). Equal amount of virus measured by p24 (10pg) in 1X SDS-containing 

loading buffer (Biorad) was loaded onto 4-15% gradient premade gel (Biorad) and then 

transferred on to a nitrocellulose membrane, blocked with 10% blotting grade Blocker 

(Biorad) for 30minutes to 1 hour. Precision Pus protein standards (10kb, Biorad) was 

used as protein size markers. HIV-Ig (1:2000 dilution) was used to blot gag and rabbit 

anti-HA (sigma, 1:500 dilution) was used to blot SERINC5. PG9 human antibody (NIH) 

was used to blot gp120 and gp160 of HIV-1 Env. Horseradish peroxidase-conjugated 

(HRP) goat anti-rabbit antibody (Santa Cruz Biotechnology, 1:500 dilution), HRP-rabbit 

anti mouse (Millipore) and a chemiluminescence reagent (GE Healthcare) were used for 

chemiluminescence detection.  

 

Graphs and equations 

The T50 ratio was calculated by dividing T50 for the Vector control by T50 for SERINC5-

containing viruses as a measure of the extent of SERINC5-mediated acceleration of 

infectivity decay. The less stable or more prone to inactivation Env glycoproteins exhibit 

larger is T50 ratios. Fold-restriction was calculated by dividing the infectivity of freshly 

thawed virus without SERINC5 by that of virus with SERINC5. Greater values show a 

more potent effect of SERINC5 on infectivity. 

The equation used for inactivation in T50 is (Fig. 3A, C); Mut stands for ‘mutation’. 
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                                              𝑦 =
T50 vec mut/T50 SER5 mut 

T50 vec WT/T50 SER5 WT
 

The equation used for inactivation in Fold restriction is (Fig. 3B, D); 

                                              𝑦 =
FR vec mut/FR SER5 mut 

FR vec WT/FR SER5 WT
 

‘Mut’ stands for ‘mutation’. 
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Figures 

 

 

Fig. 1. SERINC5 accelerates spontaneous inactivation of sensitive and, to a lesser 

extent, of resistant Env  

(A, B) Loss of infectivity of pseudoviruses bearing sensitive or resistant Env strains over 

time at 37oC. (C) Non-HIV VSV-G pseudoviruses inactivate slowly and are resistant to 

SER5. (D) Drop in infectivity at 37°C is related to loss of fusion competence. The T50 

ratio was calculated by measuring the time at which 50% of infectivity was lost using a 

single-exponential curve fit (non-linear curve fit) in Graph Pad Prism 6 software. T50 

Mock and T50 Serinc5 are marked in (A). Representative graphs are shown as means ± 

SD from at least 2 independent experiments. 
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Table 1. Spontaneous inactivation of sensitive Envs is more profoundly accelerated 

by SERINC5 than resistant Envs.  

Sensitive Env strains, such as lab-adapted strains HXB2 and ADA, are colored red, while 

resistant strains, including primary isolate JRFL, AD8 and JR2, are colored black; non-

HIV control VSV-G pseudovirus is colored blue. The effects of SERINC5 on sensitive 

and resistant wild-type or mutant Envs were compared. The T50 ratio was calculated by 

measuring the time at which 50% of infectivity was lost using a single-exponential curve 

fit in Graph Pad Prism 6 software. Fold-restriction is the ratio of inhibition of infection by 

SER5 in freshly collected and frozen control and SERINC5-containing viruses. Results 
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are shown as means ± SD from at least 2 representative individual experiments. *, ρ < 

0.05; **, ρ < 0.01, as determined by the Student’s unpaired t test using GraphPad Prism 

6. 
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Fig. 2. The rate of functional Env inactivation by SERINC5 at 37°C weakly 

correlates with sensitivity to restriction.  

The T50 ratio was calculated by measuring the time at which 50% of infectivity was lost 

using a single-exponential curve fit in Graph Pad Prism 6 software. Fold-restriction is the 

ratio of inhibition of infection by SER5 in freshly collected and frozen control and 

SERINC5-containing viruses. (A) Sensitive Env strains are colored red, while resistant 

strains are black; non-HIV control VSV-G is colored blue. The correlation between 

restriction coefficient and T50 ratio is relatively weak (R2 is less than 0.70 but greater 
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than 0.50).  (B) Exclusion of the “outlier” HXB2 further reduces the correlation efficient.  

Red line is the linear regression fit to the results.  
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Fig. 3. Mutations that destabilize or stabilize the native HIV-1 Env structure do not 

consistently alter the anti-viral activity of SERINC5.  

 (A-B) Destabilizing mutations did not cause dramatic inactivation by SERINC5 as 

manifested in the T50 ratio and fold restriction. Equations used to calculate the T50 ratio 

(A) and fold-restriction (B) are shown in the bottom right. Functional inactivation of Env 

by SERINC5 is not accelerated by the I432A mutation that opens up the JRFL Env. (C-

D) Stabilizing mutations did not considerably antagonize the functional inactivation of 

Env by SERINC5, as shown by the T50 ratio and fold-restriction. Results are means ± 

SD from at least 2 indipendent experiments.  
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Fig. 4. The effect of Env-stabilizing mutations the SERINC5 activity. 

 (A) Two gp41 MPER destabilizing JR2 mutants did not significantly change either fold-

restriction or the T50 ratio SERINC5 vs. control viruses. Only the third mutant JR2 

K684Q was sensitized to SERINC5-mediated decay of infectivity. (B) gp120 V1-V3 

stabilizing ADA mutations did not decrease SERINC5 sensitivity. (C) The stabilized 

HXB2 3.2P mutant was significantly more resistant to SERINC5 inactivation. (D) The 

cold-resistant AD8 H66N mutant was more slowly inactivated at 37oC than wild-type 

Env. Results are shown as means ± SD from at least 2 independent experiments. *, ρ < 

0.05                                            
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Fig. 5. Increased density of HIV-1 Env reduces sensitivity to SERINC5   

(A) Schematic diagram of HIV-1 virions and V4 virions with increased Env density (B) 

Western blot analysis of Env and SERINC5 incorporation into V1, V4 and control 755-

stop viruses. HIV-1 pseudoviruses were produced in the presence or absence of 

SERINC5-HA, normalized for p24 content by ELISA and loaded onto a 4-15% gradient 

polyacrylamide gel. Note that SERINC5-HA incorporation was not impeded by 

overexpressed Env on the virion surface. (C) Fold-restriction by SERINC5 is diminished 

for viruses produced in both V1 and V4 cell lines (755 stop/ V1: ****P <0.0001, 755 

stop/ V4: ***P=0.0002). V1 cell line-produced viruses exhibit significantly decreased 

T50 ratio compared to control viruses produced in 293T cells (755-stop). Results are 
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shown as means ± SD from at least 2 independent experiments. P values were calculated 

using the Student’s unpaired t test using GraphPad Prism 6. 
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Fig. 6. Constraining native/ground state of Env by 484 does not significantly change 

JRFL Env sensitivity to SERINC5.  

(A) JRFL Env pseudotyped viruses containing or lacking SERINC5 were preincubated at 

37oC with or without the small molecule inhibitor 484 for indicated times before binding 

on a poly-D-lysine coated plate. After virus binding, drug was washed away three times, 

and TZM-bl cells were overlaid onto viruses by spinoculation. There was no significant 

effect of 484 on SERINC5 inhibition. (B) Env inactivation by SERINC5 was not 

different between no drug control and drug treatment. 
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Table 2. Relationship between Env stability, SERINC5-sensitivity and sensitivity to 

484 inhibition.  

SERINC5-sensitive strains, such as ADA and HXB2, are resistant to 484 inhibition 

compared to SERINC5-resistant strains, including JR2 and JRFL. Env-stabilizing 

mutants increase and destabilizing mutants decrease 484 potency. The IC50 values were 

measured using dose-response inhibition equation Y=100/(1+X/IC50), where X is the 

484 concentration in µM in GraphPad Prism 6. 
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Fig. 7. Effect of Env-stabilizing the destabilizing mutations on SERINC5- and 484-

sensitivity 

(A) The IC50 values of 484-resistant SERINC5-sensitive strains, such as ADA and 

HXB2, are similar for Vector and SERINC5-containing viruses. Viruses were 

spinoculated onto TZM-bl cells in the presence of varied doses of 484 and cells were 

cultured for 48 hours before measuring infectivity by a luciferase assay. Env-stabilizing 

mutations tend to decrease the IC50 for 484. (B) “Closed” conformation-preferring Envs, 

JR2 and JRFL, are sensitive to 484. As with “open” conformation-preferring Envs, these 

the presence of SERINC5 does not noticeably affect the sensitivity to 484. Env-

destabilizing mutations tend to increase the IC50 for 484. (C) IC50 ratios for Vector over 

SERINC5 viruses bearing different Env strains and their mutants do not show a 

consistent trend. 
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Fig. 8. CD4 mimetic augments SERINC5-mediated acceleration of infectivity decay.  

(A) Original graphs showing the effect of CD4 mimetic on T50.(B) Control JRFL or 

SERINC5-containing pseudoviruses were pre-incubated with 20 µM CD4m (BNM-III-

170) for indicated time and washed 3 times before binding to a poly-D-lysine coated plate 

(reverse system). After TZM-bl cells were spinoculated onto the viruses, infectivity was 

measured after 48 hours of incubation. (C) Comparison of the infectivity decay rates for 

control and SERINC5-containing pseudoviruses after pretreatment with CD4m. In 

control experiments, the combined effects of CD4m and SERINC5 were assessed by not 

removing the drug after pre-incubation and performing infection in the presence of drug.  
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Fig. 9. Conformational blocker BMS-378806 decelerates SERINC5-mediated decay 

of ADA infectivity. 

(A) BMS-378806 dose-response curve for ADA pseudovirus infection of TZM-bl cells. 

ADA pseudoviruses were pre-incubated with 20 µM BMS-378806 for an indicated time 

(2 or 6 h), bound to a poly-D-lysine coated plate before spinoculation with target cells (B-

C). Favoring the closed conformation of Env by BMS-3788806 significantly delays 

SERINC5-mediated Env inactivation between 2 hours and 6 hours of pre-treatment. Fold 

decrease in infectivity from 2 to 6 h was calculated. **, ρ < 0.01. P values were 

calculated using the Student’s unpaired t test (GraphPad Prism). 
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Chapter IV: General Discussion 

 

Over the past decade, a number of cellular host factors regulating HIV-1 infection 

have been identified and studied, highlighting a complex interplay between HIV-1 and 

host cells.  Many host proteins, such as transcriptional regulators, nucleoporins and other 

cellular machinery, are involved in distinct stages of HIV-1 lifecycle (7). However, 

several host proteins, known as restriction factors, defend against viral infection and can 

reduce HIV-1 infectivity. Examples of these restriction fators include Apolipoprotein B 

Editing Catalytic (APOBEC) proteins, which cause viral genome hypermutations through 

cytidine deamination, tetherin, which traps viral particles at the cell surface, and Sterile 

Alpha Motif and Histidine-aspartate Domain 1 (SAMHD1), which restricts HIV-1 

infection by limiting the pool of deoxyribonucleoside triphosphates, thereby interfering 

with HIV-1 reverse transcription (8, 9, 10, 11, 12, 13, 14).  Trim5a and Mx2/MXB can 

destabilize viral cores and target it to degradation (15, 16, 17, 18). Unfortunately, HIV-1 

proteins, such as Vif and Vpu, antagonize these host defenses (19). 

The results reported in Chapters II and III provide new fundamental insights into 

the role of novel host factors that regulate the HIV-1 Env function. We focused on Env-

interacting host factors, the FIP1C/Rab11 complex and the recently identified restriction 

factor SERINC5 that facilitate Env trafficking/virus incorporation and inhibit HIV-1 

fusion, respectively (4,5). We and others sought to understand the effects of SERINC5 on 

the conformation and function of Env (5, 25), as well as interactions with the viral protein 

Nef (23, 24). Athough thus far direct interactions between Env and FIP1C/Rab11 

complex or with SERINC5 have not been demonstrated, several lines of evidence support 
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binding of these host factorts to Env. Future studies will reveal whether this binding is 

direct or mediated by additional, yet unidentified cellular proteins. Irrespective of the 

outcome, future studies will likely reveal new targets for intervention. 

Targeting proviral host factors is a promising antiviral strategy, since, unlike the 

virus, these proteins do not readily mutate and thus drug resistance is less of a concern. 

There are currently no antiretroviral drugs targeting Env incorporation into virions. 

Therefore, uncovering the molecular mechanism of Env trafficking via FIP1C/Rab11 can 

lead to development of a novel class of HIV-1 inhibitors. If future studies demonstrate 

direct binding of Rab11-FIP1C to Env, disrupting this interaction could help to curbe 

HIV-1 infection. We also anticipate that inhibitors disrupting Nef-SERINC5 interactions 

will potentiate the antiviral activity of this restriction factor and inhibit HIV-1 replication. 

 

Conclusions and future directions 

SERINC5 

Conclusions – Based on the literature and our own data, there appears to be a general 

trend for SERINC5 sensitivity. The more open Env of lab-adapted HIV-1 strains tend to 

be sensitive to SERINC5, whereas primary isolates and T/F viruses that maintain the 

closed Env conformation to avoid antibody neutralization are more resistant to this 

restriction factor. Our mutagenesis and conformational inhibitor studies are in line with 

the original hypothesis that SERINC5 targets a yet unidentified intermediate 

conformation of Env by promoting its conformational changes and, ultimately, functional 

inactivation.   
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Future directions – develop a technique to measure Env-SERINC5 interactions and re-

assess the effects of mutations and conformational blockers on interactions between these 

proteins. This approach will complement our functional data and enable rationalization of 

the obtained results.  

FIP1C 

Conclusions – We conclude that dominant negative effect of FIP1C549-650 revealed an 

important indispensable endocytic pathway during Env transport to PM. The dominant 

negative effect was HIV-1 specific and was dependent on the major endocytosis motif 

and tyrosine motif in Env CT. 

Future directions – In the future, it would be interesting to study Rab14 and its 

interacting motor proteins responsible for Env transport to the assembly sites. Also, 

improvement in the Env tagging methods should enable real time imaging of Env 

trafficking with FIPs. 

  

Future work on FIPs  

1) We may generate a stable, inducible T cell line expressing FIP1C549-650 to evaluate the 

dominant-negative effect on multi-cycle replication of HIV-1. Generation of stable 

human T cell lines under selection by tetracycline has the advantage of avoiding adverse 

effects on cellular growth/proliferation defects and unwanted cell differentiation (1). 

Thus far, our work was performed in TZM-bl cells (not counting the preliminary work on 

human macrophages) and therefore requires validation using other, more relevant cell 

types. CD4+ T cells are typical targets for HIV-1, although they present challenges due to 
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the smaller size of the cytoplasm compared to cell lines such as Jurkat or Hela or human 

macrophages induced from monocytes. This makes visualization of the ERC difficult. 

Confirmation of the dominant negative effect of FIP1C549-650  in T cells will be valuable 

for understanding the mechanism of host cell-dependent regulation of HIV-1 Env 

trafficking. A transient overexpression system using a dominant negative fragment of 

FIP1C would be further optimized with a stable expression system in T cell lines and 

biochemical assays, which will be used to measure the dominant negative effect in T 

cells. 

 

2) We can define a minimal inhibitory domain responsible for Env trapping in ERC 

(RBD mapping). Rab14 binding motif mutations have been used to measure the dominant 

negative effect (Suppl. Fig. 1) and we confirmed that the Rab14 binding site is partially 

responsible for the dominant negative effect. This can be explained by (1) the possible 

presence of an additional Rab14 binding site (i.e., I621E) (2), (2) an additional unknown 

host adaptor protein assisting Env trafficking from the ERC without the help of Rab14, or  

(3) residual expression of WT-FIP1C might have assisted the outward sorting of Env 

from the ERC to the PM.  As shown in a previous published work from the Spearman lab 

(6), dominant-negative (S25N) forms of Rab14 disrupts the WT-FIP1C trafficking with 

HIV-1 Env to the PM while constitutively-active (Q70L) forms of Rab14 enhanced Env 

incorporation onto HIV-1 virus particles. We expect a dominant negative form of Rab14 

will show a somewhat diminished dominant negative effect (less Env trapping ERC). 
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3) We will determine if there is a direct interaction between Env CT and FIP1C or if any 

indirect interaction exists between Env and RBD-FIP1C, although co-IP of HIV-1 Env 

CT and GFP-FIP1C560-649 was not successful (data not shown). Co-IP with a smaller tag 

such as HA could improve our capability to detect such interaction. As the FIP family 

members were originally found via a yeast-two hybrid system, we may consider using a 

similar system or alternatively utilize bi-molecular fluorescence complementation (BiFC) 

imaging methods or Proximity ligation assay (PLA) to directly visualize the interaction 

between Env and FIP1C.  

 

4) We can also synchronize the ERC formation before photoactivation and then use a 

pulse-chase approach to track Env and GFP-FIP1C560-649. Since we used NL4-3 provirus, 

which replicates in HeLa cells, it would be useful to use pseudotyped viruses with the 

same pNL4-3 background and perform transfection with GFP-FIP1C560-649. Once Env, 

Rab14 and GFP-FIP1C560-649 are all resident in the ERC, we can perform photoactivation 

on ERC and then perform a pulse-chase in real time (3). Our model suggests Rab14, Env 

and WT FIP1C forms a heterotrimer before outward sorting in the ERC, but through 

pulse-chase we may also observe how Gag meets the heterotrimeric complex in a 

spatiotemporal manner. 

 

5) We believe vesicle fractionation and isolation of individual compartments coupled 

with proteomics and Mass-Spectrometry will reveal important components of the 

dominant negative effect. Not only can we then confirm the presence of Rab14 and HIV-
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1 Env inside the ERC, but also quantify the viral proteins and find other possible adaptor 

proteins during this trafficking. When stable T cell lines are generated, comparing the 

ERC components among T cells, H9, HeLa, and human macrophages will allow us to 

explore more components of the dominant negative effect. 

 

6) The dominant negative effect was shown in the presence of WT FIP1C, but there 

remains a possibility that WT FIP1C might compete with FIP1C560-649 during the Rab14 

binding motif experiment. To address this question, we can generate RBD-FIP1C in WT-

FIP1C KD T cells and also RBD-lacking FIP1C and compare if the dominant negative 

effect was solely specific to the Rab binding domain in the C-terminal fragment of 

FIP1C. 

 

SERINC5: Limitations of the current approach 

1) Absence of Nef. 

Our previous and current work was performed in the absence of Nef. In the future, using 

a non-antagonizing version of Nef including mutations or deletions would be another way 

to assess SERINC5 restriction (4). Our results showed a weaker phenotype of SERINC5 

inhibition compared to previous reports. Also, Nef is known to have multiple functions 

that are essential for HIV infection (21, 22). Studies of SERINC5 activity in cells 

expressing a non-antagonizing Nef mutants is an interesting direction to rule out 

undesired effects of Nef deletion on other steps of HIV-1 lifecycle.  
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2) Overexpression of SERINC5. 

Since commercial antibodies to SERINC5 antibodies that do not cross-react with other 

SERINC family members are not available, current studies ectopically overexpress 

SERINC5 under common viral promoters, such as CMV or SV40. Even though the 

optimal ratio for transfection of packaging vector versus SERINC5-HA plasmids have 

been reported by several lab, overexpression  may disturb the normal functional pathways 

of SERINC5.  

3) Lack of evidence for direct interaction between SERINC5 and Env. 

Our laboratory and others have failed to co-IP SERINC5 and Env (5) However, at the 

2018 Cold Spring Harbor Laboratory Retrovirus meeting, SERINC5 interaction with 

HIV-1 Env has been reported by two groups using Co-IP and BiFC approaches (Diaz-

Griffero; Zeng (unpublished)).  Since SERINC5 should be incorporated into virions, it is 

likely that the interaction happens in the proximity of the viral membrane. If the 

SERINC5 binding motif is located in the hydrophobic gp41 domain which is exposed 

transiently during fusion, as is the MPER (5) favoring alternative conformations of Env 

could be another strategy to aid SERINC5-Env binding. Gag might also play a role in this 

interaction. 
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Appendix figure 

 

 

 

Fig 1. Rab11-Family Interacting Proteins (FIPs).  

This diagram shows that FIP1C560-649 contains onlya  short C-terminus fragment which is 

defined as FIP1C WT. PRR, Proline rixh region; C-C, Coiled Coil; EF, E-F hand; RBD, 

Rab binding domain; PEST, PEST sequence. 
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Fig. 2. Endogenous expression of endocytic pathway markers 

(A-F) In the absence of virus production, TZM-bl cells were stained with antibodies 

targeting the endocytic pathway (Green). The Trans-Golgi network was stained with 

mcherry secondary antibody. 
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Fig. 3 RBD-FIP2 and endocytotic pathway  

(A-C) After transfection with GFP-RBD-FIP2, TZM-bl cells were stained with Rab11, 

Transferrin Receptor and EGF receptor-targeting antibodies.  
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Fig. 4 WT-FIP1C and endocytotic pathway  

(A-E) After transfection with GFP-WT FIP1C, TZM-bl cells were stained with Rab5, 

Rab7, Rab11, Transferrin Receptor and EGF receptor-targeting antibodies. (F) GFP-

RBD-FIP1C was overexpressed before staining with EGF receptor-targeting antibody. 
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Fig. 5 Early expression of FIP1C560-649 in TZM bl 

Protein expression of FIP1C560-649 was chased until 48 hours. At each time point, TZM-bl 

cells were fixed and starined with 2G12 bnAb. 

 

 

 



202 
 

 

 

Fig. 6 RBD-FIP1C and HIV2 Envs 

After transfection with GFP-RBD-FIP1C and HIV2 proviruses, TZM-bl cells were 

stained with HIV2 Env-targeting antibodies. 

 

 

 

 

 

 

 

 

 


