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Abstract 
Human T-cell leukemia virus type 1 (HTLV-1; deltaretrovirus genus; Retroviridae) was the 

first human retrovirus discovered. As the etiological agent of adult T-cell leukemia and HTLV-1-

associated myelopathy/tropical spastic paraparesis, HTLV-1 is responsible for a considerable 

amount of morbidity and mortality worldwide. Between 5 and 10 million people are infected with 

HTLV-1, and approximately 500,000 suffer from HTLV-1-related pathologies. Previous 

observations have implicated HTLV-1 assembly having unique attributes compared with other 

retroviruses, including human immunodeficiency virus type 1 (HIV-1). The overarching hypothesis 

under investigation in this dissertation was that the HTLV-1 capsid (CA) domain of Gag encodes 

the primary determinants that impact immature particle morphology and the process of Gag-Gag 

oligomerization. To test this hypothesis, experiments were conducted utilizing virus-like particle 

(VLP) model systems, which demonstrated: 1) HTLV-1 immature particle morphology is unique 

among retroviral genera, particularly with flat regions of electron density that did not follow viral 

membrane curvature; 2) the HTLV-1 CA amino-terminal domain (NTD) can functionally replace 

the HIV-1 CA carboxy-terminal domain (CTD), but the HIV-1 CA NTD cannot replace the HTLV-1 

CA CTD, indicating that the HTLV-1 CA subdomains provide distinct contributions to Gag-Gag 

oligomerization, particle morphology, and particle biogenesis; 3) the discovery of HTLV-1 CA 

amino acid residues identified by alanine-scanning mutagenesis (i.e., M17, Q47/F48, and Y61) 

that are important for Gag oligomerization and particle assembly. Taken together, these 

observations provide new insights into HTLV-1 particle assembly and contributes information that 

will aid efforts directed towards the discovery of therapeutic targets for intervention in order 

to prevent the HTLV-1 transmission and pathology in endemic populations.     
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Overview of Human T-Cell Leukemia Virus Type 1 
Human T-cell leukemia virus type 1 (HTLV-1) was discovered in 1980 by two 

independent research groups and quickly identified as the cause of adult T-cell leukemia 

(ATL) (1, 2). As the first human retrovirus discovered, research on HTLV-1 laid the 

foundational framework for subsequent studies on human immunodeficiency virus type 1 (HIV-

1), infectious causes of cancer, and molecular mechanisms of leukemogenesis (3). 

Shortly after the discovery of HTLV-1, another human retrovirus was discovered – 

human T-cell leukemia virus type 2, HTLV-2 – which closely resembled HTLV-1 in genome 

structure and nucleotide sequence (4). Unlike HTLV-1, HTLV-2 has not been associated with 

any human pathology. Nevertheless, both HTLV-1 and -2 are included in worldwide 

prevalence estimates. Historically, it has been estimated that 15-20 million people are infected 

worldwide (5, 6). A more recent estimate, however, puts that number closer to 5 to 10 million, 

with the majority of these individuals residing in Japan and the Caribbean Basin (7). A third 

and fourth type of HTLV, human T-cell leukemia virus type 3 (HTLV-3) and human T-cell 

leukemia virus type 4 (HTLV-4), have been discovered in central Africa in the past decade; 

both are closely related to HTLV-1, and likely share similarities in replication, pathogenesis 

and transmission (8, 9).  

HTLV-1 is the etiological agent of both ATL and a variety of neurological pathologies, 

primarily HTLV-1-associated-myelopathy/tropical spastic paraparesis (HAM/TSP) (10). Both 

ATL and HAM/TSP have a low incidence among HTLV-1 carriers. It is thought that 

approximately 2% to 6% of patients infected with HTLV-1 will acquire either pathology (11, 

12). ATL generally presents after a long latency in patients infected during childhood. This is in 

contrast to HAM/TSP, which is associated with infection later in life (13). 

ATL is an aggressive malignancy of the peripheral T-cells and can be divided into four 

subtypes – acute, lymphomatous, chronic, or smoldering. Patients with the acute form of ATL 

have a prognosis of approximately 6 months – an estimate that has not significantly changed 

since the discovery of the disease, despite advances in treatments (14). Current 

recommended therapies for ATL include chemotherapy, monoclonal antibodies, allogeneic 

bone marrow transplants, and a combination of interferon-α (IFN-α) and azidothymidine (AZT) 

(15-18). Interestingly, the treatment with the antiretroviral AZT is not thought to work through 

typical antiretroviral methods, as HTLV-1 infection itself is not currently treatable. Instead, the 

combination of IFN- α and AZT appears to induce cell apoptosis by phosphorylation of p53 

(19). 
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HAM/TSP is another prevalent pathology of HTLV-1 infection. It is characterized by 

spasticity and weakness of the legs along with urinary disturbances (19). The primary 

pathology of HAM/TSP is HTLV-1 infection in the spinal cord leading to inflammation. Unlike 

ATL, which appears to have a complex and multi-faceted pathology, the incidence of 

HAM/TSP has been shown to correlate with proviral loads as well as the region of proviral 

integration (20, 21). Treatment of HAM/TSP is symptom based and includes antispasmodic 

and anti-inflammatory medications. 

Research into the HTLV-1 life cycle is essential to the discovery and development of 

better therapeutic strategies. Here in this review, we highlight what is currently known as well 

as recent advances in the study of HTLV-1 replication.  

HTLV-1 Infectious Replication Cycle 

Attachment and Fusion 
HTLV-1, apart from primarily infecting CD4+ T-cells, has the potential to infect a wide 

variety of cells, including CD8+ T-cells, B-lymphocytes, endothelial cells, myeloid cells, 

fibroblasts, as well as other mammalian cells (22-26). This wide variety of target cells is due in 

part to the ability of the surface subunit (SU) of the HTLV-1 envelope glycoprotein (Env) to 

interact with three widely distributed cellular surface receptors including the glucose 

transporter (GLUT1) (27), heparin sulfate proteoglycan (HSPG) (28), and the VEGF-165 

receptor neuropilin-1 (NRP-1) (29). Once HTLV-1 has attached to the cell, the fusion process 

occurs by a series of proposed sequential events between SU and the target cell receptor 

proteins (Fig 1-1 A and B) (29, 30). Briefly, the HTLV-1 Env interacts with HSPG first followed 

by NRP-1, forming a complex. Following this event, GLUT1 associates with the HSPG/NRP-1 

complex to initiate the fusion process, through interactions with the HTLV-1 Env 

transmembrane (TM) protein, necessary for the HTLV-1 CA core containing the viral genome 

and viral proteins to enter the cell (Fig 1-1 B). 

It has been demonstrated that GLUT1 plays a key role in both the binding of the SU 

and the infection of CD4+ cells (31). Paradoxically, many retroviruses have mechanisms that 

decrease surface expression of their receptors, such as Nef and Vpu for HIV (32, 33). This is 

thought to prevent both superinfection and intracellular Env-receptor interactions, which can 

inhibit proper proteolytic processing of the Env precursor polyprotein. It is not believed that 

HTLV-1 encodes for an accessory protein that reduces surface expression of GLUT1, and it is 

unclear how HTLV-1 modulates plasma membrane receptor expression. It has been shown 

that HTLV-1 VLPs produced in cells with high levels of GLUT1 are less infectious than those 
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produced in cells with low levels of GLUT1. In 293T cells, HTLV-1 Env avoids interaction with 

GLUT1 through separate intracellular localization of GLUT1 and Env (34).  This recent 

observation is important because it suggests that separate intracellular localization of GLUT1 

and HTLV-1 Env is required for proper fusion activity and infectivity of the HTLV-1 Env. This 

study may also have implications for HTLV-1 cellular tropism, as a recent study indicates that 

CD4+ regulatory T-cells, the primary viral reservoir for HTLV-1-infected individuals, may 

express GLUT1 at low levels as compared to other types of CD4+ T-cells (35). 

Reverse Transcription, Nuclear Transport and Integration 
The HTLV-1 CA core enters the cell with two identical strands of the viral genomic 

RNA (vRNA) along with the reverse transcriptase (RT), integrase (IN), and protease (PR) 

enzymes. It is not clear whether reverse transcription of HTLV-1 RNA to double-stranded DNA 

(dsDNA) occurs during or after the entry process (Fig 1-1C) (36, 37). The current theory of 

HIV-1 reverse transcription is that it is in some way linked to intracellular uncoating of the CA 

core (38). Additionally, HIV-1 RT and IN interactions have been shown to be necessary for 

production of early reverse transcription products (39). No such studies have been done to 

date with HTLV-1, and it is unclear whether HTLV-1 IN interacts with RT during early reverse 

transcription and whether uncoating is coupled with RT. During reverse transcription, 

recombination between the two RNA strands can occur, and it has recently been 

demonstrated through phylogenetic analyses that recombination played a distinct role in the 

origination of HTLV-1 approximately 4,000 years ago (40). 

After reverse transcription occurs, some combination of the remaining CA core and a 

single copy of the resulting dsDNA is then transported to the nucleus (Fig 1-1D) and integrated 

into the cell chromosome (Fig 1-1E) to form the provirus (Fig 1-1F). It has been shown that 

HTLV-1, like many other retroviruses including HIV-1, integrates into the genome semi-

randomly with some exceptions (41-46). An integration site comparative study by Derse et al. 

(46) showed that MLV and Foamy virus prefer to integrate near transcription start sites and 

CpG islands, while HIV-1 and the simian immunodeficiency virus prefer to integrate within 

genes or transcription units. On the contrary, the same study (46) showed that HTLV-1 and 

ASLV prefer to insert relatively randomly dispersed. In support of these findings for HTLV-1, 

other studies have reported that HTLV-1 prefers to insert in heterochromatin alphoid repeated 

regions or actively transcribed genes (20, 43, 47) as well as near transcriptional start sites and 

within certain transcription factor binding sites (48). These studies together with others that 

have looked at hundred of thousands of HTLV-1 integration sites (49, 50) have not been able 

to identify hot spots of HTLV-1 proviral integration sites; however, in the case of HTLV-1-
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induced disease states, the integration sites of HTLV-1 become non-random. It was recently 

shown that diagnosis of HAM/TSP correlated with proviral integration in transcriptionally active 

genomic regions (51). 

Viral Gene Transcription  
 The long terminal repeats (LTRs) of the HTLV-1 provirus contains the necessary 

promoter and enhancer elements to initiate transcription in both the plus and minus strands 

(Fig 1-1G), with the polyadenylation signal located in the 3’LTR (1). Tax, a non-structural 

protein and the main driver of viral transcription, potently activates viral transcription during the 

early phase of infection by recruiting multiple cellular transcription factors (52). Three 

conserved 21-bp repeat elements, known as the Tax-responsive element 1 (TRE-1) bind the 

cyclic AMP response element binding protein (CREB) at the TRE-1 site through its N-terminus 

(NTD) (53-59), while the C-terminal domain (CTD) of Tax is believed to promote the 

transcriptional initiation and RNA polymerase elongation by directly interacting with the TATA 

binding protein (5, 60). The Tax-CREB promoter complex recruits the multifunctional cellular 

coactivators CREB binding protein (CBP), p300, and the p300/CBP-associated factor to the 

LTR (61-66). 

 Recently, several host factors that directly interfere with HTLV-1 viral transcription 

have been identified. TCF1 and LEF1 are transcription factors specifically found in T-cells. 

They antagonize Tax activity through direct interactions with Tax, preventing transcription of 

the viral proteins. In most HTLV-1 infected cell lines, however, TCF1 and LEF1 expression is 

low due to downregulation via STAT5a, which is activated by Tax (67). The host protein, 

SIRT1 deacetylase, has also been shown to downregulate HTLV-1 viral transcription by 

inhibiting Tax. Unlike TCF1 and LEF1, SIRT1 appears to inhibit Tax-CREB interactions. 

Interestingly, the well-known SIRT1 activator resveratrol significantly decreases the 

transmission of HTLV-1 from MT2 cells (68, 69). This could indicate that resveratrol may be a 

potential therapeutic option for patients infected with HTLV-1 or a prophylactic option for family 

members who are infected and do not wish to transmit the virus. In addition to these host 

factors, FACT proteins SUPT16H and SSRP1 have been shown to inhibit both HTLV-1 and 

HIV-1 transcription by preventing interaction with retroviral LTRs (70). 

Post-Transcriptional Regulation 
Rex is a positive post-transcriptional regulator essential for splicing and transport of 

viral mRNA (Fig 1-1H-I). Rex specifically interacts with the U3 and R regions of the 3’LTR of 

the HTLV-1 genome known as the Rex-responsive element (RexRE). During the early stages 
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of viral gene transcription, suboptimal levels of Rex are present (71), which results in the 

exclusive export of doubly spliced (tax, rex, p30II, p12, p13, and hbz) viral mRNAs to the 

cytoplasm (Fig 1-1I) (72). Once Rex accumulates in the nucleus, Rex reduces splicing of viral 

mRNA and the singly spliced (env) and unspliced (gag-pro-pol) mRNAs are quickly exported 

from the nucleus to the cytoplasm leading to the production of enzymatic and structural 

proteins (Fig 1-1J) (72). Rex binds to the RexRE through a highly basic RNA-binding NTD, 

while the CTD is important for protein oligomerization (73, 74). Rex also contains an activation 

domain containing the nuclear export signal, which targets Rex to the nuclear pore complex to 

allow Rex to move between the nucleus and cytoplasm (75, 76). 

Despite the presence of host cell mechanisms to export doubly spliced RNA, all 

HTLV-1 mRNA transcripts, including those that are doubly spliced, have RexREs present. A 

recent study shows that Rex may play a CRM1-dependent role in nuclear export of all HTLV-1 

mRNA, even the doubly spliced mRNAs that could theoretically be exported via host cell 

mechanisms (77). This may indicate that viral mRNA export is under a more complex 

regulation then is currently understood. Furthermore, studies have shown that there are three 

alternatively spliced HTLV-1 transcripts that encode for novel Rex isoforms, which may also 

contribute to the regulation of HTLV-1 protein expression levels (78). 

Viral Protein Translation 
As soon as the viral mRNA is exported to the cytoplasm the host protein-synthesis 

machinery translates some of it, while other full-length viral mRNAs are trafficked to the 

membrane and encapsidated into newly synthesized virus particles (Fig 1-1K-L) (79). The 

doubly spliced and unspliced mRNA is translated by free ribosomes to produce the enzymatic 

and structural proteins respectively, while the singly spliced mRNA is translated by membrane-

bound ribosomes to produce Env (41). 

  Retroviruses may use a cap-independent mechanism that recruits the 40S ribosomal 

subunit to an internal ribosome entry segment (IRES) within the 5’UTR of the mRNA, that may 

allow the mRNA to overcome difficulties with traditional eukaryotic ribosomal scanning (80-82). 

It has been historically thought that HTLV-1 mRNA contains an IRES element (83) used for 

the translation of the Gag protein, but this was refuted when it was shown that a 5’ proximal 

post-transcriptional control element modulates post-transcriptional HTLV-1 gene expression 

by interacting with the host RNA helicase A instead of an IRES element, suggesting that the 

translation of the HTLV-1 mRNA was cap-dependent exclusively (84). However, a recent 

study compellingly demonstrates that HTLV-1 translation is inhibited by the drug edeine, a 
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cap-independent translation inhibitor, indicating that an IRES element in the 5’ UTR recruits 

the ribosome to the mRNA (85). 

Protein and RNA Trafficking 
Viral particle formation occurs after Gag traffics from the cytoplasm to the plasma 

membrane (PM) (Fig 1-1K). It is currently unclear how HTLV-1 Gag translocates from the site 

of translation to the membrane; although, it is known that HTLV-1 Gags migrate to the PM 

shortly after synthesis as monomers (86). For HIV-1, it is known that Gag interacts with many 

host cell proteins after being translated, including cytoskeleton-associated proteins, which may 

indicate that HIV-1 Gag is transported along the cytoskeleton (87). Since HTLV-1 infected 

cells have been shown to regulate cytoskeletal polarization (88), it is possible that HTLV-1 

Gag also traffics via microtubules, but more research should be done on the mechanism of 

HTLV-1 Gag translocation to the PM.  

HTLV-1 Gag NC binds to HTLV-1 RNA relatively weakly as compared to other 

retroviral Gags in part due to the anionic CTD of NC (89). Further investigation indicates that 

HTLV-1 MA may bind to RNA along with the weak electrostatic interactions of NC, as it was 

demonstrated that HTLV-2 MA binds with RNA at a higher affinity than HTLV-2 NC. This is in 

contrast to HIV-1, which binds to RNA strongly with the NC and weakly with the MA (90). The 

way in which HTLV-1 RNA arrives at the PM is as yet unstudied in detail. It is possible that the 

RNA diffuses to the membrane, which is the way in which HIV-1 RNA is believed to traffic (91), 

or it is possible that HTLV-1 RNA binds to Gag before reaching the membrane and 

translocates to that site with Gag (Fig 1-1I-K). 

Assembly, Budding and Maturation 
Gag-Gag and Gag-membrane interactions are required for the assembly and budding 

of virus particles (Fig 1-1L). Gag forms higher order oligomers by networking with other Gag 

molecules mostly through CA interactions and some NC interactions (92-97). Once at the PM, 

MA recognizes lipid-rich assembly sites at the PM (98) known as lipid rafts (99-101). It is 

known that HIV-1 membrane binding is PIP(4,5)2-dependent, possibly because of the 

presence of MA-RNA interactions, while HTLV-1 does not show PIP(4,5)2 preference perhaps 

due to weaker Gag-RNA interactions (102). The Gag-RNA complexes continue recruiting 

other Gag molecules as well as cellular factors that result in budding and subsequent release 

of immature virus particles (Fig 1-1L-M) (97, 103, 104). The virus PR cleaves the Gag 

polyprotein in the immature virus particles (Fig 1-1N), during or soon after budding/release, to 

produce the three structural proteins (105) along with other non-structural proteins – MA 
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follows the inner surface of the PM, CA encapsidates the vRNA together with RT and IN, and 

NC remains associated with the vRNA. This produces a mature virus particle with all the 

necessary components to infect a naïve target cell (Fig 1-1N) (106). 

 
Figure 1-1. HTLV-1 life cycle. The major steps in the life cycle of HTLV-1 are shown. A) A 
mature, infectious HTLV-1 virion attaches and fuses to the target cell membrane through 
interaction with the target cell surface receptors GLUT1/HSPG/NRP-1 via the HTLV-1 envelope 
surface and transmembrane domains of the envelope (Env) protein. B) Following fusion, the 
viral core containing the viral genomic RNA (vRNA) is delivered into the cytoplasm. C) During 
and/or following entry the vRNA genome undergoes reverse transcription to convert the vRNA 
into double stranded DNA (dsDNA). D-F) The dsDNA is then transported into the nucleus, and 
it is integrated into the host genome. G&H) The provirus is then transcribed by cellular RNA 
polymerase II, as well as post-transcriptionally modified. I) Both full-length and spliced viral 
mRNAs are exported from the nucleus to the cytoplasm. J) The viral proteins are then translated 
by the host cell translation machinery. K) Gag, Gag-Pol and Env proteins transported to the 
plasma membrane (PM) along with two copies of the vRNA genome. L) These viral proteins and 
vRNA assemble at a virus budding site along the PM to form an immature virus particle. M&N) 
The budding particle releases from the cell surface, and undergoes a maturation process 
through the action of the viral protease, which cleaves the viral polyproteins to form an infectious, 
mature virus particle. 
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HTLV-1 Transmission 

Person-to-Person Transmission 
There are generally three modes of HTLV-1 transmission described: 1) blood and 

blood products, 2) vertical or 3) sexual transmission (107), but the  main mode of  

transmission is thought to be from mother-to-child through breastfeeding (108). Mother-to-child 

transmission rates vary from 5% to 27% for children nursed by infected mothers and correlate 

with the duration of breastfeeding (109, 110). While it is not clear precisely how infection 

occurs through the mucosal and epithelial barriers of the gastrointestinal tract, it is thought that 

infected lymphocytes in breast milk carry the virus into the gut (111). Once in the gut, either 

cell-free virus or cells carrying the virus must pass through the epithelium. A recent study 

demonstrated in vitro that cell-free HTLV-1 may cross the epithelial barrier via transcytosis 

before infecting subepithelial dendritic cells (112). The precise mechanism of transcytosis for 

HTLV-1 remains unclear; although, for HIV-1 it has been shown that transcytosis across 

vaginal epithelial cells occurs via the endocytic recycling pathway (113). It seems likely, 

however, that other mechanisms play a role in HTLV-1 infection across the gut epithelial 

barrier due to the low infectivity of cell-free virus. While cell-free HIV-1 is generally much more 

infectious than cell-free HTLV-1, studies have shown that HIV-1-infected lympohcytes better 

infect target cells in the gut than cell-free virus possibly through the formation of a viral 

synapse that induces transcytosis (114). Since it is known that HTLV-1 can form viral 

synapses, more studies should be done to determine the mechanism of HTLV-1 infection 

through mucosal barriers to determine if this plays a role. Additionally, it may be possible that 

HTLV-1 infected lymphocytes transmigrate as a whole cell across the epithelial barrier and go 

on to infect subepithelial immune cells. 

 In addition to the more common mechanisms of HTLV-1 transmission, there appears 

to be zoonotic transmission of simian T-cell leukemia virus type 1 (STLV-1) to humans after 

contact with nonhuman primates through bites or bushmeat slaughtering. One study found 

that more than 8% of individuals bitten by nonhuman primates in Africa are infected with 

HTLV-1 that cannot be attributed to mother-to-child transmission (115). The HTLV-1 virus 

strains found in these patients closely resemble the subtypes of STLV-1 commonly found in 

the primate species by which they were bitten (115, 116). In fact, it is likely that the discovery 

of HTLV-3 and -4 may be attributable to recent STLV zoonotic transmissions, as STLV-4 is 

endemic to gorillas and phylogenetic analyses show that HTLV-4 is not an ancient human 

virus but actually a recent emergence (117). While these findings highlight the potential role of 

nonhuman primates in acting as reservoirs for retroviruses, they also raise questions of the 
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molecular features of both virus and host that facilitate cross-species transmission. There is 

also the concerning possibility that zoonotic transmission of STLV-1 could lead to viral 

adaptation and emergence of a virus with increased pathogenicity. 

Cell-to-Cell Transmission 
In general, there are two distinct methods of virus transmission: cell-free and cell-cell. 

Most retroviruses use cell-free transfer, in which the virus buds from the cell and infects a 

target cell through diffusion. It has long been known, however, that HTLV-1 is poorly infectious 

in cell-free systems, and co-cultivation techniques produce the most effective infection of 

target cells (118). This is because HTLV-1 primarily transmits from cell to cell via direct 

interactions of the host and target cell. 

Viral Synapses 
Igakura et al. used immunofluorescence and confocal microscopy to show that Gag 

and Env proteins are unpolarized in an isolated T-cell, but once the cell comes into contact 

with another cell, it takes only 40 minutes for Gag, Env, and the HTLV genome to polarize to 

the cell-cell junction and eventually transfer into the uninfected cell. This cell-cell junction, 

coined a virological synapse (VS), shares many features with immunological synapses 

including ordered talin domains and microtubule organizing center (MTOC) polarization (119). 

Electron tomography studies suggest that there is no fusion of the cell membranes at VSs 

(120). Instead, HTLV-1 transmission occurs via rapid budding and fusion of the HTLV-1 virus 

across the VS from the infected to uninfected cell (Fig 1-2). 

Formation of the VS is triggered by HTLV-1 infection and is not dependent on 

signaling through the T-cell receptor as is seen in immunological synapses (119). The VS 

begins forming when surface adhesion molecule intercellular adhesion molecule-1 (ICAM-1) is 

engaged by its ligand LFA-1 (88, 121). ICAM-1 then activates the MEK/ERK pathway, which 

contributes to MTOC relocation. Tax, the HTLV-1 transcription accessory protein, works 

synergistically with ICAM-1 to facilitate MTOC polarization. While it is primarily a nuclear 

protein, Tax can be found around the MTOC and in the cell-cell contact region (122). Tax 

activates the CREB-signaling pathway during the formation of the HTLV-1 VS (121). The 

CREB pathway increases expression of Gem, a small GTP-binding protein in the RAS 

superfamily, which is involved in cytoskeleton remodeling and cell migration (123). Tax also 

appears to upregulate ICAM-1 in HTLV-1-infected cells, indicating that ICAM-1 and Tax 

appear to have synergistic roles in the formation of the HTLV-1 VS (124). 
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When HTLV-1 cell-cell transmission is compared to HIV-1 cell-cell transmission, it 

appears that HTLV-1 is more dependent on cell contact for infectivity. Coculture enhances 

HTLV-1 transmission many thousand-fold, but only increases HIV-1 transmission ten- to one 

hundred-fold (125, 126). Additionally, disruption of actin and tubulin polymerization inhibit 

HTLV-1 infection more than HIV-1 infection (126). Still, the value of cell-cell transmission has 

not been fully evaluated for HIV-1, and a recent study indicates that granulocytes such as 

basophils may actually capture HIV-1 and contribute to transmission (127). This may indicate 

that even cell-free HIV-1 needs additional facilitation to bind and infect target cells.  

Viral Biofilms 
In addition to transmission across viral synapses, HTLV-1 particles have the ability to 

form biofilm-like, carbohydrate-rich extracellular structures. These structures are composed of 

collagen, agrin, tetherin, and galectin-3 and may function as a way to concentrate many 

HTLV-1 particles in a single location to increase the likelihood of infection of the target cell 

(128). Recently, researchers generated anti-viral biofilm monoclonal antibodies using purified 

biofilms from MT2 cells. They found that in addition to the structural proteins previously 

identified, antigens CD4, CD150, CD25, CD70, and CD80 were found in the viral biofilms. It 

was also determined that Tax expression modulated the level of these antigens found in the 

viral biofilms (129). 

While it has been shown that dendritic cells may be infected by cell-free virus in vitro 

(30), a recent study analyzed the infectivity of chronically infected C91PL cell supernatant as 

compared to purified biofilms in primary human monocyte-derived dendritic cells (MDDCs) and 

T lymphocytes. It was found that while MDDCs were more easily infected than T lymphocytes, 

both cell types achieved significantly higher proviral loads when exposed to viral biofilms as 

opposed to virus purified from the supernatant (130). 
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Fig 1-2. HTLV-1 cell-to-cell transmission. Shown in the diagram is a host cell (bottom) that 
has anchored itself to a permissive target cell (top) using ICAM-1 and LFA1. The HTLV-1 
accessory protein p8 has been shown to increase the expression of the LFA1 receptors as well 
as increase the number of cell-cell synapses, which p8 then traffics through to increase LFA1 in 
the target cell. Once ICAM-1 is bound, it triggers a signaling cascade that leads to the relocation 
of the MTOC. Additionally, HTLV-1 Tax is found bound to Golgi bodies that are attached to the 
MTOC. This initiates a variety of cell signaling cascades. For example, one established pathway 
increases expression of Gem, a protein that increases cell motility and possibly MTOC 
relocation. As HTLV-1 Gag is produced, it is found concentrated at the MTOC. Subsequently, 
HTLV-1 Gag is found at the sites of cell-cell contacts where the virus particles bud into the viral 
synapse formed by the cellular adhesion points. Virus particles produced can bind receptors for 
entry into the permissive target cell. The question marks along the lines with arrows indicate 
mechanisms of transport or activation that are not well understood. 

The Gag Polyprotein 
Gag is the primary retroviral structural protein responsible for orchestrating the 

majority of steps in viral assembly. Most of these assembly steps occur via interactions with 

three Gag subdomains – matrix (MA), capsid (CA), and nucleocapsid (NC) (Fig. 1). These 

three regions have a low level of sequence conservation among the different retroviral genera, 

which belies the observed high level of structural conservation. Outside of these three 
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domains, Gag proteins can vary widely. For example, HIV-1 Gag additionally codes for a C-

terminal p6 protein as well as two spacer proteins, SP1 and SP2, which demarcate the CA-NC 

and NC-p6 junctions, but HTLV-1 contains no additional sequences outside of MA, CA, and 

NC (131, 132). 

The Gag subdomains are structurally discrete but have functionally overlapping roles 

in the viral assembly process. The N-terminus of Gag begins with MA, which contains key 

residues responsible for the recruitment of Gag to the PM via an N-terminal myristoyl moiety 

and a highly basic region (133-137). CA is divided into two structurally distinct domains – the 

N-terminal domain (NTD) and C-terminal domain (CTD) – and contains the majority of the 

residues responsible for Gag-Gag interactions. While the primary amino acids for HIV-1 Gag 

oligomerization are located in the CA CTD (92, 138-141), there are additional residues located 

throughout CA, NC, and SP1 that are responsible for laterally stabilizing Gag-Gag interactions 

(142-144). Functionally distinct from the CTD, in HIV-1 the CA NTD is not necessary for viral 

assembly (145, 146). Finally, NC possesses two zinc finger domains along with several key 

amino acids that function to bind and package viral RNA into particles (147-149). It is 

important to note that the functions of these domains are not exclusive, and there is much 

overlap. For example, HIV-1 NC has recently been implicated in facilitating the budding 

process, which was believed to be driven solely by motifs within the p6 domain (150, 151). 

Once a cell has been infected by a retrovirus, full-length Gag polyproteins assemble to 

form immature virions. The reported numbers of Gag incorporated in each particle varies 

greatly from approximately 750 to 5000 (152-155). It is theorized that the preparation of the 

particles can affect this number as well as the genus of retrovirus. Upon the assembly of these 

Gag proteins into a lattice shell, the viral protease will cleave the Gag polyprotein into its 

respective domains to form a mature virus. This cleavage event changes the virus 

morphology, yielding a capsid core, which is conical in the case of HIV-1 (156, 157). In 

addition to the change in morphology, the individual Gag domain proteins no longer exhibit the 

same roles as the full-length Gag polyprotein.  
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Fig 1-3. Gag and retrovirus particle assembly. A cartoon depiction is shown in cross section 
of the assembly of a prototypic retrovirus particle, emphasizing the oligomerization of Gag along 
the inner leaflet of the plasma membrane, incorporation of two copies of the viral RNA, the 
budding of immature virus particles, and the conversion of the immature virus particle to mature 
infectious virus particle that is catalyzed by the viral-encoded protease. Gag is shown as being 
composed of the matrix domain (red circle), the capsid domain (blue oval), and the nucleocapsid 
domain (purple circle). Two copies of the viral RNA (two orange lines inside the viral particle) 
are shown packaged into the virus particle. 

Gag Trafficking to the Plasma Membrane 
Previously, retroviral research posited that Gag proteins trafficked to endosomal 

compartments and assembled there. This model was based on studies that found Gag in 

intracellular endosomal compartments (158-160) as well as studies that found virions 

associated with the mannose receptor CD63 (161-163). Over the past decade, this idea has 

been challenged by studies showing that the vacuolar structures bearing retroviral virions were 

actually invaginations of the PM (164, 165). Additionally, it was found that HIV-1 Gag is only 

found in endosomes at late time points and preventing endosomal function with drugs does 

not inhibit the release of viral particles (166, 167). Based upon these and other studies, it is 

generally agreed that the productive site of retroviral particle assembly is the PM. 

Before particle assembly can occur at the PM, Gag must traffic from the site of 

synthesis through the cytoplasm. While this process is not well-understood, it is increasingly 

thought that Gag must interact with large amount of host cell machinery, including microtubule 

networks, motor proteins, and vacuolar transport complexes.  

Microtubules are highly dynamic structures comprised of tubulin that make up the 

cytoskeleton of the cell. They serve as the road-like structures that motor proteins such as 
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kinesins use to traffic cellular cargo to various cytoplasmic locations (168). It has been shown 

that HIV-1 Gag interacts with kinesin superfamily member KIF4, a protein that traffics cellular 

cargo from the perinucleolar region to the membrane (169). Downregulating KIF4 not only 

slows Gag trafficking and reduces particle production but also seemingly increases 

intracellular Gag degradation, indicating that KIF4 has some sort of stabilizing action. 

Additionally, suppressor of cytokine signaling 1 (SOCS1) has been shown to colocalize with 

Gag along the cytoskeleton and promote microtubule stability (170). These studies would 

indicate that Gag binds to host cell proteins to stabilize its transport via cytoskeletal networks. 

The idea that Gag utilizes the microtubule network to directly traffic to the PM is not 

without controversy (171). Other studies have shown that kinesin family members that direct 

membranous organelles such as endosomes and lysosomes to the PM are involved in HIV-1 

replication (172-174). Studies have yet to reconcile these different pathways of Gag transport. 

It is likely that there are multiple trafficking pathways that lead to Gag expression at the PM, 

but further analyses need to be done to clarify the mechanisms.  

Determinants of Gag-Gag Interactions 
The formation of Gag-Gag oligomers appears to be a complex and multifactorial 

process involving several Gag domains, host proteins, and environmental factors. Examples of 

important host proteins include the molecular motors and microtubule networks mentioned 

above, which can concentrate Gag in particular locations of the cell (171). Gag concentration 

levels as well as subcellular location of Gag are some of the important environmental factors 

that can contribute to Gag oligomerization. 

It is known that CA is the primary regions involved in oligomerization (92). In HIV-1, it 

has been shown that mutations specifically in the CA CTD affect Gag-Gag interactions and 

severely impede viral particle production (144). Based on studies using chimeric Gag 

molecules with different capsid domains, it appears that this is the case for other retroviruses 

as well (95). In HTLV-1, the CA NTD is required in addition to the CTD to form Gag-Gag 

interactions (93).  

While CA is typically thought of as the primary site of Gag-Gag interactions, other Gag 

domains are necessary for stabilizing these interactions. NC has been shown to be an 

important factor in the formation of Gag-Gag interactions, likely due to its RNA-binding 

capacities. RNA may serve as a binding platform for Gag assembly, as it may promote Gag 

oligomerization and expose domains necessary for interactions with the PM (Fig 1-4A & 2B) 

(96, 175, 176). 

Myristoylation appears to be another requirement for Gag-Gag multimerization, at 

least in the case of HIV-1 (142, 177). Using fluorescence resonance energy transfer (FRET) 
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studies found that without a myristic acid moiety, there was a significant decrease in Gag-Gag 

interactions. The simplest explanation for this phenomenon is that myristoylation concentrates 

Gag molecules at the membrane, bringing the CA domains into contact and facilitating 

oligomerization. 

The requirement for the CA interface, nucleic acid scaffolding, and myristic moiety 

have repeatedly been confirmed (142, 177, 178). It appears that this “functional redundancy” 

allows for some give in the ability of HIV-1 to assembly – only two of the three components are 

necessary for VLP production – but when more than one function is ablated, no particles can 

be produced (177). 

 
Fig 1-4. Schematic representation of HTLV-1 and HIV-1 Gag-membrane association. 
A) HTLV-1 Gag associates with the plasma membrane (PM) as a monomer and is found in the 
PM at nM concentrations. HTLV-1 Gag is shown as recruiting viral RNA after its association with 
the inner leaflet of the PM (though monomeric Gag may recruit the viral RNA in the cytoplasm 
and are transported together to the PM). B) Concentration- dependent HIV-1 Gag dimerization 
and translocation to the PM. HIV-1 Gag must reach a critical cytoplasmic concentration (∼0.5 
μM) in order for Gag–Gag dimers to form and subsequent Gag–membrane association to occur. 
The myristoyl moiety of the HIV-1 Gag is exposed, allowing for association with the PM of Gag 
dimers (including Gag dimers associated with dimeric viral RNA). Both HIV-1 Gag N- and CTD 
interact with the inner leaflet of the PM and to NA, but is not until HIV-1 Gag interacts with the 
PM, other HIV-1 Gag molecules, and to NA that the protein becomes extended. C) Expanded 
view of lipid raft that HIV-1 Gag associates with at the PM. Shown are three key constituents of 
lipid rafts: cholesterol (yellow), phosphatidylserine (PS; blue), and phosphatidylinositol 4,5-
bisphosphate [PI(4,5)P2; red]. 

Gag Oligomerization 
Eventually, Gag must form higher order oligomers (e.g., dimers, trimers) in order to 

form the lattice structure seen in immature virions and virus-like particles. It is unlikely that 

these large-scale interactions form in the cytosol, as Gag is translated as a soluble protein. 

Gag-Gag interactions have been primarily studied using HIV-1 as a model system. This 

system has been thought to be useful due to the structural similarities between retroviruses, 
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specifically the MA domain. Initial studies used crosslinking to show that HIV-1 Gag mainly 

exists as a dimer in the cytoplasm and does not form trimers or hexamers until it reaches the 

PM (179). This observation was recently confirmed using dual-color z-scan FFS (dczFFS), 

which quantifies fluorescent proteins inside of living cells (86, 180).  

It has typically been thought that other retroviruses, such as HTLV-1, trafficked to and 

assembled at the PM in a similar fashion to that of HIV-1. Using dcz-FFS together with total 

internal reflection fluorescence (TIRF) and conventional, epi-illumination imaging, it was 

recently reported that HIV-1 requires micromolar concentrations of Gag in order for it to target 

and associate with the PM (Fig 1-4B), while HTLV-1 only requires nanomolar concentrations 

of Gag to become associated with the PM (Fig 1-4A). These results correlate with previous 

observations that HTLV-1 Gag-Gag interactions were absent in the cytoplasm (86). This data 

also supports the hypothesis that HTLV-1 reaches the PM as a monomer where it then forms 

higher order oligomers (Fig 1-4A), which is in contrast to HIV-1 Gag-Gag interactions, which 

traffics as lower order oligomers in the cytoplasm prior to targeting the PM (Fig 1-4B) (181, 

182). Therefore, HTLV-1 Gag monomers must translocate to the same area at the inner leaflet 

of the PM to form Gag-Gag oligomers (Fig 1-4A). 

The facts that HTLV-1 NC is a bad chaperone (89) and that HTLV-1 Gag-membrane 

interaction is independent of viral RNA binding (183), taken together with the finding that 

HTLV-1 Gag targets the PM at low cytoplasmic concentrations (180), suggest that the viral 

RNA interacts with Gag at the PM which acts as a scaffold for Gag-Gag interactions (Fig 1-

4A), however is possible that HTLV-1 monomers interact and traffics the viral RNA to the PM. 

In the case of HIV-1 Gag, it has been suggested that only a few Gag molecules are needed to 

recruit the viral RNA to the cytoplasm, which play an important role in initiating the assembly of 

HIV-1 virions at the PM (Fig 1-4B) (184). This indicates that different retroviruses may have 

different determinants of Gag-Gag interactions and Gag trafficking pathways, despite 

similarities in viral particle morphology.  

Dissertation Objectives 
The ultimate goals of this dissertation were to better understand the assembly patterns 

of HTLV-1 and the resultant morphology of immature particles. The overarching methodology 

used to achieve this goal involved the comparative analysis of HTLV-1 alongside other 

retroviruses, primarily through utilization of a Gag model system. Transfection of the HTLV-1 

Gag into mammalian cells results in membrane trafficking, oligomerization, assembly, and 

budding of a VLP that is typically indistinguishable from the immature virus. We elected to 

utilize a codon-optimized Gag model system due to the benefits of the ease of use (e.g. robust 

Gag expression and particle production, no need for biosafety-level 2 handling, ability to add 
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protein tags to the C-terminus) as well as the intractability of the HTLV-1 molecular clone, 

which is not easily produced in plasmid form through E coli transformation and does not 

replicate at high levels when transfected into mammalian cells. Our goal in using this system 

was to evaluate the Gag assembly, oligomerization, and particle biogenesis processes of 

HTLV-1 compared with other retroviruses. 

To evaluate and characterize the HTLV-1 Gag assembly process and the Gag-based 

VLPs, I used an integrative, multidisciplinary strategy that incorporates traditional virology, 

molecular biology and biochemistry, biophysics, and structural biology in collaboration with 

other labs. Our lab's Gag-based VLP model system utilizes a variety of molecular biology 

techniques to engineer tagged and untagged Gag proteins from a variety of retroviral genera. 

Furthermore, we have manipulated the Gag expression constructs to create chimeras and 

mutants, allowing a more thorough characterization of the Gag proteins. Other techniques 

utilized include z-scan fluorescence fluctuation spectroscopy (FFS), fluorescence lifetime 

imaging/fourier resonance energy transfer (FLIM/FRET), cryo-TEM, thin-section electron 

microscopy, and homology modeling. 

In Chapter II, parallel comparative analyses were used to investigate the Gag 

subcellular distribution, VLP budding, and general morphological features of VLPs from seven 

representative retroviral genera: alpharetrovirus, betaretrovirus, deltaretrovirus, 

epsilonretrovirus, gammaretrovirus, lentivirus, and spumavirus. In this analysis, it was 

determined that HTLV-1 Gag proteins form VLPs with unique flat regions of electron density 

that do not follow the curvature of the viral membrane. Furthermore, this investigation 

elucidated differences among other retroviral Gags, including poor VLP production by 

representative beta- and epsilonretrovirus Gag proteins. 

Next, in Chapter III, the Gag domains that confer the unique morphological features of 

HTLV-1 were further elucidated by making Gag proteins with chimeric CA regions using HIV-1 

sequences. The chimera Gag proteins revealed the disparate roles of HIV-1 and HTLV-1 CA 

in Gag assembly and particle budding. In particular, the HIV-1 CA CTD is the primary driver of 

Gag oligomerization, whereas the HTLV-1 CA NTD performed this role. The two domains are 

functionally similar and can be interchanged. We further reported for the first time that 

domains outside of the CA region have an effect of VLP size and morphology. 

Finally, in Chapter IV, the results from the previous two chapters were to identify 

residues within the HTLV-1 CA NTD that were candidates for site-directed alanine-scanning 

mutagenesis. This approach allowed us to quickly screen a panel of 57 mutants, with the goal 

of identifying mutants that abrogated VLP production through interference with the 

oligomerization step of assembly. Four residues that were important for Gag oligomerization 

and budding were found: methionine 17, tyrosine 61, and glutamate 47-phenylalanine 48. The 
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former two residues were shown to be integral to the formation of spherical VLPs of 

approximately 115 nm with electron density characteristic of Gag lattice. 

Future studies will aim to continue to characterize the three HTLV-1 Gag domains, 

and in particular to determine the interactions that are key to the formation of the HTLV-1 Gag 

lattice. Moreover, the connection between structure (i.e. flat lattice regions) and function (i.e. 

low infectivity of HTLV-1) has yet to be unraveled. More investigation into these topics is 

ongoing. 
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Introduction 
 The Gag polyprotein is the primary retroviral structural protein responsible for 

orchestrating retrovirus assembly. HIV-1 Gag has arguably been the most extensively studied 

Gag polyprotein to date (152, 185-190); however, distinct differences in the biology of 

retroviral Gag proteins have emphasized the importance of comparative analyses in order to 

gain further insights (191). 

The Gag polyprotein is functionally conserved across the two retroviral subfamilies 

(i.e. Orthoretrovirinae and Spumaretrovirinae). While the six genera in the Orthoretrovirinae 

subfamily (alpha-, beta-, delta-, epsilon-, gamma-, and lentiviruses) and single genus in the 

Spumaretrovirinae subfamily (spumaretrovirus) all encode for Gag and have similar genomic 

organizations, distinct differences among the Gag proteins impact their replication and 

assembly processes. Specifically, while the Gag polyprotein serves the same function for all 

seven genera, analysis of Gag tertiary structures reveal differences between the two 

subfamilies. Analysis of the Gag N-terminal domain of human foamy virus (HFV, 

spumaretrovirus) has revealed a structure that is unrelated to orthoretroviral Gag proteins, 

containing many β-sheet structures whereas orthoretroviral Gags contain α-helical structures 

(192).  

 The Gag polyprotein of the Orthoretrovirinae consists of three structurally distinct but 

functionally overlapping structural domains. The N-terminal domain of Gag (MA) facilitates 

both Gag-membrane and Gag-RNA interactions (90). The CA domain is primarily responsible 

for Gag-Gag interactions, and the C-terminal region encodes for the NC domain, which is 

particularly crucial for retroviral RNA packaging and stabilizing CA-CA interactions (193, 194). 

Other domains are encoded by some orthoretroviral Gag proteins. For example, lentiviruses 

such as HIV-1 encode for SP1 and SP2, which flank the NC domain, and the p6 domain, 

which is located at the C-terminus of HIV-1 Gag. During or at completion of virus budding, the 

viral protease is activated, cleaving the Gag polyprotein into mature viral proteins. MA remains 

associated with the viral membrane, and CA forms a capsid core structure that encapsulates 

the NC protein bound to the viral RNA along with reverse transcriptase and integrase. Unlike 

the orthoretroviral Gag proteins, spumaretroviral Gag proteins do not undergo extensive 

proteolytic processing and typically remain in a polyprotein form during the virus assembly and 

maturation processes (195). 

In this study, we sought to devise a parallel comparative analysis of Gag proteins and 

the resultant Gag-based VLPs from representatives of the various retroviral genera.  The goal 

of this comparative analysis was to determine whether there were differences in the general 

subcellular distribution of the various Gag proteins and whether variations existed regarding 

the morphology of VLPs produced in a parallel manner. Differences were observed among 
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both the Orthoretrovirinae and the representative member of the Spumaretrovirinae. Key 

observations include the nuclear localization of epsilonretrovirus Gag, deltaretrovirus-like 

particles with flat regions of electron density representative of the immature Gag lattice, and 

HIV-2 lentivirus-like particles with a narrow range of particle size and consistent electron 

density below the viral membrane, suggesting a tightly packed Gag lattice. These results 

support the argument for how comparative analyses can be critically important for gaining new 

insights into the retroviral assembly pathway. 

Materials and Methods 

Plasmids and Cell Lines   
Codon-optimized gag genes of HIV-1 (lentivirus), HIV-2 (lentivirus), murine leukemia 

virus (MLV, gammaretrovirus), mouse mammary tumor virus (MMTV, betaretrovirus), human 

foamy virus (HFV, spumaretrovirus), and walleye dermal sarcoma virus (WDSV, 

epsilonretrovirus) were designed using the UpGene program (196) and synthesized by 

Genscript Co. (Piscataway, NJ). Gag genes were based on the following sequences:  HIV-1 

(bases 1-500 from GenBank accession # NP_057850.1), HIV-2 (bases 1103-2668 from 

GenBank accession # M30502.1), MMTV (bases 313-2088 from GenBank accession # 

AF033807.1), MLV (bases 357-1973 from GenBank accession # AF033811.1), HFV (bases 

1869-2815 from GenBank accession # Y07725.1), and WDSV (bases 800-2548 in GenBenk 

accession # AF033822.1). Each gag gene expression cassette was created to contain a 5’ 

Kozak sequence (GCACCATG, start codon in bold) (197, 198). HindIII and BamHI restriction 

sites were engineered at the 5’ and 3’ ends of the genes, respectively, for subcloning. Each 

Gag expression plasmid was created by cloning the gag gene into the peYFP-N3 vector, 

creating a carboxy-terminal Gag-eYFP fusion, or by cloning into the pN3 vector, where the 

eYFP tag was removed by deletion of the BamHI-NotI restriction fragment. The HTLV-1 

(deltaretrovirus) codon-optimized Gag-eYFP plasmid has been previously described (199). A 

codon-optimized Rous sarcoma virus (RSV, alpharetrovirus) gagpro was created (bases 381-

2485 from GenBank accession # AF033808.1) using the same general strategy as that of the 

gag expression constructs in order to create peYFP-N3-RSV gagpro and pN3-RSV gagpro. 

The RSV pro sequence was removed from pN3-RSV gagpro by engineering a stop codon at 

position 2110 using primers 5’- CCTCCGGCCGTGTCCTAAGCGATGACCATGG-3’ and 5’- 

CCATGGTCATCGCTTAGGACACGGCCGGAGG-3’ (stop codon in bold). To create peYFP-

N3-RSV gag, the following dinucleotide sequence was synthesized as a geneblock (Integrated 

DNA Technologies, Coralville, IA) containing a 5’ flanking BglII site and a 3’ flanking BamHI 

site: sequence 5’-
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CGGGATGGGGCATAACGCTAAGCAGTGCCGAAAGCGAGACGGGAACCAGGGACAGCGC

CCTGGCAGGGGGCTGTCCTCCGGCCCATGGCCGGGTCCCGAGCCTCCGGCCGTGTCC

GGATCCATCGCCACCATGGTGAGC-3’. The restriction sites were used to clone the 

sequence into the N3-eYFP vector, removing the pro sequence. 

A codon-optimized WDSV env gene (bases 5974-9651 in GenBank accession # 

AF033822.1) was constructed as described above for the gag gene expression constructs. 

The HFV env plasmid, pCiES (200), was a kind gift from Maxine Linial. The MMTV env 

expression plasmid, Q61 (201), was a kind gift from Jackie Dudley and Susan Ross. The RSV 

env expression plasmid was kindly provided by Marc Johnson (202). The HTLV-1 env 

expression construct, CMV-ENV, was kindly provided by Kathryn Jones and Marie-Christine 

Dokhelar (203). The MLV env expression construct, SV-A-MLV-env has been previously 

described (204). HeLa cells and HEK293T cells were purchased from ATCC (Manassas, VA) 

and maintained in Dulbecco’s modified Eagles medium (DMEM) supplemented with 10% 

FetalClone III (FC3; GE Healthcare Lifesciences, Logan, UT). 

Confocal Microscopy 
HeLa cells were grown in six-well plates with 1.5 mm glass slides coated with poly-L-

lysine. The cells were transiently transfected with peYFP-N3-gag plasmids and pN3-gag 

plasmids at a 1:4 weight ratio using Genjet according to the manufacturer’s instructions 

(SignaGen, Gaithersburg, MD). The homologous env expression construct for each retroviral 

Gag (e.g. HIV-2 Env and HIV-2 Gag) was co-transfected into the HeLa cells at a plasmid 

weight ratio of 1:10 for the Env and Gag expression plasmids for RSV, HTLV-1, MLV, and 

HIV-2. The MMTV and WDSV Env and Gag expression plasmids were co-transfected at a 

weight ratio of 1:1, respectively. HFV was co-transfected at a Env to Gag expression plasmid 

weight ratio of 1:16. Sixteen to 24 hours post-transfection, cells were washed with PBS and 

fixed with 4% paraformaldehyde for 30 minutes. Cells were then washed with PBS containing 

0.05% Triton X-100 (Sigma-Aldrich, St. Louis, MN). The actin proteins were stained using 

ActinRed™ 555 ReadyProbes® Reagent (Life Technologies, Gaithersburg, MD) according to 

the manufacturer’s instructions. Coverslips were mounted on slides and preserved with 

ProLong® Diamond Antifade Mountant with DAPI (Life Technologies). Subcellular localization 

of Gag-eYFP was determined using a Zeiss LSM 700 confocal laser scanning microscope with 

a  Plan-Apochromat 63x/1.40 NA Oil objective at 1.2 zoom. A range of WDSV Env and Gag 

expression plasmid co-transfection ratios were tested, and at least 50 cells were imaged for 

each transfection ratio. The percentage of cells containing YFP Gag outside of the nucleus 

were determined by qualitative evaluation of the images. Each replicate was normalized to the 
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percentage of cells containing cytoplasmic Gag in the transfection of no Env and fold increase 

was calculated for 1:5 and 1:10 Env:Gag transfections. 

Transmission Electron Microscopy of 293T Cells Producing VLPs 
Transfection of 293T cells with pN3-gag plasmids was done at a plasmid weight ratio 

of 10:1 for the Gag and Env expression plasmids, respectively, unless otherwise noted 

previously. Forty-eight hours post-transfection, cells were harvested and washed two times 

with 0.1 M sodium cacodylate. Cells were pelleted, fixed with 2.5% glutaraldehyde for 40 

minutes, and were then washed three times with 0.1 M sodium cacodylate. Samples were 

then post-fixed with 1% OsO4 for 30 minutes. Cells were washed three times before they were 

dehydrated in a grade series of ethanol. Samples were then embedded in EMbed 812 resin. 

Ultrathin sections (65 nm) were stained with uranyl acetate and lead citrate. Samples were 

examined with a JEOL 1200EX II transmission electron microscope. 

Cryo-Electron Microscopy of VLPs  
Co-transfection of 293T cells with the pN3-gag expression constructs and their 

homologous Env expression plasmids was done using GenJet at a weight ratio of 10:1, 

respectively, unless otherwise noted previously. Forty-eight hours post-transfection, the cell 

culture supernatant was harvested and centrifuged at 3,000 x g for 5 minutes to remove large 

cellular debris. The supernatant was then passed through a 0.2 μm filter to remove any other 

debris or vesicles. VLPs were concentrated by ultra-centrifugation in a 50.2 Ti rotor (Beckman) 

at 35,000 x g for 90 min through an 8% OptiPrep™ (Sigma-Aldrich) cushion. The VLP pellets 

were resuspended in 200 uL 1X STE (10 mM Tris-Cl, pH 7.4, 100 mM NaCl, 1 mM EDTA). 

The concentrated VLPs were then centrifuged through a 10-30% OptiPrep™ gradient in a 

SW55 Ti rotor (Beckman) at 45,000 x g for 3 hours. The visible VLP band was extracted and 

pelleted in 1X STE at 35,000 x g for 1 hour using a SW55 Ti rotor. The pellet was 

resuspended in 10 ul 1X STE and frozen at -80 °C. The sample was thawed on ice prior to 

analysis by cryo-TEM. 

VLP samples were prepared for cryo-TEM as previously described (199). Briefly, 3µl 

of concentrated VLP sample was applied to a glow-discharged c-flat holey carbon grid (Ted 

Pella, Redding, CA) and then blotted with filter papers to remove the sample excess. The grid 

was then plunged frozen into liquid ethane (205) with a FEI MarkIII Vitrobot system. The 

frozen grids were then transferred to a FEI TF30 field emission gun transmission electron 

microscope at liquid nitrogen temperature (FEI Company, Hillsboro, OR). Images were then 

recorded at a nominal magnification of 39,000 x and 59,000 x at low-dose (~30 electrons/Å2) 
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and 1 to 5µm underfocus conditions using a Gatan 4k by 4k CCD camera (Gatan Inc., 

Pleasanton, CA). 

Image Analysis of VLPs  
Cryo-TEM images of VLPs were used for all analyses. VLP diameter was measured 

using ImageJ software (NIH, Bethesda, MD). For each VLP, two perpendicular diameters were 

measured and used to calculate an average diameter. The histogram was generated using 

GraphPad Prism 5 software (GraphPad, La Jolla, CA). Radial density profiles were calculated 

using the Radial Profile Extended applet in ImageJ. The ImageJ circle tool was used to 

encompass a VLP of average size for each genus tested, with the center of the circle laying in 

the center of the particle. The average image intensity for each radial point was obtained from 

running the applet. This was repeated for three VLPs of the same size and shape. The 

background was subtracted, and both the average and standard deviation were normalized to 

1 The radial density profiles for all three VLPs measured were aligned based on the electron 

dense peak for the lipid bilayer. The averaged radial density profiles were plotted using 

GraphPad Prism 5 software. 

Results 

Gag Subcellular Localization in Cells 
In order to investigate the subcellular distribution of the eight different retroviral Gag 

proteins, peYFP-N3-Gag expression constructs were engineered to express a Gag-eYFP 

fusion for each of the retroviral genera. The tagged Gags were co-transfected at a 1:4 ratio 

with untagged Gags to maintain untagged Gag distribution phenotypes. Transiently 

transfected HeLa cells were analyzed using confocal microscopy 16 to 24 hours post-

transfection. The cell perimeter was visualized using actin staining. All images shown are 

optical sections of a representative cell at the widest section of the cell. More than 50 cells 

were qualitatively analyzed before representative cells were selected for imaging. While some 

variability existed based on hours post-transfection and Gag expression level, Gag distribution 

within the cells remained fairly consistent within genera. RSV had puncta that appeared in the 

cytoplasm and around the plasma membrane in addition to a low level of diffuse fluorescence 

found in the nucleus (Fig 2-1A). HTLV-1, MLV, HIV-1 and HIV-2 all have puncta appearing 

both near the cell membrane and throughout the cytoplasm (Fig 2-1C-F). Unlike the other 

retroviral Gag proteins analyzed, both MMTV and HFV were primarily found in the cytoplasm 

(Fig 2-1B and G), with very few puncta appearing around the membrane. This was expected 

for MMTV and HFV, as these Gag proteins are known to traffic to intracellular membranes to 
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initiate particle assembly (187, 206). HFV was also found on the apical side of the nucleus (Fig 

2-1G, arrow). 

 
Figure 2-1.  Cellular localization of transient Gag-eYFP expression in HeLa cells. HeLa 
cells were transiently co-transfected with 4:1 weight ratios of untagged Gag to YFP-tagged Gag 
in addition to homologous envelope plasmids as described in the Materials and Methods. Panels 
are (A) Rous sarcoma virus (RSV), (B) mouse mammary tumor virus (MMTV), (C) human T-cell 
leukemia virus type 1 (HTLV-1), (D) murine leukemia virus (MLV), (E) human immunodeficiency 
virus type 1 (HIV-1), (F) human immunodeficiency virus type 2 (HIV-2), (G) human foamy virus 
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(HFV), or (F) walleye dermal sarcoma virus (WDSV). Optical sections close to the bottom of the 
cells were standardly used for collecting representative images of Gag-eYFP localization. Nuclei 
were identified with DAPI stain (blue) and actin filaments were identified with the ActinRed™ 
555 ReadyProbes® Reagent (red). Gag-eYFP expression was identified by green fluorescence. 
Scale bar = 10 µm. ©2016, American Society for Microbiology. 
 
 Cells transiently transfected with peYFP-N3-WDSV Gag primarily had fluorescence 

localized in or around the nucleus (Fig 2-1F). The subcellular localization of WDSV Gag has 

not been previously described, and the primarily nuclear localization appears novel among the 

other retroviral genera tested here. Diffuse eYFP-WDSV Gag was also observed to be closely 

associated with the nucleus but not overlapping with DAPI stained regions (Figs 2-1G and 2-

2B, arrow). In the absence of WDSV Env expression, less than 15% of transfected cells were 

observed to have eYFP-WDSV Gag puncta in the cytoplasm. Co-expression of WDSV Gag 

and Env at 1:10 and 1:5 ratios, respectively, increased the proportion of cells expressing 

cytoplasmic Gag puncta (Fig 2-2B and C); however, the overall percentage of cells with Gag in 

the cytoplasm was still relatively low compared to other retroviral genera. This indicates that 

the WDSV Env influenced Gag localization in cells. 
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Figure 2-2. Differential walleye dermal sarcoma virus (WDSV) Gag-eYFP localization by 
WDSV Env expression. HeLa cells were transiently transfected as described in the Materials 
and Methods with 1:4 weight ratios of WDSV Gag-eYFP and untagged WDSV Gag in addition 
to WDSV Env expression plasmids at ratios of either 1:10 or 1:5. Cells were fixed, DAPI stained, 
and stained with Actin Red 16 hours post-transfection. Images collected by confocal microscopy 
were used to evaluate cells for subcellular localization of WDSV Gag-eYFP. (A) Representative 
examples of HeLa cells with no WDSV Gag-YPF puncta observed in the cytosol from 
transfections with no Env. (B) Representative examples of HeLa cells with WDSV Gag puncta 
observed in the cytosol from 1:10 or 1:5 co-transfections. Scale bar = 10µm. (C) Fold increase 
in percentage of cells with Gag in the cytoplasm in different Env co-transfection ratios based on 
analysis of 50 cells (n=3). ©2016, American Society for Microbiology. 

Thin-Section Transmission Electron Microscopy 
Thin-section TEM of 293T cells was performed to visualize VLPs produced by cells 

transiently transfected with a Gag and corresponding Env expression constructs. Forty-eight 

hours post-transfection, cells were fixed and stained in preparation for thin-section TEM. 

Electron densities, consistent with the immature Gag lattice, were observed in cells 

transfected with RSV, MLV, MMTV, HTLV-1, HIV-1, and HIV-2 Gags (Fig 2-3A-F). No 
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evidence of particle assembly was observed in or around cells transfected with WDSV Gag, 

presumably due to the nuclear localization of this Gag protein. 

 

 
Figure 2-3. Transmission electron microscopy of 293T cells transiently transfected with 
retroviral Gag expression constructs. 293T cells were transiently transfected as described in 
the Materials and Methods with a Gag expression construct along with the homologous Env 
expression construct. Cells were prepared and analyzed by transmission electron microscopy 
as described in the Materials and Methods. Shown are virus-like particle production from 293T 
cells of (A) mouse mammary tumor virus (MMTV) Gag, (B) human immunodeficiency virus type 
2 (HIV-2) Gag, (C) human immunodeficiency virus type 1 (HIV-1) Gag, (D) Rous sarcoma virus 
(RSV) Gag, (E) murine leukemia virus Gag, (F) human T-cell leukemia virus type 1 (HTLV-1) 
Gag, (G) human foamy virus (HFV) Gag. Scale bar = 200 nm. ©2016, American Society for 
Microbiology. 
 

As expected, electron dense MMTV-like particles were observed primarily 

intracellularly and were associated with large, electron lucent vesicles (Fig 2-3A). This has 

been previously observed for viruses found in mouse mammary tumor cells and more recently 

demonstrated for Mason-Pfizer monkey viruses produced from a full-length MPMV genome 

(134, 207). The electron densities consistent with the Gag lattice were approximately 90 nm in 

diameter and were abundant in transfected cells. Few electron densities resembling the 

MMTV Gag lattice were observed near the plasma membrane. Transfection with HIV-1, HIV-2, 

RSV, MLV, and HTLV-1 Gag resulted in VLP production at the plasma membrane (Fig 2-3B-

F). HIV-2 VLPs were found budding at both the cell membrane and into intracellular vesicles, 

which has been observed before in 293T cells transfected with HIV-1 Gag (208). Observations 

of cells transfected with HIV-1, HTLV-1, MLV, and RSV Gags correlated with previous 

observations for these viral proteins (209-211). 
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Unlike the other orthoretroviruses, VLPs produced by HFV Gag were not observed to 

be associated with a distinct electron density (Fig 2-3G), but particles with diffuse electron 

density were observed that were approximately 80-90 nm in diameter. In addition, these VLPs 

contained small electron dense regions around them that were consistent with HFV Env 

protein spikes (Fig 2-3G, arrow). 

Cryo-TEM of Gag-based VLPs 
Cryo-TEM was done to analyze VLPs produced from 293T cells that had been 

transiently transfected with Gag and Env expression constructs for each of the representative 

retroviruses under study.  Forty-eight hours post-transfection, the VLPs were purified on an 

Opti-Prep gradient and visualized using cryo-TEM. VLPs were not readily produced by 

transfection of 293T cells with MMTV Gag or WDSV Gag, so no particle analysis was 

performed. RSV, HTLV-1, MLV, HIV-1, HIV-2, and HFV VLPs were produced at sufficient 

levels to allow for morphological analyses (Fig 2-4A-F). With the exception of VLPs produced 

by HFV Gag (Fig 2-4E), all observed VLPs were spherical with electron density below the VLP 

membrane. In addition, VLPs produced from all Gag proteins resulted in a distribution of 

particle sizes, with a general range from 81-200 nm in diameter (Fig 2-5A-F).   
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Figure 2-4. Cryo-electron microscopy of retrovirus-like particles produced by transient 
expression of Gag in 293T cells. 293T cells were transiently transfected with selected 
retroviral Gag expression plasmids and homologous Env expression constructs (ratio of 10:1 for 
RSV, HTLV-1, MLV, HIV-1, and HIV-2; 16:1 for HFV) as described in the Materials and Methods.  
Virus-like particles were collected and purified from the cell culture supernatant.  (A) Rous 
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sarcoma virus (RSV), (B) human T-cell leukemia virus type 1 (HTLV-1), (C) murine leukemia 
virus (MLV), (D) human immunodeficiency virus type 1 (HIV-1), and (E) human 
immunodeficiency virus type 2 (HIV-2), (F) human foamy virus (HFV). Scale bar = 50 nm.  
©2016, American Society for Microbiology. 
 

VLPs produced from RSV Gag were found to be 128 ± 13 nm in diameter (Fig 2-5A), 

which is similar to previously reported values (189). The majority of RSV VLPs had electron 

density consistent with an immature Gag lattice that followed the curvature of the inner viral 

membrane, but there were some instances of particles where there were discontinuities in 

electron density or where the density did not strictly follow the curvature of the inner viral 

membrane (Fig 2-4A, arrow). Similar to RSV-like particles, the VLPs produced by HTLV-1 Gag 

expression also had regions where there were discontinuities in electron density below the 

viral membrane (Fig 2-4B). MLV-like particles also contained discontinuities in electron density 

beneath the viral membrane (Fig 2-4C, arrow), with an average particle diameter of 124 nm. 

Intriguingly, there appeared to be two distinct particle subpopulations among the MLV-like 

particles. The majority (~80%) of these particles were observed in the range of 70-140nm. A 

minority (~20%) of the particles were observed in the range of 160-210 nm. The particle 

morphology for both subpopulations was comparable (Fig 2-4C). Of the five orthoretrovirus 

VLPs observed, VLPs produced by HTLV-1 Gag were the smallest, with an average size of 

116 ± 28 nm in diameter (Fig 2-5B). HTLV-1-like particles had regions of electron density 

which resembled the Gag lattice that were flat and did not follow the curvature of the lipid 

bilayer (Fig 2-4B, arrow) (212). 
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Figure 2-5. Analysis of the distribution of retrovirus-like particle diameters. Using images 
collected by cryo-electron microscopy, retrovirus-like particle diameters were measured in two 
perpendicular directions and averaged. A minimum of two independently prepared particle 
preparations were used for the particle diameter analyses. (A) Rous sarcoma virus (RSV); (B) 
human T-cell leukemia virus type 1 (HTLV-1); (C) murine leukemia virus; (D) human 
immunodeficiency virus type 1 (HIV-1); (E) human immunodeficiency virus type 2 (HIV-2); (F) 
human foamy virus (HFV). ©2016, American Society for Microbiology. 
 

HIV-2-like particle were found to have an average particle diameter of 154 ± 20 nm in 

diameter (Fig 2-5E), which was significantly larger than the observed diameter of HIV-1-like 

particles (141 ± 35.1 nm, t-test, P = 0.0002). The diameter of HIV-1-like particles falls within 

the range of previous reports of the diameter of HIV-1 or HIV-1-like particles (153).  Compared 

to the other retrovirus-like particles in this study, the HIV-2-like particles had a narrow size 

distribution and a uniform particle morphology. In particular, these VLPs were observed to 

have a very organized electron density beneath the viral membrane.  This organized density is 

suggestive of a tightly packed immature Gag lattice that closely follows the inner viral 

membrane. 

HFV-like particles had a unique particle morphology that was clearly distinguishable 

from the other retrovirus-like particles analyzed in this parallel comparative study. First, there 

was no distinguishable electron density found within the particles that would be consistent with 

an immature Gag lattice. The vast majority of particles observed were studded with electron 

dense projections (16 ± 2 nm) that were morphologically consistent with HFV Env proteins. In 



    

 34 

addition, more than 50% of the visible particle surface was decorated with these electron 

dense projections. It is interesting to note that the production of HFV-like particles was from a 

1:16 co-transfection of the HFV Env expression plasmid (pCiEs) to that of the HFV Gag 

expression plasmid (pN3-HFV-gag), respectively, which is a lower level of Env plasmid as 

compared to the other Gags. The HFV-like particles were also distinct in their relatively small 

size, with an average diameter of 82.5 ± 30 nm excluding the length of the Env projections 

(Fig 2-5F). 

Radial Density Profile Analysis 
Particles characterized by cryo-TEM were further analyzed to determine their radial 

density profiles. For each retrovirus-like particle, 3 representative particles that were within 2 

nm of each other in particle diameter were analyzed using the Radial Profile Extended applet 

in ImageJ. The integrated intensity units were corrected for background, and the average and 

standard deviation were normalized to a value of 1. The integrated intensity units for each of 

the three VLPs were then averaged and plotted with the standard error of the mean (Fig 2-6A-

E). 

A distinct electron dense peak, which is representative of the lipid bilayer, was seen in 

all radial density profiles (indicated by the blue box) (Fig 2-6A-F). It is generally assumed that 

the MA domain for orthoretroviral Gags remains associated with the viral membrane and 

therefore has no distinct peak. Distinct electron density peaks were observed that are 

consistent with the CA NTD and CTD for the VLPs of RSV, HTLV-1, MLV, HIV-1, and HIV-2. 

In contrast, no electron density peaks consistent with the CA NTD or CTD were observed for 

HFV-like particles. Analysis of MLV- and RSV-like particles revealed a large space in electron 

density between the viral membrane and the presumed CA subunit, 12 and 18 nm 

respectively.  This space in electron density could be due to a long flexible linker connecting 

the MA domain and the CA NTD (p12 in MLV and p10 in RSV) (Table 2-1) (213, 214). In 

addition, the MLV- and RSV-like particles also have a relatively large space between the 

electron density that likely represent the inner and outer CA subdomains. While there were no 

distinct peaks visible that would be consistent for a CA NTD or CTD for HFV-like particles, 

which may be due to the lack of a typical orthoretroviral Gag conformation, there was a distinct 

density from 49 nm to 52 nm that would be consistent with the HFV Env protein on the surface 

of particles. 
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Figure 2-6. Radial density profile analysis of retrovirus-like particles. The solid black line 
indicates the average retrovirus-like particle density measured. The dashed red line indicates 
the standard error of the mean. The radial density profiles shown were averaged from three 
particles of median size. (A) Rous sarcoma virus (RSV); (B) human T-cell leukemia virus type 1 
(HTLV-1); (C) murine leukemia virus (MLV); (D) human immunodeficiency virus type 2 (HIV-2); 
human foamy virus (HFV). As points of reference, the blue horizontal box indicates the location 
of the lipid bilayer density, the purple box indicates the location of CA densities, and the orange 
box indicates the Env density. ©2016, American Society for Microbiology. 
 
 

 

 

Discussion 
 To our knowledge, this is the first comprehensive comparative study of retrovirus-like 

particle morphology performed in parallel using a Gag expression construct along with the 

corresponding retroviral Env expression plasmid (e.g., HIV-2 Gag expression plasmid and 

HIV-2 Env expression plasmid). In particular, we selected at least one representative virus 

from each of the retroviral genera to analyze the differences in Gag subcellular localization as 

well as in general particle morphology and size. A practical advantage of this experimental 

system is that it helps to limit variables related to biological differences in virus replication 
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among the different retroviruses.  While authentic viral RNA for each virus was not available 

for packaging into particles, the system is standardized in that the same cellular RNA is 

available for all RNA packaging, limiting cell type variability as well. Through the use of this 

system, we observed both distinct differences and similarities in the characteristics of the 

retrovirus-like particles produced, and the distribution of Gag in cells. 

In this study, WDSV (epsilonretrovirus) Gag appeared to localize in the nucleus, and 

perhaps near the nucleus, which is a new observation. There have been no previous analyses 

of WDSV Gag localization or protein structure, but based on sequence homology, WDSV Gag 

has similarities to other orthoretrovirus Gag proteins; however, the distinct subcellular 

localization distinguishes this Gag. We also observed that the WDSV Env appears to influence 

WDSV Gag localization, as co-expression of both Gag and Env resulted in the cytoplasmic 

appearance of WDSV Gag, though the majority remained in the nucleus regardless of Env 

expression. When investigated by thin-section EM, there was no evidence of intracellular 

assembly of particles. The WDSV accessory protein, Orf A (rv-cyclin), has also been observed 

to localize in the nucleus and may interact with the Gag protein there (215). Further studies 

are needed to better understand the nature of the nuclear localization of WDSV Gag, whether 

WDSV Gag nuclear localization may facilitate interaction with RNA as it does for RSV (216), 

and the general requirements for virus particle release from cells. 

Many previous studies have evaluated immature particle morphology of MLV  

(gamma-), HIV-1 (lenti-), RSV (alpha-), and MPMV (beta-) (217, 218) (189) (188, 219). In 

contrast, limited information is available regarding MMTV (beta-), HTLV-1 (delta-), HIV-2  

(lenti-), HFV (spuma-), and WDSV (epsilon-) immature or mature particle morphology. For 

example, MMTV particles were previously purified from murine cells and visualized by thin 

section microscopy (220), and authentic HTLV-1, HFV, and MLV have been visualized by 

cryo-TEM or cryo-electron tomography (155, 221, 222).  Our study provides, to our 

knowledge, the first information regarding HIV-2-like particle morphology, and no reports are 

available on WDSV particle morphology. 

Based on the structural similarities among most Gags, HIV-1 Gag trafficking and 

localization is often used as a reference model for many different retroviruses. Our findings 

here indicate that HIV-1 Gag packaging may not be a good model for many retroviral Gag 

studies, as we found a wide range of particle sizes and morphologies in our analysis. This is 

highlighted by our analysis of HIV-2 Gag-based VLPs, which is a lentivirus closely related to 

HIV-1. HIV-2 Gag has a similar subcellular distribution to what is seen for HIV-1 based on 

confocal analysis, but it produces particles that are distinct in size and morphology, indicating 

differences between particle assembly and/or the nature of the immature Gag lattice. 
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Intriguingly, HIV-1 and HIV-2 Gags can coassemble together into the same VLPs, indicating 

that the Gags still share many similarities (223).  

 Our observations indicate that orthoretrovirus VLPs share some morphological 

features, such as a spherical shape, a distribution of diameter sizes, and distinct inner and 

outer CA ring densities. This is not particularly surprising given that retroviral CA structures are 

markedly similar even with little amino acid sequence homology. Despite these similarities, all 

of the orthoretrovirus VLPs observed here have distinguishing morphological features. These 

differences may be in part due to distinguishing features of the Gags outside of the CA 

domain, such as the linker domains that connect the RSV and MLV MA and CA, which can 

lead to a large distance from the lipid bilayer to the outer CA ring. We observed that this may 

be different for HIV-2, however, as the electron density remained closely associated with the 

viral membrane, possibly due to a smaller linker between HIV-2 MA and CA. 

 HFV VLPs were markedly different from the orthoretrovirus VLPs. This could be due to 

the nature of HFV particle assembly, which occurs intracellularly at the endoplasmic reticulum 

and requires expression of the homologous HFV Env protein (187, 224). The requirement of 

Env protein expression for HFV-like particle assembly perhaps explains the high occurrence of 

spike-like protrusions on the surface of HFV-like particles. Furthermore, the lack of electron 

density that would correspond to an immature Gag lattice may be due to an unusual structure 

and folding of HFV Gag, which helps to distinguish spumaretroviral Gag proteins from 

orthoretroviral Gag proteins.  

Taken together, these parallel comparative analyses have identified distinct features 

that exist among retrovirus-like particles.  In particular, differences were observed with WDSV, 

HTLV-1 and HIV-2. These studies emphasize the differences that exist among retroviruses in 

regards to particle assembly/morphology, and the importance of their study in order to gain 

deeper insights into retroviral assembly.  
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CHAPTER 3: Disparate Contributions 
of Human Retrovirus Capsid 

Subdomains to Gag-Gag 
Oligomerization, Virus Morphology, 

and Particle Biogenesis 
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of human retrovirus capsid subdomains to Gag-Gag oligomerization, virus morphology, and 
particle biogenesis. J Virol. 2017;91(14):e00298-17. doi:10.1128/JVI.00298-17. ©2017, 
American Society for Microbiology. 
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Introduction 
 Retrovirus assembly is an intricate and poorly understood process that requires 

coordination of viral proteins, host cell proteins, and viral RNA. The Gag polyprotein plays a 

critical role in the retrovirus assembly process as the major retroviral structural protein (225, 

226). The Gag protein orchestrates vRNA binding, formation of an immature Gag lattice, and 

PM interactions, among many other roles (227-229). Expression of Gag in the cell is 

necessary for the formation of virus-like particles (VLPs) (230). Although VLPs cannot mature 

and are therefore non-infectious, they are morphologically similar to immature virions and are 

frequently used as a model system to study the functional role of Gag in particle-producing 

cells (231-234). 

 Across the different orthoretroviral genera, Gag polyproteins vary in size and 

sequence but share three common domains: the amino-terminal MA protein, the CA protein, 

and the carboxy-terminal NC protein(235). These domains are structurally distinct and 

connected by peptide linkers, which also vary in size and sequence among the different Gag 

proteins. MA is typically responsible for PM and vRNA binding (90, 236, 237). The CA domain 

mediates Gag-Gag dimerization as well as higher order oligomerization and can be divided 

into NTD and CTD subdomains, which are independently folded (238). Finally, NC is 

responsible for vRNA binding and also plays a role in stabilizing CA-CA interactions (239). In 

addition to the MA, CA, and NC, some Gag proteins contain other domains. For example, 

human immunodeficiency virus type 1 (HIV-1), encodes for spacer peptide 1 (SP1), spacer 

peptide 2 (SP2), and p6 (240, 241). 

 Although HIV-1 and HTLV-1 are both pathogenic human retroviruses, they have many 

distinct molecular and pathogenic features. The HIV-1 and HTLV-1 Gag proteins both have 

structurally conserved CA domains, sharing a β-hairpin turn and a centralized coiled-coil-like 

structure of six α helices in the CA NTD as well as four α helices in the CA CTD (93, 242-244). 

Despite the structural conservation between HIV-1 and HTLV-1 CA regions, the CA 

subdomains appear to play substantially different roles in assembly. For HIV-1, the prime 

determinants of CA-CA dimerization are W316 and M317, found in the CA CTD (139, 245). 

Unlike HIV-1, the residues responsible for HTLV-1 CA-CA interactions have not yet been 

determined, but studies using large insertion and deletion mutations have implicated the 

HTLV-1 CA NTD as being indispensable for particle assembly (93). In contrast to HIV-1, 

mutations in the HTLV-1 CA CTD had little or no effect on VLP budding (93). 

 The roles of the HTLV-1 CA NTD and CTD in virus assembly and particle morphology 

are poorly defined. Based on comparative cryogenic transmission electron microscopy (cryo-

TEM), HIV-1 and HTLV-1-like particles have distinct sizes and Gag lattice morphologies (217, 

226, 246), but it remains unclear how the CA subdomains contribute to these differences. To 
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more clearly define the roles of the HTLV-1 CA NTD and CTD in particle biogenesis, we 

generated and analyzed a panel of Gag proteins with chimeric HIV-1/HTLV-1 CA domains. 

The subcellular distribution and released protein expression levels indicated that Gag 

chimeras with a HIV-1 CA NTD/HTLV-1 CA CTD did not result in Gag oligomerization or 

particle budding regardless of the parental Gag background. Without CA-driven dimerization, 

the chimeric-CA Gag proteins in the HTLV-1 background trafficked to the PM, while chimeras 

in the HIV-1 background remained largely in the cytoplasm. This observation suggests 

differences in trafficking patterns between HIV-1 and HTLV-1 Gag. Additionally, chimeric Gag 

proteins with the HTLV-1 CA NTD produced morphologically similar particles to that of HTLV-1 

particles as determined by cryo-TEM, revealing an important role for the HTLV-1 CA NTD in 

HTLV-1 immature particle morphology. Particles produced from chimeric-CA Gag proteins 

were morphologically distinct from to either parental wildtype (WT) particles, implying that 

determinants outside of CA also contribute to particle size and morphology. Taken together, 

these observations provide evidence that the HTLV-1 CA NTD can functionally replace the 

HIV-1 CA CTD, but that the HIV-1 CA NTD cannot replace the HTLV-1 CA CTD. This indicates 

that the HTLV-1 CA subdomains provide distinct contributions to Gag oligomerization, virus 

morphology, and particle biogenesis. 

Materials and Methods 

Plasmids, Cell Lines, and Reagents 
Codon-optimized HIV-1 and HTLV-1 gag genes in the pN3 and peYFP-N3 vectors 

have been previously described (199, 246). WT and chimeric Gag expression constructs were 

engineered into vectors with C-terminal eYFP, mCherry and HA tags using 5’ HindIII and 3’ 

BamHI restriction sites or were untagged. The HTLV-1 envelope (Env) expression plasmid, 

CMV-ENV, was kindly provided by Kathryn Jones (203). Viruses were pseudotyped with the 

VSV-G expression construct, pHCMV-G, a kind gift from J. Burns (University of California, San 

Diego) (247). HeLa and HEK293T/17 cell lines were obtained from ATCC (Manassas, VA) and 

maintained in Dulbecco’s modified Eagle medium supplemented with 10% FetalClone III (GE 

Healthcare Lifesciences, Logan, UT). U373-MAGI-CXCR4CEM cells were obtained from 

Michael Emerman through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH 

(248). 

Chimeric Gag Expression Constructs 
Chimeric Gag plasmids were engineered using mammalian codon-optimized HIV-1 

and HTLV-1 sequences (Fig 3-1A). A chimeric codon-optimized Gag expression plasmid 

containing HIV-1 CA (HIV-1 Gag133-361) and the HTLV-1 MA and NC (HTLV-1 Gag1-130,346-429) 



    

 41 

(HTLV/HIV CA) was engineered using a modified version of overlap extension PCR cloning 

(249). Briefly, the CA region of a codon-optimized HIV-1 Gag expression construct was PCR 

amplified with primers containing the HTLV-1 MA and NC sequence on the 5’ and 3’ ends, 

respectively. An HTLV-1 codon-optimized Gag expression plasmid was then mutagenized 

using the chimeric PCR product as primers and a QuikChange II XL Site-Directed 

Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). The chimeric codon-optimized Gag 

expression plasmid containing HTLV-1 CA (HTLV-1 Gag131-345) and HIV-1 MA, SP1, NC, SP2, 

and p6 (HIV-1 Gag1-132,362-500) (i.e., HIV/HTLV CA) was engineered using the same method. 

Codon-optimized Gag plasmids with chimeric CA subdomains (Fig 3-1C) were engineered 

using gBlocks® gene fragments (Integrated DNA Technologies, Coralville IA). A HTLV-1 Gag 

plasmid containing the HIV-1 CA NTD (HTLV-1 Gag1-130,265-429 and HIV-1 Gag133-278) (i.e., 

HTLV/HIV-N) was constructed using a 1116-bp gene fragment with engineered 5’ HindIII and 

3’ XcmI sites. The HTLV-1 Gag plasmid containing the HIV-1 CA CTD (HTLV-1 Gag1-264,345-429 

and HIV-1 Gag279-362) (HTLV/HIV-C) was engineered using a 791-bp gene fragment with 

engineered 5’ PstI and 3’ BamHI sites. The HIV-1 Gag plasmid containing the HTLV-1 CA 

NTD (HIV-1 Gag1-132,279-500 and HTLV-1 Gag131-265) (i.e., HIV/HIV-C) was engineered with an 

801-bp gene fragment containing 5’ HindIII and 3’ BssHII sites. Finally, the HIV-1 Gag plasmid 

containing the HTLV-1 CA CTD (HIV-1 Gag1-278,362-500 and HTLV-1 Gag131-264) (i.e., HIV/HIV-N) 

was engineered with a 464-bp gene fragment containing 5’ SbfI and 3’ BstEII sites. 

 The HIV-1 WM, HIV/HIV-C WM, and HTLV/HIV-C WM constructs were engineered 

through PCR mutagenesis of the HIV-1 CA CTD residues W316 and M317 to A316 and A317. 

The HIV-1 WM, HIV/HIV-C WM, and HTLV/HIV-C WM gag sequences were then inserted into 

peYFP vectors using 5’ HindIII and 3’ BamHI sites. 

 Chimeric gag sequence was engineered into the HIV-1 based vector HIV-1 MIG (250), 

a single-cycle env-negative HIV-1 NL4-3 reporter vector expressing both the mCherry and 

GFP fluorescence proteins by swapping the HIV-1 CA with the HTLV-1 CA (HIV/HTLV CA 

MIG) using overlap extension PCR cloning. The HTLV-1 CA was amplified with primers 

containing the HIV-1 CA cleavage sites at the 5’ and 3’ ends (Fig 3-1D). The pNL4-3 MIG was 

then mutagenized using the QuikChange II XL Site-Directed Mutagenesis Kit and the PCR 

product as primers. 
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Figure 3-1. HIV-1 and HTLV-1 chimeric Gag expression vector constructs. Chimeric HIV-1 
and HTLV-1 Gag expression vector plasmid constructs were engineered using codon-
optimized gag genes. The panels in the figure show the gene sequence for the engineered Gag 
proteins analyzed in this study. HIV-1 gag sequences are represented in white boxes, and 
HTLV-1 gag sequences are represented in gray boxes. Vectors were created either without a 
C-terminal tag (i.e., untagged Gag) or with a C-terminal tag fused in-frame with Gag to produce 
proteins for fluorescence microscopy (eYFP and mCherry) or immunoblot analyses (HA). (A) 
WT Gag proteins, with the first and last 4 residues in the capsid (CA) domain indicated. (B) Gag 
CA chimeras with the entire HIV-1 or HTLV-1 CA domain removed and replaced. (C) Gag CA 
subdomain chimeras with the N-terminal domain or the C-terminal domain of CA replaced. (D) 
The parental HIV-1 vector MIG and the engineered chimeric Gag derivative with the HTLV-1 
CA. ©2017, American Society for Microbiology. 

Subcellular Localization and Confocal Microscopy 
HeLa cells were cultured in six-well plates on #1.5 standard glass coverslips coated 

with poly-L-lysine, and experiments were performed as previously described (246). Cells were 

transiently transfected with eYFP-tagged Gag and untagged Gag expression plasmids at a 1:4 

weight ratio using GenJet Version II (SignaGen, Gaithersburg, MD). Subcellular localization of 

Gag-eYFP was detected using a Zeiss LSM 700 confocal laser scanning microscope using a 

Plan-Apochromat 63x/1.40 NA Oil objective at 1.2 zoom (Carl Zeiss, Oberkochen, Germany). 
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Confocal Cell Image Analysis 
The degree of Gag assembly in a punctate pattern was quantified by determining the 

area associated with punctate fluorescence and expressing this as a percentage of the total 

fluorescence area. The percentage of fluorescent area associated with puncta was analyzed 

using ImageJ software (NIH, Bethesda, MD). Cell perimeter was determined using ActinRed 

555 staining, and total fluorescence area in pixels was calculated within the cell perimeter. 

Fluorescence area associated with puncta in pixels was determined using ImageJ “Analyze 

Particles” with a circularity setting of 0.95-1.00. Percent fluorescence associated with puncta 

was determined by dividing the area associated with puncta by total fluorescence area. 

Percent fluorescence area associated with puncta and was calculated for at least 15 individual 

cells from 3 individual preps. Percent punctate fluorescence for each cell value was set 

relative to the mean HTLV-1 WT value of all 3 replicates. 

Colocalization was evaluated in 15 single cells using the ImageJ plugin Coloc 2, and 

the Pearson’s coefficient was recorded. Cell perimeters were determined using Acti-stain 670 

channel. Cell outlines were created in ImageJ with the wand tool. Colocalization analyses 

were performed in a minimum of 15 cells from 3 individual replicates. 

Gag Copackaging Into VLPs 
Fluorescent VLPs were produced through co-transfection of eYFP-tagged and 

mCherry-tagged Gag plasmids with untagged Gag plasmids at a 1:1:1:1 weight ratio in 

293T/17 cells using GenJet Version II. Supernatant was filtered through 0.2 um filters after 48 

h and diluted in PBS 1:20. Diluted supernatant (100 uL) was added to Lab-Tek™ II 8-well 

chambered coverglass (Thermo Scientific, Waltham, MA) coated in poly-L-lysine. Polybrene 

(EMD Millipore, Darmstadt, Germany) was added at a 1:100 ratio. Images of fluorescent VLPs 

were acquired using a Zeiss LSM 700 with a Plan-Apochromat 100x/1.40 NA Oil objective at 

2.5 zoom (Carl Zeiss) and stored as 8-bit images for later analysis with routines written in IDL 

8.3 (Excelis Visual Information Solutions, Inc, Boulder, CO). 

Gag Copackaging Analysis 
The fluorescent color of VLPs was assessed to determine whether each VLP 

contained detectable amounts of both eYFP and mCherry labeled Gags. VLPs were termed 

“mixed” if their dual-color fluorescence intensities were statistically incompatible with a null 

hypothesis where the VLP contains only mCherry or eYFP labeled Gags. Briefly, the 

population of all VLPs in the dual-color confocal images was defined by searching the images 

for intensity peaks that were statistically distinct from the image background. For each VLP, 
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the fluorescence intensity fraction f = FmCh / (FmCh + FeYFP) was calculated, where FmCh and 

FeYFP are the fluorescent intensities for the mCherry and the eYFP signal of the VLP integrated 

over an area of size ~2ω0. The radial beam waist ω0 of the confocal point spread function was 

determined from the spatial autocorrelation of the VLP images. The uncertainty in the intensity 

fraction, Δf was calculated based on Poisson counting statistics of the original dual-color 

intensity images. This experimentally determined intensity fraction was then compared to the 

value of f for VLPs containing only mCherry- or eYFP-labeled Gag proteins. VLPs were scored 

as mixed if the comparison resulted in a statistical difference with a 5-sigma threshold. The 

percent co-packaged VLPs was determined from a population sample containing several 

hundred VLPs. 

PM Binding Fluorescence Z-scan Measurements 
Dual-color z-scans were performed in HeLa cells cultured in 8-well plates (Nunc, Inc) 

and transiently co-transfected with Gag-eYFP and fluorescent protein mCherry plasmids at a 

1:2 weight ratio using GenJet Version I (SignaGen) 12 h before measurement. The cell 

medium was changed to PBS immediately before measurement. Cellular z-scans were 

performed on a two-photon microscope as described previously using a vertical scan distance 

of 24 µm over a period of 5 s (251).  

A z-scan measurement consists of an axial scan of the two-photon beam focus 

through the cytoplasm of the cell (Fig. 2). The fluorescently labeled Gag excited during the 

scan gives rise to a z-scan intensity profile (Fig. 2 B and D), which provides information about 

the axial distribution of the Gag-eYFP at the scan location (86). Fitting of the z-scan intensity 

profile separates the fluorescence contributions from the cytoplasmic and the PM-bound 

protein populations (252, 253). For a cell without Gag-eYFP at the PM (Fig 4A), the z-scan fit 

recovers a purely cytoplasmic component (Fig 4B); for a cell with Gag-eYFP at the PM (Fig 

4C), the z-scan fit recovers a PM component in addition to the cytoplasmic Gag-eYFP 

component. 

Analysis of the dual-color z-scan intensity profiles was performed in two steps. First, 

the intensity profile of the red channel (mCherry) was corrected for spectral cross-talk from the 

eYFP signal and fit to determine the location and thickness of the cytoplasmic volume 

occupied by mCherry (86). Second, the intensity trace of eYFP was fit to a model that allows 

Gag-eYFP to be located at the ventral and dorsal PM and in the cytoplasm with the 

cytoplasmic location and thickness determined by the fit of the mCherry z-scan intensity 

profile. 

Cells were selected for z-scan measurements by exposure to epifluorescent light to 

check the protein expression level. Repeated z-scan measurements at each location were 
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used to estimate the standard deviation of the Gag-eYFP PM intensities. Cells were deemed 

PM-positive for fluorescence if PM associated Gag-eYFP was detectable with a 1% statistical 

confidence level at any of up to four z-scan locations. Cells were also deemed PM-positive for 

fluorescence if Gag-eYFP puncta were visible in epifluorescence imaging. Conversely, a PM-

negative cell had no visible fluorescent puncta and the z-scans of at least four locations failed 

to identify PM-bound Gag. The cytoplasmic Gag-eYFP concentration was determined for each 

measured cell as previously described (252). Because determination of concentration from 

thin sections is challenging (251), we removed cells from the final dataset if all z-scans passed 

through locations with cytoplasmic thickness < 2 µm.  

Immunoblot Analysis 
293T/17 cells were transfected with HA-tagged Gag plasmids or MIG plasmids using 

GenJet Version II. After 48 h, supernatant was filtered through 0.2 um filters, and VLPs or 

viruses were concentrated by ultra-centrifugation at 150,000 x g for 90 min through an 8% 

OptiPrep™ cushion (Sigma-Aldrich) in a 50.2 Ti rotor (Beckman). VLP or virus pellets were 

lysed in PBS with 1.0% Triton X-100. Cells were washed with PBS before they were lysed with 

1.0% Triton X-100 in PBS. Lysates were clarified via centrifugation at 16,000 x g for 1 h to 

obtain the soluble fraction.  

Lysates and supernatants were subjected to electrophoresis on ExpressPlus™ PAGE 

4-20% gels (GenScript, Piscataway, NJ) and transferred to nitrocellulose membranes (Bio-

Rad, Hercules, CA). HA-tagged Gag was detected with anti-HA antibody diluted 1:1000 in 

PBS (16B12, BioLegend, San Diego, CA). Gag proteins were detected with 1:1000 rabbit 

polyclonal anti-p17 (lot #130088, AIDS Reagent Program, Division of AIDS, NIAID, NIH from 

Dr. Paul Spearman and Dr. Lingmei Ding) or 1:1000 mouse monoclonal anti-HIV-1 p24 (24-4, 

Santa Cruz Biotechnology, Dallas, TX). Gamma tubulin was detected with 1:1000 anti-tubulin 

mouse monoclonal (GTU-88, Sigma Aldrich). Membranes were washed before incubation with 

either 1:10,000 horseradish peroxidase-conjugated goat anti-mouse IgG (Thermo Fisher) or 

1:5,000 horseradish peroxidase-conjugated donkey anti-rabbit (Jackson ImmunoResearch, 

West Grove, PA). Protein expression was detected with a ChemiDoc Touch system (Bio-Rad, 

Hercules, CA) and analyzed with Image Lab Version 5.2.1 (Bio-Rad). Relative HA-tagged Gag 

expression levels were calculated by normalizing to the tubulin density and setting relative to 

WT HIV-1 or HTLV-1 Gag. 

Production of Virus and VLPs for Thin-Section TEM and Cryo-TEM 
VLPs were produced by co-transfection of 293T/17 cells with untagged Gag plasmids 

and CMV-ENV at a 10:1 weight ratio using GenJet Version II. Viruses were produced by co-
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transfection of 293T/17 cells with the HIV-1 vector pHIV-1-MIG and pHCMV-G at a 10:1 ratio. 

After 24 to 48 h, the supernatant was collected and filtered through 0.2 µm filters. Virus 

particles or VLPs were prepared as previously described by ultracentrifuging on an Opti-Prep 

gradient (246). 

Thin-Section TEM of 293T/17 Cells Producing VLPs.  
Thin-section TEM was performed as previously described (246). Sections were 

stained and examined with a JEOL 1200 EX II transmission electron microscope (JEOL, 

Tokyo, Japan). 

Cryo-TEM of VLPs and Virus Particles 
EM grids used were: Lacey/Formvar 300 mesh, Lacey carbon 300 mesh (EMS, 

Hatfield, PA), R2/2 Holey Carbon 200 mesh, or Multi A Holey Carbon 200 mesh (Quantifoil, 

Germany). Grids were glow-discharged and loaded on an FEI MarkIII Vitrobot system (FEI 

Company, Hillsboro, OR). Purified and concentrated VLP suspension (3 to 4 µL) was loaded 

on grid carbon-side and manually blotted before being plunge-frozen in ultracooled liquid 

ethane. Grids were imaged on a Tecnai F30 FEG transmission microscope (FEI Company, 

Hillsboro, OR) operating at 300kV. Images were taken at 49,300X magnification at an electron 

dose of ~25 electrons/Å2 and -4 to -8 µm defocus values using a Gatan 4 k by 4 k CCD 

camera (Gatan Inc., Pleasanton, CA). VLP and virus particle diameters were measured using 

ImageJ software. Two perpendicular diameters were measured and averaged for each 

particle. The morphology of all particles were qualitatively characterized by two independent 

reviewers as: curved lattice, curved bilayer; flat lattice, flat bilayer; flat lattice, curved bilayer; or 

no lattice. 

Production of Viral Stocks for qPCR and Infectivity Assays 
Vector virus stocks of the HIV-1 vector parent (i.e., HIV-1 MIG WT) and mutant 

expressing the Gag chimera (i.e., HIV/HTLV CA MIG) were produced by co-transfecting 

293T/17 cells with either HIV-1 vector plasmid and pHCMV-G at a 10:1 ratio using GenJet 

Version II. Vector virus supernatants were collected 48 h post-transfection, filtered through a 

0.2 µm filter, treated with DNase I for 2 h at 37°C, aliquoted, and stored at -80°C.  

Determination of Copy Number With RT-qPCR and Infectivity 
Viral RNA was isolated from virus stocks in duplicate using High Pure Viral RNA Kit 

(Roche, Indianapolis, IN). cDNA was synthesized from viral RNA using iScript™ cDNA 

synthesis kit (Bio-Rad) and stored at -20°C. SYBR green qPCR reagents (Bio-Rad) were used 

to detect an amplicon in HIV-1 p19, and the Ct was used to determine copy number by 
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interpolation to an HIV-1 vector plasmid standard curve. To determine infectivity, MAGI cells 

were plated in 24-well plates and infected with viral supernatant volumes containing 

approximately 1.5 x 106, 3.0 x 106, or 5.0 x 106 copies of RNA. Medium was replaced 24 h 

post-transfection. Cells were washed and collected for flow-cytometry 72 h post-infection. Viral 

infectivity was determined by plotting the percentage of infected cells (mCherry+ or GFP+) 

over total cells. 

Results 
The objectives of this study were to dissect the functional roles of HIV-1 and HTLV-1 

CA domains and subdomains. Given that chimeric constructs have been informative for 

evaluating the roles of Gag regions in past studies (254-257), we created chimeric Gag 

proteins in which the CA region was fully or partially substituted for the equivalent sequences 

from HIV-1 or HTLV-1 (Fig 3-1). Vectors were constructed with C-terminal eYFP (i.e., Gag-

eYFP), mCherry (i.e., Gag-mCherry), or HA tags (i.e., Gag-HA). Gag expression constructs 

producing a non-labeled Gag protein are referred to as untagged Gag. 

Chimeric Gag Subcellular Localization 
To investigate the subcellular localization of the chimeric Gag proteins compared with 

WT parental proteins, chimeric Gag-eYFP constructs were transiently transfected into HeLa 

cells. Both HIV-1 and HTLV-1 WT Gag proteins were localized around the cell perimeter as 

well as in the cytoplasm in a characteristic punctate distribution pattern, likely indicative of Gag 

oligomerization (Fig 3-2A). To quantitatively characterize the subcellular distribution of the WT 

and chimeric Gag-eYFP proteins, the relative area of punctate fluorescence was calculated 

and compared to HTLV-1 WT (Fig 3-2B). Although both chimeric Gag proteins with fully 

replaced CA domains (HIV/HTLV CA and HTLV/HIV CA) had a phenotypic punctate pattern, 

they each had significantly less punctate fluorescence compared with HTLV-1 WT, indicating a 

greater prevalence of diffuse fluorescence. Nonetheless, both HIV/HTLV CA and HTLV/HIV 

CA have fluorescence associated with puncta at approximately 50% the rate of HTLV-1 WT, 

suggesting Gag puncta formation at the PM. 
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Figure 3-2. Subcellular localization of HIV-1 and HTLV-1 Gag CA chimeric proteins. HeLa 
cells were transiently cotransfected with Gag-eYFP and untagged Gag constructs at a 1:4 
weight ratio. Cells were then fixed and stained with DAPI and Actin Red 555 approximately 24 
h posttransfection. (A) Confocal microscopy analysis. Representative images of HeLa cells 
transfected with HTLV-1 WT, HIV-1 WT, HIV/HTLV CA, or HTLV/HIV CA. Scale bar, 10 μm. (B) 
Fluorescence area associated with distinct Gag puncta. The relative percentage of fluorescent 
area associated with puncta was determined by using particle analyses in ImageJ. Error bars 
indicate SD. The Student's t test was used to compare fluorescence percentages to that of 
HTLV-1 WT Gag. *, P < 0.001. ©2017, American Society for Microbiology. 
 
 The subcellular localization of Gag proteins containing either a chimeric CA NTD or 

CA CTD were analyzed in a similar manner to that of HIV/HTLV CA and HTLV/HIV CA (Fig 3-

3). We predicted that Gag proteins containing either the HTLV-1 CA NTD or the HIV-1 CA 

CTD would have the ability to oligomerize and therefore form Gag puncta, based upon 

literature identifying these domains as indispensable for particle formation (93, 139). HIV/HIV-

C and HTLV/HIV-C both contain the HTLV-1 CA NTD and HIV-1 CA CTD in the HIV-1 and 

HTLV-1 Gag background, respectively (i.e., HIV-1 MA, SP1, NC, SP2, p6, or HTLV-1 MA and 

NC). Given that these chimeric proteins contain both HTLV-1 CA NTD and HIV-1 CA CTD, it is 

not surprising that they had a similar Gag punctate distribution to that of HIV/HTLV CA and 

HTLV/HIV CA. In contrast, HIV/HIV-N and HTLV/HIV-N, which contain the HIV-1 CA NTD and 

HTLV-1 CA CTD, resulted in little or no punctate Gag fluorescence and instead appear to 
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have a diffuse fluorescence pattern, suggesting a lack of oligomerization. This observation 

provides one line of evidence for the presence of amino acid sequences located in distinct 

domains required for oligomerization, since these chimeric Gag proteins do not contain either 

the HIV-1 CA CTD or HTLV-1 CA NTD. 

It is also important to note that both the HTLV-1 and HIV-1 CA subdomains are 

separated by flexible 3- and 4-residue linkers, respectively (144). In the case of HIV-1, these 

linker residues have been shown to be important for mature CA core formation and infectivity 

(217, 258). To our knowledge, little is known about the role of the HTLV-1 CA linker domain in 

virus assembly and particle maturation. Based upon the design of the chimeric CA subdomain 

Gag constructs, inferences about the role of the CA linker domains in Gag oligomerization and 

particle biogenesis cannot be fairly made based on our analyses. Both HIV/HIV-C and 

HTLV/HIV-C contain the HTLV-1 CA linker as well as part of the HIV-1 CA linker, while 

HTLV/HIV-N and HIV/HIV-N contain part of the HIV-1 CA linker. 
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Figure 3-3. Subcellular localization of HIV-1 and HTLV-1 CA subdomain chimeric proteins. 
HeLa cells were transiently cotransfected with Gag-eYFP and untagged Gag constructs at a 1:4 
weight ratio. (A) Confocal microscopy analysis. Representative images showing subcellular 
localization of Gag-eYFP in cells transfected with HTLV-1 WT, HIV/HIV-C, HIV/HIV-N, 
HTLV/HIV-N, or the HTLV/HIV-C Gag expression construct. Scale bar, 10 μm. (B) Fluorescence 
area associated with distinct Gag puncta. Percentage of fluorescent area associated with puncta 
relative to that of HTLV-1 WT Gag was determined using particle analyses in ImageJ. A 
minimum of at least 20 cells were analyzed for each construct. Error bars indicate SD. The 
Student's t test was used to compare fluorescence percentages to that of HTLV-1 WT values. 
*, P < 0.05; ****, P < 0.0001. ©2017, American Society for Microbiology. 

PM Localization of Chimeric Gag Proteins 
HTLV-1 and HIV-1 Gag proteins have markedly different Gag-Gag interaction and PM 

trafficking phenotypes based on previous studies (259, 260). While HIV-1 oligomerizes in the 

cytoplasm, HTLV-1 is known to oligomerize at the PM. Given these differences, we predicted 

that the loss of CA driven oligomerization would perturb PM trafficking in different ways for 

HIV/HIV-N and HTLV/HIV-N, which have identical CA domains but distinct Gag backgrounds 

(Figs 3-2 and 3-5). To examine this, HeLa cells were co-transfected with Gag-eYFP and 

mCherry fluorescent protein, which served as a marker for the cytoplasm. Using dual color Z-

scan microscopy, the fluorescence signal of Gag-eYFP at the PM was analytically separated 

from that of Gag-eYFP localized in the cytoplasm, as shown in Fig 3-4. The dual color Z-scan 

technique uses vertical motion (a “z-scan”) of the laser focus to measure fluorescent intensity 

versus cell height at individual locations within a cell. A deconvolution model was applied to 

the fluorescent intensity traces resulting from each z-scan (252, 253). The model was used to 

compare, within constraints imposed by the deconvolution, the vertical distribution of the 

mCherry fluorescence to that of Gag-eYFP. This comparison determined whether Gag-eYFP 

was distributed in a manner consistent with a PM-bound or exclusively cytoplasmic protein at 

the location of each z-scan. Z-scans then were performed at up to 4 locations in the cytoplasm 

of each cell. If 4 z-scan locations were found to have no detectable PM-bound Gag, the cell 

was considered PM negative. If one or more z-scan location had detectable Gag-eYFP at the 

PM, the cell was considered PM positive. Furthermore, any cells with Gag-eYFP puncta were 

considered PM positive. 
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Figure 3-4. Dual-color z-scan PM binding assay. Fluorescence z-scans were performed on 
HeLa cells coexpressing Gag-eYFP and mCherry by moving the two-photon excitation volume 
vertically through the cytoplasm of individual cells. The resulting dual-color fluorescence z-scan 
traces were fit to a model that decomposes the Gag-eYFP fluorescence trace into corresponding 
PM-bound and cytoplasmic Gag-eYFP fluorescence traces. This model used the mCherry 
fluorescence trace (not shown) to locate the top and bottom edges of the cytoplasm (dashed 
lines). (A) The decomposition of the z-scan trace of a cell expressing HIV-1 Gag-eYFP 
recovered a cytoplasmic signal and a zero-valued PM signal, indicating the lack of detectable 
PM-bound Gag-eYFP. (B) The decomposition of the z-scan trace of a cell expressing HTLV-1 
Gag-eYFP recovered fluorescence signals corresponding to both cytoplasmic and PM-bound 
Gag-eYFP, indicating that the cell is PM positive. ©2017, American Society for Microbiology. 
 
 Similar to previous results, HIV-1 WT Gag exhibited a concentration-dependent shift 

from the cytoplasm to the PM (Fig 3-5A), indicative of a concentration-dependent change from 

Gag monomer to oligomer (260). Unlike HIV-1 WT Gag, HTLV-1 WT Gag was found at the PM 

(Fig 3-5C) at cytoplasmic concentrations where HIV-1 Gag was largely monomeric in the 

cytoplasm (261). The chimeric HIV-1 CA NTD/HTLV-1 CA CTD Gag in the HTLV-1 
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background (HTLV/HIV-N) behaved similarly to that of HTLV-1 WT Gag (Fig 3-5D). Since 

HTLV/HIV-N was not predicted to oligomerize, this supports past data indicating that HTLV-1 

Gag does not require dimerization for PM transport. In contrast, HIV/HIV-N was exclusively 

found in the cytoplasm up to 1.3 μM, the maximum concentration evaluated for HIV-1 WT (Fig 

3-5B), indicating that the majority of HIV/HIV-N Gag was unable to translocate to the PM. This 

agrees well with previous findings that indicate HIV-1 WT must oligomerize before efficient 

Gag translocation to the PM (260). 

 
Figure 3-5. Differential membrane association of the HIV/HIV-N and HTLV/HIV-N Gag 
proteins. Dual-color z-scan fluorescence fluctuation spectroscopy was performed in HeLa cells 
by using YFP-tagged versions of either HIV-1 WT (A), HIV/HIV-N (B), HTLV-1 WT (C), or 
HTLV/HIV-N (D). Cells were then visualized approximately 12 h posttransfection. ©2017, 
American Society for Microbiology. 

HTLV-1 CA NTD and HIV-1 CA CTD Drive Particle Production 
To verify the VLP production levels, Gag-HA constructs were transiently transfected 

into 293T/17 cells and immunoblots were performed with cell lysates and supernatants from 

transiently transfected 293T/17 cells. Approximately 48 h post-transfection, supernatant and 

soluble cell lysates were collected and analyzed by immunoblot (Fig 3-6). As anticipated, both 

chimeric Gag proteins that did not form Gag puncta (HIV/HIV-N and HTLV/HIV-N) resulted in 

near complete abrogation of Gag expression in the supernatant, indicating little or no particle 

production (Fig 3-6C). These proteins were readily detected in cell lysates, indicating that the 

proteins were being expressed. The four other chimeric Gag proteins had comparable levels 

of Gag-HA in the supernatant compared to that of HTLV-1 WT Gag. Based upon these 

observations, the chimeric Gag proteins containing either the HTLV-1 CA NTD or the HIV-1 

CA CTD were able to assemble and produce VLPs. It should be noted that the WT Gag 
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proteins were not readily detectable in cell lysates, possibly due to the isolation of the soluble 

fraction, which likely contains fewer Gag proteins than the PM fraction. 

 
Figure 3-6. Immunoblot analysis of chimeric Gag proteins. 293T/17 cells were transfected 
with Gag-HA-tagged expression plasmid constructs, and the soluble fractions of cell lysates and 
culture supernatants were analyzed. Protein levels of Gag CA chimeras (A and B) and Gag 
subdomain CA chimeras (C and D) were detected by using a mouse monoclonal anti-HA 
antibody and an HRP-conjugated secondary antibody. Gag protein levels from cell culture 
supernatant samples were quantified by densitometry analysis and plotted relative to that of 
HTLV-1 WT Gag expression. Error bars indicate SD. Student's t test was used to compare 
expression levels to that of HTLV-1 WT Gag. ***, P < 0.001; ****, P < 0.0001. ©2017, American 
Society for Microbiology. 

HTLV-1 CA NTD Drives Puncta Formation in Absence of HIV-1 CA CTD 
Dimerization 

To determine whether HTLV-1 CA NTD could drive oligomerization and Gag puncta 

formation in the absence of HIV-1 CA CTD-CA CTD interactions, the WM316,317AA 

mutations were introduced into both HIV/HIV-C and HTLV/HIV-C. Since the WM mutation 

abrogates HIV-1 CA CTD dimerization, the HIV/HIV-C WM and HTLV/HIV-C WM constructs 

contain only one putative oligomerization domain – the HTLV-1 CA NTD. 
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Figure 3-7. Subcellular localization of WM mutant Gag protein. HeLa cells were 
cotransfected with Gag-eYFP and untagged Gag expression constructs at a 1:4 ratio. (A) 
Confocal microscopy analysis. Representative images of the subcellular localization of the 
HTLV-1 Gag WT, HIV-1 Gag WT, HIV-1 WM Gag, HIV/HIV-C WM Gag, and HTLV/HIV-C WM 
Gag proteins are shown. Scale bar, 10 μm. (B) Fluorescence area associated with distinct Gag 
puncta. The relative fluorescent area associated with puncta was determined using ImageJ 
particle analyses. Error bars indicate SD. Student's t test was used to compare the fluorescence 
percentage to that of HTLV-1 WT values. *, P < 0.0001. ©2017, American Society for 
Microbiology. 
 

Introduction of the WM mutations into HIV-1 WT Gag predictably resulted in diffuse 

fluorescence due to the lack of oligomerization (Fig 3-7). However, HIV/HIV-C WM formed 

Gag puncta at a level that was not significantly different from WT levels, indicating that the 

HTLV-1 CA NTD could rescue the HIV-1 WM mutant phenotype. Intriguingly, HTLV/HIV-C 

WM, which has an identical CA domain to HIV/HIV-C WM, had a diffuse Gag fluorescence 

phenotype and did not exhibit a WT Gag phenotype. These data indicate that the parental Gag 
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backgrounds of the two chimeric proteins impact the ability of HTLV-1 CA NTD to oligomerize 

and form Gag puncta. When the HTLV-1 CA NTD is in the presence of HIV-1 MA, SP1, NC, 

SP2, and p6, it is sufficient for Gag oligomerization. Previous studies have established that 

HIV-1 Gag domains exhibit functional redundancy, wherein single defects do not abrogate 

spherical particle assembly and production (177). It is formally possible that HTLV-1 Gag does 

not have similar functional redundancy, indicated by the inability of HTLV-1 CA NTD to drive 

puncta formation in the absence of HTLV-1 CA CTD. 

Full-Length CA Domains Contribute to Gag Colocalization and 
Copackaging 

We next investigated whether the CA domain or subdomains impacted the subcellular 

colocalization and VLP copackaging of chimeric Gag proteins with WT Gag proteins. To 

analyze the colocalization of WT and chimeric Gag proteins, mCherry-tagged WT Gag and 

eYFP-tagged chimeric Gag constructs were co-transfected into HeLa cells. Pearson’s 

coefficients were used to evaluate the degree of colocalization between mCherry- and eYFP-

tagged Gag proteins (Fig 3-8B). While HIV-1 WT and HTLV-1 WT did not appear to colocalize, 

the chimeric Gag proteins with fully replaced CA domains colocalized well and almost 

exclusively with the WT Gag that shared the same CA domain (i.e. HIV/HTLV CA with HTLV-1 

WT). This observation supports a previous report that indicated the CA domain is the prime 

determinant of Gag colocalization (255). However, while HIV/HIV-C and HTLV/HIV-C have 

identical CA domains, only HIV/HIV-C was observed to colocalize with HIV-1 WT. 

Furthermore, we did not observe any evidence that co-transfection with either WT Gag 

rescued the diffuse Gag fluorescence phenotype of HIV/HIV-N or HTLV/HIV-N (Fig 3-8B and 

Fig 3-9A). 

 We next sought to confirm that colocalized Gag proteins budded together into the 

same VLP by analyzing the supernatant of co-transfected 293T/17 cells. The resultant VLPs 

were imaged with confocal microscopy. In most cases, Gag proteins that colocalized in HeLa 

cells also copackaged into particles together at a rate similar to homospecies co-transfections 

(Fig 3-8C and D). Unsurprisingly, neither HIV/HIV-N-eYFP nor HTLV/HIV-N-eYFP copackaged 

due to few visible particles containing eYFP (Fig 3-8D and Fig 3-9B). 
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Figure 3-8. Colocalization and copackaging of YFP-tagged chimeric Gag and mCherry-
tagged WT Gag proteins. (A) Confocal microscopy analysis of colocalization of chimeric and 
WT Gag proteins. HeLa cells were cotransfected with Gag-eYFP, Gag-mCherry, and respective 
untagged Gag expression constructs (1:1:1:1 weight ratio). Scale bar, 10 μm. (B) Statistical 
analysis of fluorescence protein colocalization. The subcellular colocalization of WT and 
chimeric Gag proteins was quantitatively analyzed in at least 15 cells for each construct using 
ImageJ, and the colocalization correlation was analyzed using Pearson's coefficient. Error bars 
indicate SD. The Student's t test compared colocalization of HIV-1-mCherry cotransfections for 
each YFP-tagged WT or chimeric construct. *, P < 0.01. (C) Confocal microscopy analysis of 
Gag protein copackaging in virus-like particles (VLPs). 293T/17 cells were cotransfected with 
Gag-eYFP plasmids, WT Gag-mCherry plasmids, and respective untagged Gag expression 
constructs (1:1:1:1 weight ratio). Harvested VLPs were visualized by confocal microscopy. Scale 
bar, 200 nm. (D) Statistical analysis of fluorescence protein copackaging. The percentage of 
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Gag copackaging was determined by the number of particles containing both the mCherry and 
YFP signals divided by the total number of particles analyzed. ©2017, American Society for 
Microbiology. 
 

 
Figure 3-9. Representative images of colocalization and copackaging of YFP-tagged 
chimeric Gag and mCherry-tagged WT Gag proteins. (A) Confocal microscopy analysis of 
colocalization of chimeric and WT Gag proteins. HeLa cells were cotransfected with Gag-eYFP, 
Gag-mCherry, and respective untagged Gag expression constructs (1:1:1:1 weight ratio). Scale 
bar, 10 μm. (B) Confocal microscopy analysis of Gag protein copackaging in virus-like particles 
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(VLPs). 293T/17 cells were cotransfected with Gag-eYFP plasmids, WT gag-mCherry plasmids, 
and respective untagged Gag expression constructs (1:1:1:1 weight ratio). Harvested VLPs 
were visualized by confocal microscopy. Scale bar, 200 nm. ©2017, American Society for 
Microbiology. 

Morphological Differences Between WT and Chimeric Gag-Based VLPs  
HIV-1 and HTLV-1 WT Gag-based VLPs have established and distinct electron dense 

regions characteristic of a Gag lattice (246). HTLV-1-like particles contain flat regions of Gag 

lattice electron density that do not follow the curvature of the lipid bilayer (Fig 10A). HIV-1 

VLPs, however, have a Gag lattice electron density that exclusively follows the curvature of 

the lipid bilayer (157, 217, 262, 263). We next characterized the morphologies of the chimeric 

Gag-based VLPs that were shown to produce particles: HIV/HTLV CA, HTLV/HIV CA, 

HIV/HIV-C, and HTLV/HIV-C. 

Intriguingly, the four chimeric Gag proteins produced morphologically distinct sets of 

VLPs containing Gag lattice electron densities (Fig 10A and 10C). Furthermore, all three 

chimeric Gag proteins that contained the HTLV-1 CA NTD (HIV/HTLV CA, HIV/HIV-C, and 

HTLV/HIV-C) produced VLPs with flat regions of Gag lattice electron density. Unlike the 

HTLV-1 WT Gag lattice, both HIV/HTLV CA and HIV/HIV-C VLP populations contained 

nonspherical particles, with flat regions of Gag lattice electron density correlating with flat 

regions of the lipid bilayer. HTLV/HIV-C, however, had flat regions of Gag lattice that did not 

follow the curvature of the lipid bilayer, maintaining a spherical particle shape similar to HTLV-

1 WT. This may indicate that the HIV-1 MA domain impacts the ability of the lipid bilayer to 

curve in the presence of flat Gag lattice regions. 

 The only chimeric Gag-based VLP that did not appear to have a distinct Gag lattice 

was HTLV/HIV CA, which instead had a poorly visible Gag lattice electron density, 

distinguishable only as electron dense regions beneath the lipid bilayer (Fig 10A, arrow). 

These regions did not appear to contain an organized Gag lattice due to the unresolved nature 

of the electron dense region. Furthermore, many particles observed by both thin-section and 

cryo-TEM lacked any apparent electron dense regions beneath the lipid bilayer, which could 

indicate a lack of Gag lattice electron density, but the two-dimensional nature of our cryo-TEM 

limits our ability to be certain. The lack of apparent, organized Gag lattice in HTLV/HIV CA 

VLPs may indicate either the requirement of stabilizing interactions present in HTLV-1 CA or 

destabilizing forces in the MA and NC. 

 It has previously been suggested that the CA domain dictates VLP size in addition to 

morphology (28). This observation is supported by both HIV/HTLV CA and HTLV/HIV CA 

VLPs, which were not statistically different in size from the WT Gag sharing the same CA (Fig 

10B). HIV/HIV-C and HTLV/HIV-C particles, however, share the same CA and yet were 
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markedly different in size, not only from each other but also from either WT Gag. These data 

support the conclusion that the MA, NC, and other domains also have an impact on VLP size 

and morphology. 



    

 60 

 
Figure 3-10. Analysis of virus-like particle morphology by electron microscopy. (A) Thin-
section transmission electron microscopy and cryo-TEM analysis. Thin-section and cryo-TEM 
were performed on either VLP-producing 293T/17 cells or purified VLPs, respectively. The arrow 
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indicates electron densities characteristic of an unstructured Gag assembly. Colored circles 
indicate qualitative Gag electron density morphology scoring. Orange represents curved lattice 
and curved bilayer; pink represents flat lattice and flat bilayer; green represents flat lattice and 
curved bilayer; blue represents no lattice. The scale bar for thin-section EM is 200 nm. The scale 
bar for cryo-TEM is 100 nm. (B) Particle diameter analysis. VLP diameters were measured using 
ImageJ, and particle diameters were averaged across at least 50 different VLPs. The mean 
diameters and standard errors of the means (SEM) are shown. Student's t test was used to 
compare the VLP diameters to those of HIV-1 WT and HTLV-1 WT. *, P< 0.01 compared with 
HIV-1. ^, P < 0.01 compared with HTLV-1. (C) The morphologies of the electron-dense Gag 
lattices of the VLPs. The percentage of particles is shown as the averaged result of the analysis 
from two independent reviewers. The color codes are the same as those for the dots in panel 
A. ©2017, American Society for Microbiology. 

Infectivity and Morphology of Chimeric HIV-1 with HTLV-1 CA 
Since the chimeric Gag proteins were able to form an electron dense Gag lattice, we 

sought to investigate whether these proteins could be cleaved and create infectious virus 

particles. Based on the many factors that influence infectivity, we hypothesized that the 

chimeric Gag proteins were unlikely to form infectious particles. In order to determine if Gag 

chimeras would impact virus infectivity, we engineered the HTLV-1 CA domain into an HIV-1 

vector, leaving the HIV-1 CA cleavage sites intact (Fig 1D). It should be noted that a 

corresponding HTLV-1 vector with HIV-1 CA was not tested due to the low infectivities of the 

parental constructs (264). In most expression systems, transfection of a vector containing 

authentic HTLV-1 sequence does not result in substantial gene expression or the production 

of detectable particles. Pseudotyped vector virus was produced via co-transfection of chimeric 

HIV-1 vector and VSV-G into 293T/17 cells. Viral supernatants were collected and subjected 

to both qPCR and immunoblotting to test for virus production and Gag cleavage. Based on 

quantification of RNA copy number, chimeric vector particle supernatants contained 

approximately 50-fold less virus than the parental construct (Fig 11A). When the viral 

supernatant was titered by RNA copy number, the chimeric vector virus did not have readily 

measured infectivity, indicating a severe infectivity defect (Fig 11B). 
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Figure 3-11. Analysis of infectivity and particle morphology of HIV-1 vector expressing 
chimeric Gag protein. The HTLV-1 CA was swapped with the HIV-1 CA in a single-cycle 
infectivity HIV-1 vector with a Gag WT to create Gag HIV/HTLV CA. (A) Analysis of particle 
release. Particle release was analyzed by measuring viral RNA in released vector virus particles 
by using qPCR. NTC, no template control. (B) Particle infectivity analysis. MAGI cells were 
challenged with HIV-1 Gag WT or Gag HIV/HTLV CA or were subjected to mock infection with 
cell culture supernatants containing either ∼1.5 × 106, ∼3.0 × 106, or ∼6.0 × 106 RNA copies of 
each vector. Infectivity was determined by flow cytometry analysis for expression of GFP and 
mCherry, which are both encoded by the HIV-1 vector. (C) Immunoblot analysis. Proteolytic 
cleavage of Gag was determined by harvesting the soluble cell lysates and cell culture 
supernatants from 293T/17 cells transfected with the viral constructs approximately 48 h 
posttransfection. The p24, p17, and tubulin proteins were evaluated by detection with an HRP-
conjugated secondary antibody. (D) Virus particle analysis by cryo-TEM. Single-cycle infectivity 
HIV-1 vectors expressing either Gag WT or Gag HIV/HTLV CA were transfected into 293T/17 
cells, and virus particles purified 48 h posttransfection. Representative cryo-TEM images are 
shown. Scale bar, 100 nm. ©2017, American Society for Microbiology. 
 

 To determine the reason for the relatively poor particle production and lack of 

infectivity, we analyzed the parental and chimeric vector virus particles by immunoblot. Since 

p17 and other Gag cleavage products were detected in the chimeric vector virus supernatants, 

the chimeric Gag appears to undergo cleavage, albeit in a different pattern than the parental 

vector (Fig 11C). Although we attempted to probe HTLV-1 p24 cleavage, the anti-HTLV-1 p24 

antibody did not detect HTLV-1 CA, perhaps due to a lack of or changes in epitope binding 

sites due to the replacement of 10 HTLV-1 amino acids with HIV-1 sequence to preserve the 

cleavage sites. Additionally, less p17 was detected in the supernatant from the chimeric Gag, 

corroborating the results of the qPCR. It is presently unclear why the chimeric Gag vector 

produced fewer virus particles than the WT Gag vector, but it suggests a clear defect(s) in the 
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particle assembly pathway. This is supported by cryo-TEM analysis of the chimeric and 

parental vector viruses. Clearly visible and characteristic electron dense conically-shaped 

cores were observed in virus produced from the parental vector (265). Chimeric vector virus 

particles were slightly smaller than reported for authentic HTLV-1 WT particles (101.8 nm ± 

32.1 SD) (231). Furthermore, evaluation of these particles revealed the lack of an apparent 

core, which may explain the lack of particle infectivity and also implies a defect(s) in the 

particle assembly pathway (Fig 11D). Since HIV/HTLV CA VLPs contained a Gag lattice (Fig 

11A), we hypothesize that the assembly deficiency does not necessary stem from the 

oligomerization of the full-length Gag but from the inability  of CA to oligomerize to form a 

mature core, which requires different CA-CA interactions compared to those for Gag lattice 

formation. This strongly suggests that there may be some other nucleating factors necessary 

for HTLV-1 CA core formation. 

Discussion 
 Chimeric human retroviral Gag proteins have been utilized in this study to provide the 

first thorough experimental evidence that establishes the HTLV-1 CA NTD as a key 

determinant for HTLV-1 CA-CA interactions (and Gag-Gag oligomerization), which are 

required for virus particle assembly and release. This is in contrast to HIV-1 Gag-Gag 

oligomerization, where the HIV-1 CA CTD is key for CA-CA interactions. In particular, our 

studies show, for the first time, that replacement of the HIV-1 CA NTD with the HTLV-1 CA 

NTD can rescue ability of HIV-1 Gag to oligomerize and form a lattice structure in the context 

of the dimerization-defective HIV-1 Gag mutant WM316,317AA. We also provide evidence 

indicating that the HTLV-1 CA CTD performs a functional role in HTLV-1 WT stability and/or 

oligomerization, which is in contrast to the single dimerization domain of HIV-1 WT. In the 

presence of a dimerization-defective HIV-1 CA CTD, HTLV-1 CA NTD is not sufficient to drive 

oligomerization. It is possible that HIV-1 Gag contains more functional redundancy throughout 

the protein, wherein defects may be present in one functional domain and still allow for particle 

formation (177). Based on these observations, the general findings presented in this study 

indicate that the HTLV-1 CA NTD can functionally replace the HIV-1 CA CTD, and conversely 

the HIV-1 CA CTD can functionally replace the HTLV-1 CA NTD. 

Amino acid alignments indicate that the HIV-1 and HTLV-1 CA NTDs are relatively 

similar, with well-conserved amino acids comprising approximately 50% of HIV-1 and HTLV-1 

CA NTD sequences (93). Additionally, a comparison of the HTLV-1 CA NTD NMR structure 

with the HIV-1 CA NTD structure revealed a high degree of structural similarity with some 

differences in the orientation of the β-hairpin (266). Given the structural similarities of HIV-1 

and HTLV-1 CA, it is intriguing that the CA domains of these two human retroviruses play such 
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different roles in assembly. This observation emphasizes the importance of the divergent 

sequences in the two Gag protein domains, such as the aspartate residues orienting the β-

hairpin (266-268).  

 Previous studies have indicated that the retroviral CA domain dictates VLP size, 

morphology, and copackaging of Gag proteins into VLPs (255). While the findings of our study 

indicated that the HIV-1 and HTLV-1 full-length CA domains define VLP size, Gag 

colocalization, and copackaging into particles, we also demonstrated that other Gag domains 

can impact HIV-1 and HTLV-1 particle morphology. In particular, none of the chimeric Gag 

proteins analyzed in our study formed puncta at the same rate as HTLV-1 WT, indicating that 

Gag domains other than CA likely contribute to Gag puncta formation. Surprisingly, VLPs 

produced from all four of the Gag CA chimeras contained Gag lattice electron densities, and 

all four of these sets of VLPs had different particle morphologies. Neither the HIV/HTLV CA 

nor the HTLV/HIV CA were identical in morphology compared to corresponding parental Gag-

based VLPs despite the similarities in size. Furthermore, the HIV/HIV-C and HTLV/HIV-C Gag 

proteins contained identical CA regions (HTLV-1 CA NTD followed by the HIV-1 CA CTD), yet 

resulted in the production of VLPs of substantially different in size and morphology, 

highlighting the alternative and as-of-yet un-established roles of MA, NC, and other Gag 

domains in VLP size and morphology. It is possible that morphological differences in the Gag-

based HIV/HIV-C and HTLV/HIV-C particles may be primarily due to the MA domain. 

HTLV/HIV-C particles have flat regions of Gag lattice but are largely spherical. In contrast, the 

lipid bilayer of HIV/HIV-C particles remains close to the flat regions of the Gag lattice, leading 

to a nonspherical VLP. Taking these observations in total, we propose that the flat and 

nonspherical regions of the chimeric Gag-based VLPs may be caused by HIV-1 MA-derived 

factors. One possible interpretation is that the tight viral PM interaction of the HIV-1 MA in the 

HIV/HIV-C and HIV/HTLV CA chimeric Gag proteins may result in the deformation of the lipid 

bilayer. A second possible interpretation is that the C-terminus of the HIV-1 MA may be less 

flexible than the C-terminus of deltaretroviral MA domains, which would allow the flat regions 

of HTLV-1 lattice to have less of an impact on the VLP shape (269). 

The observation that Gag domains outside of CA impact VLP size and morphology is 

in contrast to previous observations with other Gag proteins with chimeric CA domains, but we 

have presented the first report of chimeric Gag proteins from the deltaretrovirus and lentivirus 

genera. In particular, past observations of chimeric Gag proteins have been made for 

lentivirus- and alpharetrovirus-derived Gag proteins (255). The established differences in VLP 

assembly and morphology among different retroviral genera may offer an explanation for the 

differences observed in our present and previous studies (246, 255). Furthermore, it is 

important to note that the CA subdomain chimeras contain marked alterations to the WT CA 
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sequence due to the introduction of CA domains from another genus, which limits our ability to 

extrapolate our interpretations to WT Gag. Future studies that evaluate the role of MA, NC, 

and other Gag domains in particle size and morphology using physiologically relevant 

constructs should be a priority. 

 We have also demonstrated that the HIV-1 and HTLV-1 Gag proteins translocate to 

the PM in distinctly different manners. It has been observed that HTLV-1 Gag translocates to 

the PM as a monomer at low cytoplasmic concentrations, while HIV-1 Gag can only 

translocate to the PM after reaching a higher cytoplasmic concentration, which triggers 

dimerization and PM-targeting (227, 259-261, 270, 271). In addition, we have demonstrated 

that the Gag HTLV/HIV-N expression construct, which lacks a CA subdomain capable of 

oligomerization, binds strongly to the PM. In contrast, HIV/HIV-N, which also lacks a CA 

subdomain capable of oligomerization, is found in the cytoplasm and was not strongly 

associated to the PM, even at very high cytoplasmic concentrations. Taken together, our data 

supports the general observation that HIV-1 Gag does not readily target the PM in the 

absence Gag-Gag oligomerization (259). Furthermore, our data, along with previous 

observations, support the idea that HIV-1 Gag-Gag interactions should be considered a 

critically important determinant of HIV-1 Gag translocation to the PM, similar to the highly 

basic region of MA and the presence of phosphatidylinositol-4,5-bisphosphate (PI[4,5]P2) 

(272-274). PI(4,5)P2 has been shown to be dispensable for HTLV-1 particle assembly and 

budding, and our data provide evidence that Gag-Gag oligomerization is also unnecessary for 

PM targeting (275), indicating that CA-CA interactions have markedly different effects and 

roles in HIV-1 and HTLV-1 Gag translocation to the PM and in particle assembly. Further 

studies are needed to determine whether HTLV-1 has alternative, compensatory 

mechanism(s) for Gag translocation to the PM. 
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CHAPTER 4: Determinants of HTLV-1 
Gag-Gag Interactions Critical for Virus 

Particle Assembly 
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Abstract 
The retroviral Gag protein is the main structural protein responsible for virus particle 

assembly and release. Like human immunodeficiency virus type 1 (HIV-1) Gag, human T-cell 

leukemia virus type 1 (HTLV-1) has a structurally conserved capsid (CA) domain, including a 

β-hairpin turn and a centralized coiled-coil-like structure of six α helices in the CA amino-

terminal domain (NTD) as well as four α-helices in the CA carboxy-terminal domain (CTD). CA 

drives Gag oligomerization, which is critical for both immature Gag lattice formation and 

particle production. The HIV-1 CA CTD has previously been shown to be a primary 

determinant for CA-CA interactions, and while both the HTLV-1 CA NTD and CTD have been 

implicated in Gag-Gag interactions, our recent observations have implicated the HTLV-1 CA 

NTD as encoding key determinants that dictate particle morphology. Here in this study, we 

have conducted alanine-scanning mutagenesis in the HTLV-1 CA NTD nucleotide-encoding 

sequences spanning the loop regions and amino acids at the beginning and ends of α-helices 

due to their structural dissimilarity from the HIV-1 CA NTD structure. We analyzed both Gag 

subcellular distribution and efficiency of particle production for these mutants. We discovered 

several residues (i.e., M17, Q47/F48, and Y61) that were important for HTLV-1 Gag 

oligomerization and particle assembly. Modeling implicated that these residues reside at the 

dimer interface (i.e., M17 and Y61) or at the trimer interface (i.e., Q47/F48). Taken together, 

these observations provide the first detailed insights into the critical role of the HTLV-1 CA 

NTD in Gag-Gag interactions and particle assembly. 

Importance 
Retrovirus particle assembly and release from infected cells is driven by 

the Gag structural protein. Gag-Gag interactions, which form an oligomeric lattice structure at 

a particle budding site, are essential to the biogenesis of an infectious virus particle.  The 

capsid (CA) domain of Gag is generally thought to possess the key determinants for Gag-Gag 

interactions, and this study has discovered several critical amino acid residues in the CA 

domain of human T-cell leukemia virus type 1 (HTLV-1) Gag, an important cancer-causing 

human retrovirus. This information provides important new insight into a poorly understood 

aspect of HTLV-1 replication. 

Introduction 
 The retroviral Gag protein is the critical structural protein that localizes to the inner 

leaflet of the plasma membrane, forms an oligomeric lattice, and orchestrates particle 

assembly, release and maturation to create an infectious virus (225, 229, 230). Interfering with 

the role of Gag in virus assembly would eliminate virus infectivity, making Gag an attractive 
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antiviral target for therapeutic intervention (276). There are three Gag domains that have key 

roles in the Gag polyprotein as well as roles as discrete viral proteins when Gag is processed 

by the viral protease: matrix (MA), which is important for Gag-membrane binding; capsid (CA), 

which is important for Gag oligomerization during virus assembly as well as core formation 

during virus maturation; and nucleocapsid (NC), which interacts with the viral RNA packaging 

signal and encapsidates the viral genomic RNA (139, 238, 277, 278). The CA-CA interactions 

that form the Gag oligomeric matrix structure are thought to impact both particle size and 

morphology (255, 279, 280). Human T-cell leukemia virus type 1 (HTLV-1, a deltaretrovirus) 

produces mature particles with pleomorphic CA cores, in contrast to human immunodeficiency 

virus type 1 (HIV-1, a lentivirus), which produces particles containing conically-shaped cores 

(226, 231, 281, 282). Rous sarcoma virus (RSV, an alpharetrovirus) particles also possess a 

pleomorphic core, though RSV particles are on average larger in size (283). 

HIV-1 Gag and CA dimer interfaces have been extensively mapped using a variety of 

different molecular and structural techniques (245, 284-290). The HIV-1 CA carboxy-terminal 

domain (CTD) drives the oligomerization of both full-length Gag as well as CA protein, with 

key CA residues being W184 and M185 (residues W316 and M317 in full-length Gag), while 

the HIV-1 CA amino-terminal domain (NTD) is not necessary for virus-like particle (VLP) 

assembly and budding (139, 245). In contrast, the molecular interactions of HTLV-1 CA 

involved in immature Gag lattice and mature core formation are poorly understood. Previous 

studies of the HTLV-1 CA subdomains suggest that each perform distinct functional roles, with 

the HTLV-1 CA NTD functioning as the primary determinant of Gag oligomerization (93, 266, 

291, 292), though the HTLV-1 CA CTD may stabilize Gag-Gag interactions (279). Based upon 

these observations, we recently demonstrated that the HTLV-1 CA NTD was functionally 

interchangeable with the HIV-1 CA CTD, indicating disparate roles in assembly despite the 

structural similarity (279).  

CA domain structure is highly conserved among orthoretroviruses despite substantial 

sequence variation. The NTD in CA is comprised of 6 to 7 α-helices, and the CTD is 

comprised of 4 helices. While structural conservation exists, only about 50% amino acid 

conservation is observed between the HTLV-1 CA NTD and the HIV-1 CA NTD (93). However, 

certain distinctions between the two CA domains could explain the differential roles in 

assembly function. First, the amino-terminal β-hairpin that forms following proteolytic 

processing of the CA is in a different orientation for HTLV-1 compared with that of HIV-1 (266). 

This difference is due to the aspartate residue (D54) in HTLV-1 CA that positions the β-hairpin 

away from the helical core, unlike HIV-1 CA NTD, which encodes an aspartate residue (D51) 

that positions the β-hairpin towards the helical core (267, 268). The RSV CA NTD has a β-

hairpin orientation similar to that of HIV-1, which helps distinguish HTLV-1 from other 
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orthoretroviruses (293, 294). Furthermore, the loop regions between HTLV-1 CA NTD α-

helices differ in both length and composition to that of the HIV-1 CA NTD (266).  

Given our recent observations that the HTLV-1 CA NTD encodes key determinants 

that dictate particle morphology, here in this study we conducted alanine-scanning 

mutagenesis in the HTLV-1 CA NTD sequences spanning the loop regions and amino acids at 

the beginning and ends of α-helices due to their structural dissimilarity from that of the HIV-1 

CA NTD. Specifically, a panel of 59 mutants were analyzed for both Gag subcellular 

distribution and for the efficiency of particle production in a tractable VLP model system that 

has been validated to closely mimic immature virus particle assembly and release (232-234, 

246). Several residues (i.e., M17, Q47/F48, and Y61) were identified as being important for 

Gag oligomerization and particle assembly, and modeling implicated that they either reside at 

the dimer interface (i.e., M17 and Y61) or at the trimer interface (i.e., Q47/F48). These findings 

provide the first detailed insights into the critical role of the HTLV-1 CA NTD in Gag-Gag 

interactions and particle assembly. 

Materials & Methods 

Plasmids, Cell Lines, and Reagents 
The HTLV-1 codon-optimized gag-eYFP plasmid has been previously described (199) 

as have the HTLV-1 untagged gag, gag-mCherry, and gag-HA plasmids (246, 279). Both 

293T/17 cells and HeLa cells were purchased from the ATCC (Manassas, Va) and were 

cultured in complete Dulbecco's modified eagle medium supplemented with 10% fetal clone III 

(GE Healthcare Lifesciences, Logan, UT). 

Site-directed Mutagenesis of Gag Plasmids 
For the alanine-scanning mutagenesis of portions of the HTLV-1 CA NTD, codons in 

the HTLV-1 gag-eYFP plasmid were changed to alanine-encoding codons using the 

QuikChange II XL site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA). For 

the M17Y and Y61M mutants, amino acids 17 and 61 were mutated to Y and M, respectively. 

The plasmids were confirmed by sequencing. Mutant Gag-eYFP expression constructs of 

interest were engineered into vectors containing no C-terminal tag, a C-terminal mCherry, or a 

C-terminal HA tag using the 5' HindIII and 3' BamHI restriction sites. 

Screening of Mutants With Subcellular Localization Analysis 
The subcellular localization of Gag-eYFP was evaluated as previously described 

(279). Briefly, HTLV-1 wt and mutant Gag-eYFP expression constructs were transiently 

transfected into HeLa cells with GenJet, version II (SignaGen, Gaithersburg, MD). 
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Approximately 24-hours post-transfection, cells were stained with DAPI, stained with ActinRed 

555, and fixed. Cells were imaged using a Zeiss LSM 700 confocal laser scanning microscope 

using a Plan-Apochromat 63x/1.40-numeric-aperture (NA) oil objective at 1.2x zoom (Carl 

Zeiss, Oberkochen, Germany). The degree of Gag protein assembly into puncta was 

quantified by evaluating the area of Gag puncta divided by the total area of fluorescence 

signal, which resulted in a relative measurement of puncta fluorescence area. At least 15 

individual cells were imaged across 3 independent replicates for a total of 15 cells. For HTLV-

1 wt, P9-P10, M17, Q47-F48, and Y61, the same analysis was done with a co-transfection of 

eYFP-tagged and untagged Gag expression constructs at a 1:4 weight ratio. 

Colocalization of Gag Proteins 
HTLV-1 Gag-eYFP expression constructs were transiently co-transfected with HTLV-1 

WT Gag-mCherry into HeLa cells to assess the colocalization of the Gag proteins, as 

previously described (279). The co-transfections were performed with a 4:1 weight ratio of 

untagged:tagged gag plasmids. The cells were stained with DAPI and Acti-stain™ 670 

(Cytoskeleton, Inc, Denver, CO) before being fixed with paraformaldehyde. Colocalization was 

evaluated in at least 5 cells from 3 different replicates using ImageJ plugin Coloc 2 to 

determine Pearson's coefficient within the cell perimeter, as determined by Acti-stain 670.  

Copackaging of Gag Proteins 
As previously described (279), HTLV-1 Gag-eYFP expression constructs were 

transiently co-transfected with HTLV-1 wt Gag-mCherry into 293T/17 cells along with 

untagged Gag expression constructs at a 1:4 weight ratio. The supernatant was collected and 

filtered approximately 48-hours post-transfection, and the particles were imaged in an 8-well 

dish using a Zeiss LSM 700 with a Plan-Apochromat 100x/1.40-NA oil objective at 2.5x zoom 

(Carl Zeiss). 

Immunoblot of Gag-HA Proteins 
293T/17 cells were transiently transfected with HA-tagged Gag expression constructs 

and analyzed via immunohistochemistry as previously described (279). Briefly, cell lysates and 

supernatant were collected 48-hours post-transfection. Supernatants were ultra-centrifuged to 

concentrate VLPs, which were resuspended in PBS with 1.0% Triton X-100. Cell lysates were 

clarified via centrifugation, and 30 µg of total protein was loaded into each well. Gag-HA 

proteins were detected with 1:1,000 anti-HA antibody (16B12; BioLegend, San Diego, CA). 

Gamma-tubulin was detected with 1:1,000 anti-tubulin antibody (GTU-88; Sigma-Aldrich). 

Horseradish-peroxidase-conjugated goat anti-mouse secondary antibody was used for 
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chemiluminescent detection (Jackson ImmunoResearch, West Grove, PA). Blots were imaged 

with a ChemiDoc Touch system (Bio-Rad, Hercules, CA) and analyzed using Image Lab (Bio-

Rad). Gag-HA expression levels were calculated relative to HTLV-1 wt, and immunoblots were 

done in 3 independent replicates. 

Cryo-TEM Analysis of Particle Morphology 
EM grids used were Lacey/Formvar 300 mesh, Lacey carbon 300 mesh (EMS, 

Hatfield, PA), R2/2 Holey carbon 200 mesh, and Multi A Holey carbon 200 mesh (Quantifoil, 

Germany). Grids were glow-discharged and loaded on an FEI MarkIII Vitrobot system (FEI 

Company, Hillsboro, OR). Purified and concentrated particle suspensions (3 to 4 μl) were 

loaded on the carbon side of a grid and manually blotted before being plunge-frozen in 

ultracooled liquid ethane. Grids were imaged on a Tecnai F30 FEG transmission microscope 

(FEI Company, Hillsboro, OR) operating at 300 kV. Images were taken at 49,300× 

magnification at an electron dose of ∼25 electrons/Å2 and −4 to −8 μm defocus values using a 

Gatan 4,000 by 4,000 charge-coupled device (CCD) camera (Gatan Inc., Pleasanton, CA). 

Particle diameters were measured using ImageJ software. Two perpendicular diameters were 

measured and averaged for each particle. Particle morphologies were qualitatively 

characterized. 

Model Building 
The structure of monomeric HTLV-1 Gag, 1QRJ, was used as the starting point for the 

interested mutant simulations. Of the monomeric HTLV-1 Gag structure, residues 1 to 14 and 

residues 208 to 214 were disregarded for the present study. The packing conformations of HIV 

and RSV, namely 4USN and 5A9E, were used as a starting point to build the hexamer 

complex. Subsequently, the NTD and CTD of the HTLV monomer were rigid-body docked into 

the RSV and HIV cryoEM density using Chimera (295). Each domain was docked separately 

to the respected terminal for each monomer of HIV and RSV complex. The fitted NTD and 

CTD were connected by using MODELLER (296).  
The resulting complex was solvated using the TIP3P water model. The water boxes 

were adjusted to fit the hexamer’s molecular dimensions. For the HTLV – HIV packing, the 

simulation box dimensions were: a = 162.1, b = 158.6, and c = 81.1 Angstroms, with unit cell 

angles of alpha = beta = gamma = 90°. For the HTLV – RSV packing, the simulation box 

dimensions were: a = 150.6, b = 161.8, and c = 87.8 Angstroms, with unit cell angles of alpha 

= beta = gamma = 90°. The solvated systems were neutralized by adding chloride and sodium 

ions. The total concentration of NaCl was set to 150 mM for each system. The resulting 

simulation systems contained ~190,000 atoms, including protein, water molecules, and ions.  
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Molecular Dynamics Simulations 
MD simulations for each of the complex models were performed using NAMD (297) 

and the CHARMM 36 force field (298). Each simulated model was subjected to an energy 

minimization and followed by a thermalization of 10,000 steps. After heating, each system was 

subjected to 1 ns of equilibration. An integration time-step of 2 fs was employed for all 

simulations. Equations of motion were integrated using a RESPA multi-time-step integrator. 

Long-range interactions were updated every 2 fs while non-bonded interactions were 

recalculated every 1 fs. Electrostatics were calculated using the Particle Mesh Ewald algorithm 

with a grid spacing of 1 A. Temperature was controlled by a Langevin piston at 310K. A 

Langevin barostat was employed to maintain the pressure of the simulation box at 1 atm.  

Analysis of Mutant Residues 
Analysis of the MD trajectories were performed using VMD (299). The position of the 

interested residues, M17A, Q47A, M47A, and Y61A, were highlighted on each monomer for 

both RSV- and HIV-based configurations. Intra-hexameric and inter-hexameric contacts of the 

interested residues were observed throughout the trajectory of both HIV and RSV packing 

conformations. A contact map for each simulated complex was created exhibiting the 

distances between the potential residues. 

Fluorescence Lifetime Imaging Microscopy 
FLIM measurements were performed on a Zeiss Axiovert 200 microscope modified for 

two-photon excitation. Briefly, 1000 nm excitation light provided by a mode-locked Ti:S laser  

(Tsunami, Spectra Physics, Santa Clara, CA) is coupled into the microscope through a 

galvanometer driven scan head (Yanus IV, FEI, Hillsboro, OR) and focused to a diffraction-

limited spot by a 63x, 1.2 numerical aperture water immersion objective (Zeiss, C-Apochromat, 

Thornwood, NY). Fluorescence emission from eYFP and mCherry was separated by a 

dichroic mirror and band pass filtered before being recorded by hybrid PMT detectors (HPM-

100-40, Becker & Hickl GmbH, Berlin, Germany). Imaging control and data acquisition were 

provided by use of SimFCS software (Laboratory for Fluorescence Dynamics, UC at Irvine, 

CA), which controls a 3-axis voltage waveform generator and a FastFLIM data acquisition 

board (ISS, Inc. Champaign, IL). Frequency-domain FLIM data were acquired as time-stacks 

(~30 frames, 64 μs pixel time, 256x256 pixel resolution) on 34x34 μm2 fields and saved in 

native (fbd) format for later analysis using routines written in IDL 8.5 (Harris Geospatial 

Solutions, Broomfield, CO) (300). Data analysis was performed by calculating the average 

phase-lifetime of the donor eYFP from the VLPs in each 34x34 μm2 image,  
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𝜏" = 	𝜔&' tan +
,
, 

 

where G and S are the real and imaginary components, respectively, of the 

fluorescence response at the angular frequency 𝜔 = 2𝜋 ∗ 80	MHz (301). A measurement of 

fluorescein in 0.1M NaOH (lifetime = 4.05 ns) was used for calibration. Phase-lifetimes were 

converted into the apparent FRET efficiency by  

 

𝐸	 = 	1	 − 	
89,;<=>?@	
89,@ABC

, 

 

where 𝜏",DEFG = 2.74 ± 0.03	𝑛𝑠 (SEM) is the phase-lifetime of VLPs produced by co-

transfecting HTLV-1 Gag-eYFP and Gag at 3:1 plasmid weight ratio and 𝜏",OPQRSD		is the phase 

lifetime of the sample under test. 

Dual-labeled VLPs for FLIM were produced by co-transfecting eYFP and mCherry 

labeled Gags with unlabeled Gags at 1:1:6 plasmid weight ratios. The eYFP and mCherry 

labeled VLPs were produced by co-transfecting labeled and unlabeled Gags at 1:3 plasmid 

weight ratio. VLPs from cell culture supernatant were concentrated 10- to 100-fold by 

centrifugation at 16,000 x g for 1 h and added to poly-L-lysine coated 8-well Chamber Slides 

(Thermo Fisher Scientific, Pittsburgh, PA). After verifying that immobilized VLPs had 

accumulated to high density (~500-1000 particles per frame area), the well was washed twice 

with STE buffer and mounted on the microscope stage. FLIM images were acquired from 

multiple 34x34 μm2 areas, and the estimated FRET efficiencies represent an average over 

2000 VLPs per sample. 

To verify the presence of FRET for each VLP sample, acceptor photobleaching of 

Gag-mCherry was performed by exposing the sample to three minutes of epi-fluorescence 

excitation provided by a Hg lamp with mCherry filter set (302), followed by a second FLIM 

measurement. In all cases, FRET efficiencies after acceptor photobleaching were significantly 

reduced (E of 3%-5%).  

P-values for comparisons of average FRET efficiencies were calculated from two-

tailed tests using Welch’s t-statistic. P-values were adjusted for multiple hypotheses using the 

Bonferroni correction where claims of significance were made and unadjusted where a lack of 

statistical significance was noted. 

Results 
 The goal of this study was to conduct site-directed mutagenesis in order to identify key 

amino acid residues in the HTLV-1 CA NTD loop regions and short regions of α-helices. We 
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sought to investigate these particular regions based upon the observations that 1) the 7 α-

helices in the NTD are highly conserved among orthoretroviruses (303) and 2) HTLV-1 CA 

NTD plays a functionally different role than that of the CA NTD from HIV-1 and RSV, which are 

not the primary determinants of Gag-Gag interactions and particle assembly (304, 305). Taken 

together, these observations led us to hypothesize that alanine mutations in the loop regions 

and the surrounding α-helices would be informative in determining the role of residues 

responsible for efficient Gag assembly. To do this, we created a panel of mutants in which we 

mutated two consecutive amino acids to alanine in overlapping pairs in a HTLV-1 Gag 

expression construct (i.e., HTLV-1 Gag-eYFP) used to study HTLV-1 immature particle 

assembly (199, 259, 306, 307). As examples, in P1-V2, the first proline and second valine 

were both mutated to alanine, and in V2-M3, the second valine and third methionine were 

mutated. For double mutants that initially had a non-wt phenotype, single mutants were made, 

and untagged, mCherry-tagged, and HA-tagged versions were also created. In total, we 

engineered 57 double-mutant and 2 single-mutant plasmids.  

Assessment of Gag Oligomerization via Subcellular Gag Distribution 
To qualitatively assess the ability of the mutant Gag proteins to oligomerize, we 

analyzed the subcellular distribution of Gag-eYFP in transiently transfected HeLa cells. Gag 

puncta biogenesis in HeLa cells is a hallmark indicator of Gag assembly, and wt Gag-eYFP 

served as a positive control for wt levels of Gag puncta formation – which in many instances 

results in particle formation. In contrast, a lack of Gag puncta and the observed presence of 

diffuse Gag-eYFP fluorescence alone was interpreted as an indication of low or no Gag 

oligomerization, which would negatively impact particle release (279). HeLa cells were 

transiently transfected with wt or mutant Gag expression constructs, and then cells were fixed, 

permeabilized, and stained with DAPI and ActinRed555. The area of Gag-eYFP fluorescence 

signal was determined for each cell within the cell perimeter as determined by actin 

cytoskeleton staining. This was defined as the total fluorescence area. The fluorescence area 

associated with puncta was then determined and this value was divided by the total 

fluorescence area to determine the relative fluorescence area associated with Gag puncta 

(Fig. 4-1A and B). In this study, any mutant Gag protein that resulted in less than 50% of wt-

level relative punctate fluorescence was selected for further analysis. 

 In this initial analysis of the mutant panel, the following double-mutant Gag proteins 

resulted in less than 50% of wt Gag puncta production: Q16-M17 (mean 6.63%), M17-K18 

(8.83%), Q47-F48 (32.65%), Q60-Y61 (5.34%), and Y61-L62 (32.47%) (Fig. 4-1B). Since 

these two double mutants involved the M17 and Y61 amino acid residues, single mutations of 

each were introduced individually. Both the M17 and Y61 single mutants resulted in a 
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significantly decreased fluorescence area associated with puncta (mean 18.43% and 9.8%, 

respectively) compared with wt, indicating that the M17 and Y61 residues were directly 

associated with the reduced punctate fluorescence observed with the Q16-M17, M17-K18, 

Q60-Y61, and Y61-L62 mutants. Both the Q46-Q47 and F48-D49 mutants had punctate 

fluorescence at near-wt levels, so the mutation of both Q47 and F48 within the same construct 

was interpreted as being essential for the reduced punctate fluorescence phenotype observed 

in the Q47-F48 double mutant. 

 To ensure that the YFP tag was not interfering with the subcellular localization of M17, 

Y61, or Q47-F48 Gag mutants, these mutations were introduced into a Gag expression 

construct without the carboxy-terminal YFP tag (i.e., untagged Gag). We also cloned a mutant 

Gag protein that had near wt-levels of Gag puncta efficiency (i.e., P9-P10) into the untagged 

Gag vector as a positive control. Experiments were then done with a 1:4 ratio of Gag-eYFP 

and untagged Gag, which has been previously shown to restore immature VLP morphology 

and size to be comparable to that of authentic immature particles (Fig 1C) (307). The M17, 

Y61, and Q47-F48 mutants possessed the same phenotype in this experiment (i.e., resulted in 

significantly less fluorescent area associated with puncta compared with wt). 

 



    

 76 

 
Figure 4-1. Subcellular localization of HTLV-1 Gag for panel of CA NTD alanine-scanning 
mutants. HeLa cells were transfected with a wt HTLV-1 Gag-eYFP or an alanine scanning 
mutant. At least 5 cells were imaged per mutant, and the mean relative fluorescence area 
associated with fluorescent Gag puncta was determined by using ImageJ. (A) Confocal 
microscopy. Representative images for wt HTLV-1 Gag-eYFP, and for the mutants P9-P10-
eYFP, M17-eYFP, Q47-F48-eYFP, and Y61-eYFP are shown. (B) Efficiency of HTLV-1 Gag 
puncta formation. The mean relative fluorescence area associated with puncta, relative to 
HTLV-1 Gag WT-eYFP was determined as described in the Methods. Error bars represent 
standard deviation. Scale bar = 10 µm. (C) Efficiency of HTLV-1 Gag puncta formation in the 
presence of untagged Gag. Mean relative fluorescence area associated with puncta in HeLa 
cells transfected with untagged Gag and Gag-eYFP (4:1 ratio). Error bars represent the standard 
deviation from 3 independent experiments. 
 

Analysis of Gag Mutant Particle Production Efficiency  
Reduced particle production is a predicted phenotypic outcome of inefficient Gag 

oligomerization and assembly. To assess whether the identified mutants resulted in reduced 
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particle production, immunoblots of cell lysates and supernatants from 293T/17T/17 cells 

transiently transfected with HA-tagged versions of each construct were collected and analyzed 

using an anti-HA antibody. HA-tagged Gag levels from cells were normalized relative to tubulin 

levels, and Gag levels were determined relative to that of wt Gag levels. 

 Gag levels for M17 and Y61 in the supernatant were observed to be about 5- to 10-

fold lower for M17 and Y61 compared with wt, indicating reduced particle production (Fig. 4-2). 

Particle production for Q47-F48 was approximately 3-fold lower than wt. Gag expression 

levels in cells were comparable to that of wt, indicating that the observed reductions in M17, 

Y61, and Q47-F48 particle production was not associated with low Gag expression levels in 

cells. 

 
Figure 4-2. Particle production of selected CA-NTD alanine-scanning mutants. 293T/17 
cells were transiently transfected with HA-tagged, HTLV-1 Gag expression constructs (wt or 
selected CA-NTD alanine-scanning mutants), and the supernatant was harvested 48h 
posttransfection. (A) Immunoblot analysis. Immunoblot analysis was conducted to determine 
the relative amount of particle production for the selected CA-NTD mutants.  Shown is a 
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Cell Lysate

anti-HA

anti-HA

anti-tubulin
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representative immunoblot in which the Gag protein from cell lysates and the cell culture 
supernatant was detected by using an anti-HA antibody. (B) Analysis of relative particle 
production.  A histogram showing the relative detection of wt HTLV-1 Gag to the mutants 
harvested from cell culture supernatants as determined by immunoblot analysis is indicated. (C) 
Analysis of relative Gag expression levels in cells.  A histogram showing the relative detection 
of wt HTLV-1 Gag to the mutants harvested from cell culture lysates as determined by 
immunoblot analysis is indicated. 

Analysis of HTLV-1 wt and Mutant Gag Interactions 
To test whether the diffuse cell fluorescence phenotype of Gag mutants could be 

altered by co-expression in cells of HTLV-1 wt Gag, HeLa cells were co-transfected with 

mutant Gag-eYFP and wt Gag-mCherry expression constructs at a 1:4 tagged:untagged ratio. 

To analyze, cells were permeabilized, fixed, and stained with DAPI and Acti-stain 670 (not 

shown) to visualize the cell perimeter (Fig. 4-3A). The relative fluorescence area associated 

with puncta was then determined for each mutant Gag as well as colocalization with wt Gag.  

 Co-transfection of wt Gag did not rescue the M17, Q47-F48, or Y61 mutant 

phenotypes. In particular, both M17 and Y61 had less than 10% of punctate fluorescence 

compared with that of wt, while Q47-Q48 had approximately 40% punctate fluorescence of 

that observed with wt (Fig 3C and D). While the punctate phenotype was not rescued for any 

of the 3 mutant Gag proteins, a moderate level of Gag colocalization was observed for M17 

and Y61, and the Q47-F48 mutant colocalized with wt to a degree equivalent to that of wt 

Gag-eYFP. The observed colocalization with M17, Q47-F48, and Y61 may have been the 

direct result of mutant Gag protein interactions with wt Gag or by similar Gag trafficking 

patterns of the mutant and wt Gag proteins. 

 To further investigate this possibility, the ability of the mutant and wt Gag proteins to 

co-package into particles was analyzed by cotransfection into 293T/17 cells followed by 

harvesting cell culture supernatants 48h post-transfection and analyzing in glass chamber 

slides. As predicted by the colocalization in cells, the mutant Gag proteins appeared to be 

packaged into particles (Fig. 4-3B). These observations provide support to the notion that 

each mutant Gag colocalizes with wt Gag at the plasma membrane, and that the mutant Gag 

proteins retain the ability to traffic to particle budding sites despite these mutations, suggesting 

that the mutations do not lead to significant levels of protein misfolding that impact Gag 

trafficking. 
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Figure 4-3. Colocalization analysis of wt HTLV-1 with selected CA-NTD alanine-scanning 
mutants. HeLa cells or 293T/17 cells were co-transfected with a selected HTLV-1 Gag-eYFP 
mutant and a wt HTLV-1 Gag-mCherry expression construct in order to evaluate the degree of 
Gag colocalization and Gag copackaging of into particles, respectively. Untagged Gag 
expression constructs were transfected at a 1:4 weight ratio. (A) Confocal analysis of HTLV-1 
Gag co-localization in cells. Representative images are shown of co-transfected HeLa cells with 
a mutant HTLV-1 Gag-eYFP and a wt Gag-mCherry expression construct. Scale bar = 10 µm. 
(B) Confocal analysis of HTLV-1 Gag co-packaging. Representative images of particles 
collected from the cell culture supernatant of 293T/17 cells co-transfected with mutant Gag-
eYFP and wt Gag-mCherry constructs are shown. Scale bar = 5 µm. (C) Efficiency of Gag 
puncta formation. Mean relative YFP fluorescence area associated with puncta in HeLa cells 
transfected with a mutant HTLV-1 Gag-eYFP and a wt Gag-mCherry expression construct. Error 
bars represent standard deviation. (D) Co-localization analysis. Co-localization of cells co-
transfected with mutant Gag-eYFP and wt Gag-mCherry constructs was analyzed by using 
Pearson’s Coefficient.  

Comparison of wt and Mutant Gag Packaging in VLPs by FLIM 
Fluorescence lifetime imaging microscopy (FLIM) measurements of fluorescence 

resonant energy transfer (FRET) were performed on VLPs to investigate whether mutations 

Y61 and M17 were associated with changes in the molecular-scale organization of Gag. The 

FRET interaction has been described as a “molecular ruler”(302, 308) due to its sensitivity to 

nanometer-scale separations and orientations between donor and acceptor fluorophores. In 

the context of VLPs containing a putative immature lattice, observed differences in the 

efficiency of the FRET interaction can be used to infer differential Gag packaging. As shown in 

Fig. 4-4, dual-labeled VLPs produced by co-transfecting wt Gag-eYFP, Gag-mCherry and Gag 

contained relatively high levels of FRET, with an average FRET efficiency of approximately 

25%. VLPs produced by analogous co-transfection of Q47-F48 mutant Gags had an average 
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FRET efficiency similar to wt, while VLPs from Y61 and M17 mutant Gags showed a 

significant (P < 0.001) reduction of average FRET efficiency to approximately 17%. As a 

control for zero FRET, VLPs were produced by separate transfections of cells with wt Gag-

eYFP and Gag-mCherry. The VLPs collected from each cell plate were mixed together before 

conducting FLIM. As expected, the FRET efficiency when donor (eYFP) and acceptor 

(mCherry) fluorophores were segregated within different VLPs and were statistically 

indistinguishable from zero (P >.05).  

 
Figure 4-4. FLIM Measurements of FRET Efficiency VLPs. VLPs produced by co-transfecting 
293T/17 cells with of Gag-eYFP, Gag-mCherry and unlabeled Gag were immobilized on poly-
L-lysine coated slides. FLIM was used to calculate the average FRET efficiency based on the 
fluorescence lifetime of eYFP in each sample. As indicated, the wt and Q47-F48 mutant VLPs 
were observed to have a FRET efficiency of ~25%, while Y61 and M17 mutant VLPs exhibited 
a reduced FRET efficiency. As a FRET-negative control, wt VLPs with eYFP and mCherry 
labeled Gags were separately produced, then mixed immediately before FLIM. The FRET 
efficiency for this control was statistically indistinguishable from zero (P >.05). *P <.001. 
 
 The differences in average FRET efficiency between wt and mutants Y61 or M17 

indicates differential packing of these mutant Gag proteins compared to that observed with wt. 

Interestingly, average FRET efficiencies in Y61 and M17 mutant VLPs were similar, as are 

FRET efficiencies in Q47-F48 and wt VLPs. Taken together, these data suggest that the Y61 

and M17 mutations possess similar defects in Gag packaging and that Gag Q47-F48 

mutations assemble Gag into particles in a manner comparable to that of wt Gag. 
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Analysis of Particle Morphology by Cryo-Transmission Electron 
Microscopy (cryo-TEM) 

VLPs have been previously shown to represent good surrogates for analyzing 

immature virus particle morphology (231). Here, we sought to analyze whether the mutations 

in the CA-NTD had an impact on particle size and morphology. To do this, we transfected 

293T/17 cells with wt or mutant Gag expression constructs, collected the cell culture 

supernatant after 48 h, and purified particles by gradient ultracentrifugation. This protocol was 

scaled up to produce enough particles for cryo-TEM analysis for the M17 and Y61 mutants, as 

they produced lower particle levels in culture supernatants. 

 Particle analysis of wt HTLV-1 particles revealed an average size of 115.6 nm (SD = 

30.2 nm) with particles that had a flat Gag lattice electron density that did not follow the 

curvature of the spherical lipid bilayer (Fig. 4-5); these observations are similar to previous 

reports (231, 246, 279, 307). The flat regions of electron density attributed to the immature 

Gag lattice are unique and are a defining characteristic of HTLV-1-like particles (246). The 

M17 and Y61 mutants were observed to primarily produce spherical particles with undefined 

electron density that was evenly distributed within particles. Particles with defined electron 

density beneath the lipid bilayer indicative of an immature Gag lattice were not observed. 

These observations suggest that the M17 and Y61 mutants possess a defect in the ability of 

Gag to oligomerize and form a defined lattice structure, which is a requisite step for infectious 

particle formation. Intriguingly, both M17 and Y61 mutants had a significantly smaller average 

diameter compared with that of wt particles (student's t-test, P <.001 for both), which may be 

associated with a defect in the assembly process. It is interesting to note that particles 

produced from HTLV-1 Gag-eYFP also have been shown to contain no discernable Gag 

lattice and were smaller than particles produced from untagged wt HTLV-1 Gag (199, 307). 

Taken together, these data suggest that HTLV-1-like particle size may be related to the nature 

of Gag oligomerization and formation of immature Gag lattice. 

 The Q47-F48 mutant also produced particles that were spherical in shape, but these 

particles typically contained electron density characteristic of an immature HTLV-1 wt Gag 

lattice below the lipid bilayer. The Q47-F48 particles were morphologically comparable to wt 

particles and were not significantly different in overall diameter. However, these particles were 

more heterogeneous in size than wt (Fig. 4-5B). Although the Q47-F48 mutation resulted in an 

increase in diffuse Gag localization in cells as well as reduced particle production levels, data 

from cryo-TEM provides evidence that this mutant was still capable of forming particles 

morphologically indistinguishable to that of wt. This indicates that the reduction in the 

efficiency of particle production did not interfere with Gag oligomerization and particle budding. 
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Figure 4-5. Cryo-transmission electron microscopy analysis of particles produced by CA-
NTD alanine-scanning mutants. 293T/17 cells were transiently transfected with untagged, 
HTLV-1 Gag expression constructs (wt or selected CA-NTD alanine-scanning mutants), and the 
cell culture supernatant was harvested. Particles were concentrated and purified by gradient 
ultracentrifugation prior to microscopy analysis. (A) Cryo-transmission electron microscopy 
(Cryo-TEM) analysis of CA-NTD alanine-scanning mutants. Shown are representative images 
of CA-NTD alanine-scanning mutants. Scale bar = 100 nm. (B) Particle diameter analysis.  The 
distribution of particle diameters produced by CA-NTD alanine-scanning mutants are shown. 
The number (n) of particles, mean, and standard deviation (SD) are indicated. 

Modeling of HTLV-1 Gag Hexamers 
To date, no molecular structures of HTLV-1 CA oligomers have been reported in the 

literature. Structures have been solved for both HIV-1 and RSV CA hexamers in the context of 

full-length Gag proteins. To help better understand the role of M17, Q47-F48, and Y61 amino 

acids in Gag-Gag interactions, we conducted modeling simulations of HTLV-1 CA hexamer 

structures using previously solved structures for RSV and HIV-1. The HTLV-1 CA structure 

was fitted based on both HIV-1 packing and RSV packing (Fig. 4-6). 
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Figure 4-6. Modeling of HTLV-1 CA-CA interactions. Shown is a modeling analysis of HTLV-
1 CA-CA interactions. (A) Shown is a composite ribbon diagram of the HTLV-1 CA structure of 
the CA-NTD (yellow) and CA-CTD (blue) based upon previously published data, with the 
orientation adjusted based upon the known packing of HIV-1 CA or of RSV CA. (B) Model of 
HTLV-1 CA hexamer based upon HIV-1 CA packing. The locations of the HTLV-1 CA M17 (red), 
Y61 (cyan) and Q47-F48 (yellow) residues are indicated. (B) Model of HTLV-1 CA hexamer 
based upon RSV CA packing. The locations of the HTLV-1 CA M17 (red), Y61 (cyan) and Q47-
F48 (yellow) residues are indicated. 
 
 When HTLV-1 CA interactions were modeled based on HIV-1 packing (Fig. 6B), M17 

and Y61 were found to be located at the Gag dimer interface. The residues are approximately 

5.9 angstroms apart within a single Gag molecule, and they are approximately 6.6 angstroms 

apart across the dimer interface. The Q47-F48 amino acids are shown to be located within the 

trimer interface of the HTLV-1 hexamer based on HIV-1 packing, suggesting a role for these 

residues in stabilizing trimers. When HTLV-1 CA interactions are modeled based on RSV 

packing, the M17 and Y61 residues still appear to interact within a single Gag molecule but 

are no longer at the dimer interface. 
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Based on this modeling analysis, the site-directed mutagenesis analyses would support that 

the NTD of HTLV-1 Gag packing in a manner similar to that of HIV-1 Gag. This is unexpected 

given that the CA NTD is the driving force for HTLV-1 CA-CA interactions, whereas the HIV-1 

CA NTD is dispensable for oligomerization (93, 144, 279). For HIV-1, the Gag dimer interface 

is located primarily in the CA CTD (139, 245, 277). Given these differences between HTLV-1 

and HIV-1, it is likely that the HTLV-1 hexamer arrangement is unique and not fully consistent 

with the HIV-1 packing model. However, these modeling analyses predict a HTLV-1 Gag 

packing model more similar to HIV-1 than to that of RSV.  

 

Table 4-1. Measurements of residue locations within RSV- and HIV-1-based models 
RSV-Based Model HIV-1 Based Model 

Contact 
Type Residue 1 Residue 2 Distance 

(Å)	
Contact 

Type Residue 1 Residue 2 Distance 
(Å) 

Intra- 
M17 Y61 5.9 

Intra- 
M17 Y61 5.9 

Q47 F48 6.8 Q47 F48 5.3 
F48 Y61 10.1 F48 Y61 10.1 

 
   

 
   

Inter- 

M17 Q47 10.7 

Inter- 

M17 M17 6.6 
   M17 F48 5.9 
   Q47 Q47 14.7 
   F48 Y61 13.9 

 

Model-Based Mutational Analyses of M17 and Y61 
Based on the modeling of the HTLV-1 CA NTD interactions, we hypothesized that 

residues 17 and 61 were interacting in an inter- or intrahexameric manner at the dimer 

interface. To test the hypothesis that interactions occurring between amino acids 17 and/or 61 

would be retained if the amino acids were interchanged (which would help differentiate 

between inter- and intrahexameric interactions), we created the single M17Y and Y61M 

mutants as well as a double mutant, M17Y/Y61M.  Confocal microscopy (using eYFP-tagged 

Gag constructs) and immunoblot analysis (using HA-tagged Gag constructs) were done to 

evaluate mutant phenotypes (Fig. 4-7). These analyses revealed that M17Y had a wt 

phenotype. In particular, M17Y was able to readily form Gag puncta (Fig. 4-7A and B) and 

produced particles at levels comparable to that of wt (Fig. 4-7C). We interpreted these 

observations as support of tyrosine-tyrosine interactions or "π-stacking" between the tyrosines 

at the 17 and 61 residues (309). In contrast, the Y61M mutation resulted in diffuse Gag 

distribution in cells (Fig. 4-7A and B) and low levels of particle production (Fig. 4-7C). The 

phenotype of the Y61M mutant Gag is indicative of a lack of efficient Gag-Gag interactions. 

The M17Y/Y61M double mutant primarily revealed a diffuse Gag distribution phenotype in 

cells (Fig. 4-7A and B). Particle production was severely reduced, and was comparable to that 
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observed with Y61M single mutant (Fig. 4-7C).  These observations suggest that the potential 

interactions between the Y17 and the M61 amino acid residues in the Gag double mutant 

were limited by minor geometric perturbations not fully predicted by the model in Fig. 4-6. 

Taken together, these model-based mutational analyses of the M17 and Y61 residues provide 

support for the proposed model as a useful guide for CA-CA interactions. 

 

 
Figure 4-7. Model-based mutational analyses of M17 and Y61. HeLa cells or 293T/17 cells 
were transfected with the indicated HTLV-1 Gag-eYFP mutant or a HTLV-1 Gag-HA constructs, 
respectively. Transfections were performed in the presence of untagged HTLV-1 Gag 
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constructs. (A) Confocal microscopy. Representative images for wt HTLV-1 Gag-eYFP, and for 
the mutants M17Y-eYFP, Y61M-eYFP, and M17Y/Y61M-eYFP are shown. Scale bar = 10 µm. 
(B) Efficiency of HTLV-1 Gag puncta formation. The mean relative fluorescence area associated 
with puncta, relative to HTLV-1 Gag wt-eYFP was determined as described in the Methods 
section. Error bars indicated the standard deviation from 3 independent replicates. (C) Analysis 
of relative Gag expression levels in cells as determined by immunoblot analysis as described in 
the Methods section. 

Discussion 
 Alanine-scanning mutagenesis was used in this study to thoroughly characterize the 

loop and neighboring helical regions of the HTLV-1 CA NTD. These specific regions were 

chosen for mutagenesis based on structural comparisons between the HTLV-1 and HIV-1 CA 

NTD, which suggested the greatest differences between the two CA proteins. In our analysis 

of a panel composed of 59 mutants, we found that the majority of mutagenized residues had 

no overall effect of Gag subcellular localization, which provides evidence that the substitution 

to alanine had no discernable effect on Gag oligomerization. However, three mutants were 

identified–M17, Q47-F48, and Y61–that significantly decreased the prevalence of punctate 

HTLV-1 Gag protein, suggesting a defect in Gag oligomerization and particle assembly. These 

Gag mutants produced particles at reduced levels compared with wt, and the particles that 

were produced by M17 and Y61 lacked electron density beneath the lipid bilayer that would be 

expected for the immature Gag lattice. Moreover, M17 and Y61 were associated with 

significantly reduced average FRET efficiencies in dual-colored fluorescent particles, which 

provide further support our observations from cryo-EM that revealed a lack of a readily 

apparent Gag lattice. Taken together, these observations indicate that the M17 and Y61 

residues are critical for Gag oligomerization and particle assembly. 

 Modeling simulations suggested that the NTDs of HTLV-1 CA hexamers follow an 

HIV-1-like packing model, positioning the M17 and Y61 residues such that they can interact 

with each other within the same Gag protein at or near the HTLV-1 CA dimer interface. Our 

model-based mutational analysis provide general support for the utility of modeling for 

investigating CA-CA interactions. Intriguingly, the residues that drive the HIV-1 CA dimer 

interface are also an aromatic residue and a methionine (W184 and M185). Interactions 

between methionines and aromatic residues are known to stabilize protein structures at a 

much higher rate than hydrophobic interactions, suggesting that M17 and Y61 may be critical 

for proper Gag packing and perhaps Gag dimerization (310). In addition, oxidation increases 

the strength of methionine interactions with aromatic residues, and previous reports have 

indicated that HTLV-1 assembly and budding is dependent upon oxidative assembly (244, 

311).  
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While the modeling simulations of HTLV-1 CA hexamers are intriguing in that they support an 

HIV-1-like packing model over an RSV-like packing model, it is likely that HTLV-1 CA 

hexamers assume a unique structure that more closely resembles HIV-1 than RSV. Given that 

our data indicates that the CA NTD plays a significant role in HTLV-1 CA-CA interactions, a 

more rigorous analysis of the structure-function relationship between the HTLV-1 CA NTD and 

HTLV-1 CA-CA and Gag-Gag interactions is warranted. Specifically, continued site-directed 

mutagenesis studies combined with cryoelectron tomography studies to elucidate HTLV-1 

immature Gag lattice structure will be highly informative towards this end.  

 A particularly intriguing observation made in this study was that the distinct subcellular 

Gag localization and morphological particle phenotypes for the M17 and Y61 mutants did not 

preclude the production of spherical particles, albeit at low levels. It is of interest to note that 

mutation of W184 and M185 residues in HIV-1 Gag to alanine was shown to not entirely 

abrogate particle production due to "functional redundancy" within the Gag protein (177). The 

ability of Gag to use RNA as a scaffold is thought to have rescued a low level of particle 

production in the HIV-1 Gag W184-M185 mutant. This could help explain our observations in 

this study with the HTLV-1 Gag M17 and Y61 mutants. While the M17 and Y61 Gag mutants 

do not appear to form wt oligomeric structures, the strong affinity of HTLV-1 MA for the plasma 

membrane along with the ability of the NC domain to bind RNA likely aid in allowing a low level 

of particle production to occur. Ongoing studies that are investigating the role of RNA-binding 

in the production of spherical particles will be informative in providing new insights into 

whether HTLV-1 Gag has similar functional redundancies to that of HIV-1 Gag (177). 

The key features of the M17 and Y61 mutant Gag proteins were the 1) absence of electron 

density below the lipid bilayer of the VLP that would be indicative of the immature Gag lattice, 

2) a significant reduction in VLP size, and 3) a reduction in average FRET efficiency within 

dual-labeled fluorescent particles. The first two phenotypes are similar to a previous report on 

the morphology of VLPs produced by the HTLV-1 Gag-eYFP expression construct (199, 259, 

307). Given the similarities between our findings with VLPs produced from the M17 and Y61 

mutants (both untagged and eYFP-tagged), we hypothesize that interference is caused by the 

C-terminal YFP tag and prevents proper Gag oligomerization, perhaps due in part to the 

inability of CA to interact and initiate wt oligomeric structures. 

 In summary, this is the first extensive alanine-scanning mutagenesis study conducted 

in the HTLV-1 CA domain of Gag. In particular, mutagenesis in the HTLV-1 CA NTD 

regions spanning the loop regions and amino acids at the beginning and ends of α-helices 

were performed based upon their structural dissimilarity from that of the HIV-1 CA NTD 

structure. Several residues (i.e., M17, Q47/F48, and Y61) important for Gag oligomerization 

and particle assembly were characterized, and modeling implicates that these residues reside 
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at the dimer interface (i.e., M17 and Y61) or at the trimer interface (i.e., Q47/F48). Model-

based mutational analyses provide further support for the M17 and Y61 residues being at the 

dimer interface. The observations from this study help to establish the critical role of the HTLV-

1 CA NTD in Gag-Gag interactions and particle assembly. 
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CHAPTER 5: Dissertation Summary 
and Future Directions 
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Dissertation Summary 
Through comparative analyses of various retroviral genera, this dissertation has 

demonstrated that HTLV-1 Gag has unique properties in terms of subcellular localization 

(compared with alpha-, beta-, and epsilonretrovirus; Chapter II) Gag-based VLP morphology 

(compared with all assessed genera; Chapter II), Gag-Gag oligomerization (compared with 

lentivirus; Chapter III), assembly patterns (compared with lentivirus; Chapter III), and 

oligomerization-driving residues (compared with lentivirus; Chapter IV). In Chapter I, 

transfection of HTLV-1 Gag into mammalian cells was shown to be sufficient for the production 

of VLPs with distinct flat regions of lattice that have not been replicated with any other Gag 

proteins from other genera. Based on these results, it was hypothesized that the unique 

properties of HTLV-1 Gag oligomerization through the CA NTD were in part responsible for the 

flat lattice regions, for which support is provided for in Chapters III and IV. Moreover, two key 

residues – M17 and Y61 – were found to be integral to the formation of the Gag lattice through 

interactions at the dimer interface (Chapter IV).  

 Comparative studies were selected as the primary mechanism of evaluating HTLV-1 

in this dissertation for two reasons. First, the relative abundance of information about other 

retroviruses was exploited, particularly HIV-1, to create and test hypotheses about HTLV-1 

assembly and VLP morphology. Second, the dearth of information about HTLV-1 and the 

intractability of the full-length molecular clone make it a complex virus to evaluate through 

direct manipulation. The comparative nature of this doctoral dissertation research allowed for 

the identification of regions of interest within the HTLV-1 CA (Chapter III), which was then 

capitalized on to determine the residues within the CA that would be the focus of the 

mutagenesis described in Chapter IV. Overall, the comparative approach allowed for greater 

insight and understanding of the distinct biological properties of HTLV-1 Gag through a more 

complete understanding of both the differences from and similarities to Gag proteins encoded 

by other retroviral genera.  

  The findings in Chapter II demonstrated that the flat regions of electron dense Gag 

lattice found in HTLV-1 VLPs were unique to HTLV-1 among the various retroviruses. 

Moreover, a comparison to other retroviral Gag protein assembly and particles was possible in 

a standardized manner, in the first analysis of its kind to use high-quality cryo-TEM images. 

This was also the first investigation of the subcellular localization of epsilonretrovirus Gag 

proteins, which revealed that these proteins trafficked to the nucleus of HeLa cells. 

In Chapter III, the comparative approach in utilized in the analysis of HTLV-1 Gag 

using HIV-1 Gag, and specifically the CA domain, as the focus of the comparative analysis. 
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Here in this study, full-length and subdomain CA chimeras were created and it was found that 

the HTLV-1 and HIV-1 full-length CA domains are capable of replacing one another. The 

subdomain chimeras revealed that the HTLV-1 and HIV-1 CA subdomains have disparate 

roles—the HTLV-1 CA NTD can functionally replace the HIV-1 CA CTD for Gag subcellular 

localization, lattice formation, and particle budding, and vice versa. These results confirmed 

the hypothesis that the HTLV-1 CA NTD is the driver of Gag-Gag oligomerization. Quite 

unexpectedly, however, was that in contrast to previous findings by Volker Vogt (95), the CA 

domains of HTLV-1 and HIV-1 were not the sole determinants of particle size or morphology. It 

was instead found that CA chimeras with identical CA domains—HIV/HI-C and HTLV/HI-C, 

HTLV-1 WT and HIV/HTLV CA, and HIV-1 WT and HTLV/HIV CA—all had distinct sizes and 

Gag lattice morphologies. Future studies will be required for determining the role of other Gag 

subdomains in Gag-based VLP morphology and size. 

The results implicating the HTLV-1 CA NTD in Gag-Gag oligomerization led to the 

hypothesis that specific residues could be identified that were responsible for forming the Gag 

lattice through homodimerization and higher-order oligomers. In Chapter IV, a panel of 57 

alanine mutants were created in key regions throughout the HTLV-1 CA NTD. The regions 

selected for mutagenesis were based on structural comparisons of the HIV-1 CA NTD with the 

HTLV-1 CA NTD. After screening all of the mutants for subcellular localization, two key 

residues (M17 and Y61) were identified that appeared to be key for punctate Gag subcellular 

distribution, Gag-based VLP production, VLPs approximately 115 nm in size, and VLPs with 

electron density characteristic of a Gag lattice. Homology-based modeling of the HTLV-1 Gag 

protein using the RSV and HIV-1 immature CA hexamers revealed that HTLV-1 packing is 

probably HIV-1-like. These mutagenesis data supported the HIV-1 simulation due to the 

presence of M17 and Y61 at the dimer interface, suggesting the potential for interaction. 

Further analysis of the HTLV-1 hexamer through tomography and crystallography is needed 

for a better understanding of the HTLV-1 Gag packing; however, these led to the development 

of the first model proposed for an HTLV-1 Gag oligomer supported by molecular biological 

data. 

Further Characterization of HTLV-1 
Further characterization of HTLV-1 Gag, HTLV-1-like particles, and related retroviral 

Gag proteins is ongoing. This line of experimental investigation should continue to parse the 

roles of HTLV-1 Gag domains and subdomains compared with the various retroviral genera, 

with a focus on the role of Gag in assembly and budding. Ongoing studies will attempt to 

address various questions raised within this dissertation, including: the role of MA and NC in 
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Gag assembly and particle morphology; the mechanisms of HTLV-1 Gag trafficking to the 

plasma membrane; the structure of HTLV-1 mature and immature dimers and higher-order 

oligomers; and the role of other retrovirus components (e.g. vRNA, Env) and host components 

(e.g. ESCRT proteins) in assembly. 

Role of Gag Domains in Particle Assembly and Biogenesis 
 In Chapter III, the HTLV-1 CA NTD is shown to drive some aspects of Gag-based VLP 

morphology (i.e. the presence of flat sections of Gag lattice) but not others (i.e. size, portions 

of the lattice that are non-contiguous with the lipid bilayer). Past studies have intimated that 

the CA domain primarily drives VLP size and morphology (94, 95, 145), so it was unexpected 

to see that Gag proteins with shared CA domains had distinct morphologies and sizes. Further 

analysis of what Gag domains drive these differences is essential to understanding the role of 

Gag in assembly, packaging, and budding. 

 To better understand the role of MA and NC in Gag assembly, more chimeric Gag 

proteins could be engineered with various domains. The MA domain has been swapped 

between MLV and HIV-1 (312, 313), between SIV and HIV-1 (314), and between EIAV and 

HIV-1 (315), but none of these studies specifically characterized the resultant Gag-based VLP 

morphology or size. Based on these observations, one hypothesis is that interchanging the 

HIV-1 and HTLV-1 MA domains would result in unique morphologies, distinct from either WT 

parent, just as was observed for the CA domains. Moreover, it is thought that HTLV-1 MA may 

have the ability to bind to the lipid bilayer and maintain the bilayer curvature even when flat 

Gag lattices are formed, whereas HIV-1 MA does not have this ability. Based on this 

hypothesis, it would be expected that particles produced by chimeric HTLV-1 Gag with the 

HIV-1 Gag MA domain would look similar to those particles produced by HIV/HIV-C, which 

had flat Gag lattices and flat lipid bilayers, unlike HTLV-1, which has flat Gag lattices and 

curved lipid bilayers. The HTLV-1 MA could then be swapped into the HIV/HIV-C construct to 

see whether the presence of the HTLV-1 MA rescues the presence of curved lipid bilayers in 

these VLPs. 

 Although it is currently thought that MA is likely the primary driver of the changes in 

morphology between Gag proteins that share the same CA domain, it is possible that NC does 

have some effect. It is expected that MA is mainly responsible for the changes because the 

differences appear to occur at or around the lipid bilayer, which is where the MA domain is 

embedded. However, the size distinctions or other morphological disparities may be caused 

by the NC domain. To determine whether this is the case, further analysis of NC chimeras 
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could be performed, using both WT Gag proteins and the chimeric Gag proteins that were 

described in Chapter III. 

 Another intriguing aspect of HTLV-1 Gag that requires further analysis in future 

studies is the apparent requirement for both the CA NTD and CTD to produce a majority of 

particles with lattices. Both HTLV/HIV CA (containing the HIV-1 CA in the HTLV-1 Gag 

background) and HTLV/HIV-C (containing the HIV-1 CA CTD in the HTLV-1 Gag background) 

produced a majority of particles with no discernible Gag lattice. While it is acknowledged that 

these constructs are not physiologically relevant, and the lack of a lattice is in the context of a 

2D image, it is intriguing that VLPs produced from chimeric Gag proteins in the HIV-1 

backbone primarily created particles with lattices. One hypothesis is that the lack of lattices 

produced by HTLV-1 chimeric Gag proteins may be due to stabilizing interactions that cannot 

occur in the absence of the CA. To test this hypothesis, chimeras could be created using 

smaller segments of the CA domain to determine the location of the stabilizing interactions. 

Moreover, the MA and NC domains would be independently swapped out to see whether the 

interference in lattice formation in the chimeric Gag proteins stems from one of these domains 

individually. These chimeric Gag proteins can then be assessed by cryo-TEM, fluorescence 

microscopy, and other quantitative fluorescence methods.   

Mechanisms of HTLV-1 Gag Trafficking to the Plasma Membrane 
 In chapter III, the HTLV/HIV-N is shown to retain the ability to traffic to the plasma 

membrane, even in the absence of discernible oligomerization. The ability of HTLV-1 Gag to 

traffic to the plasma membrane as a monomer has been well-documented by many research 

groups, including our group. Similarly, the inability of HIV-1 Gag to traffic to the membrane as 

a monomer has also been extensively reported (227, 259-261, 270, 271). Indeed, HIV-1 has 

several obligate steps that control plasma membrane binding. In addition to concentration-

dependent dimerization, HIV-1 also requires myristylation as well as the enrichment of 

PI(4,5)P2 at the site of binding (162, 236). In contrast, HTLV-1 has no such requirement for 

oligomerization or PI(4,5)P2 binding for membrane targeting, and the identification of the 

necessary Gag regions and host components that are essential for membrane targeting and 

trafficking would be highly desirable. 

 Through collaboration with our colleagues using quantitative fluorescence, our 

research group has found that the HTLV-1 MA independent of the remainder of Gag domains 

targets the plasma membrane with strong affinity and likely interacts with phosphatidylserine 

on the membrane (253). To better understand membrane trafficking and binding, the role of 

phosphatidylserine in the membrane binding of HTLV-1 Gag should be pursued. First, the 
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colocalization of HTLV-1 Gag with phosphatidylserine should be analyzed. Fluorescent 

analogues of phosphatidylserine and/or fluorescent lactadherin C2 can be used to monitor the 

distribution and dynamics of phosphatidylserine using microscopy (316). When utilized in 

conjunction with fluorescently-labeled Gag molecules, fluorescently-labeled 

phosphatidylserine would allow for the determination of whether HTLV-1 Gag traffics 

exclusively to regions of the plasma membrane that are enriched in phosphatidylserine. 

Analysis could then be done to determine whether depletion of phosphatidylserine reduced the 

volume of VLP production through Western blotting as well as the affinity for the membrane 

using z-scan FFS and binding kinetics of the MA alone. Phosphatidylserine can also be 

mislocalized from the plasma membrane to endomembranes with staurosporines, so whether 

mislocalization and redistribution of phosphatidylserine impacts the subcellular distribution of 

HTLV-1 Gag could be investigated by using both Z-scan FFS and confocal microscopy. 

Structure and Ultrastructure of HTLV-1 Gag, VLPs, and Infectious Virus 
 The homology-based model of an immature HTLV-1 CA hexamer was simulated 

based on HIV-1 packing in Chapter IV. To date, no independently derived model of the HTLV-

1 Gag lattice or oligomers has been developed. This goal can be pursued in future work using 

multiple strategies. To study immature CA lattice formation, tomography and cryo-TEM of 

HTLV-1-based VLPs would be highly desirable. The reconstruction of HTLV-1 Gag lattice is 

complicated by multiple factors, including the presence of large gaps in the lattice and the 

heterogeneous lattice structure presented in various particles. Some regions of HTLV-1 lattice 

are flat, while others are curved, making reconstruction difficult. For example, to evaluate the 

lattice structure, HTLV-1 particle samples could be prepared and imaged on a FEI Titan Krios 

cryo-EM, which would allow the acquisition of high resolution structures to be obtained. 

Furthermore, to study the formation of mature CA cores, the use of an in vitro CA 

expression system to produce CA and induce the formation of helical tubes should be 

pursued, as has been done with HIV-1 and RSV (317-319). An HTLV-1 CA expression 

construct with a cleavable C-terminal His tag has been engineered for expression of HTLV-1 

CA in E coli. The expression and cleavage of the His tag are currently being optimized by our 

research group. Once this has been successfully done, the CA proteins can be incubated in 

high-salt buffer to form helical tubes that can be imaged and used for reconstruction. While it 

is expected that HTLV-1 CA will form tubes in vitro, this has not yet been previously 

demonstrated. It has been speculated that HTLV-1 CA may not be capable of in vitro 

oligomerization, since HTLV-1 Gag binds to the membrane prior to dimerization. Should this 

be the case, an alternative strategy would be to clone and purify a MA-CA construct, which 
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could then be incubated in the presence of lipids that are necessary for the formation of 

oligomers. 

Another aspect of VLP ultrastructure that has been uncovered in this dissertation is 

the similarity of eYFP-tagged Gag-based VLPs with the M17 and Y61 Gag-based VLPs. In 

Chapter 4, the hypothesis being tested is that these similar phenotypes may suggest shared 

molecular pathways leading to smaller particles and no Gag lattice in HTLV-1 C-terminal 

tagged Gag-based VLPs. To test this, the similarities of these particles should be investigated 

by evaluating the Gag stoichiometry with FFS and scanning transmission electron microscopy. 

This would allow for further characterization of the length of the tag necessary to interfere with 

the HTLV-1 WT phenotype by truncating the eYFP sequence at various lengths.  

Role of vRNA in Assembly & Gag Packing 
The studies presented in this dissertation have been completed using a Gag-only 

model system or, occasionally, in the presence of co-transfected Env. It would be highly 

desirable to further characterize the role of other retroviral components in Gag assembly, 

packing, and membrane localization as well as in the morphology of Gag-based VLPs and 

infectious virus. Further investigation into the role of RNA, as well as the role of Env and other 

host proteins, will be critical to better understanding Gag trafficking and assembly. 

Although all of the cell culture experiments published in this dissertation were 

performed in the context of cellular RNA, none were performed in the context of vRNA. It is 

known that the Gag protein can use cellular RNA as a scaffold, but it preferentially binds vRNA 

when present. This suggests that vRNA may have a role in particle assembly, and indeed, 

Sherer and colleagues were able to mislocalize Gag assembly by changing the location of the 

vRNA (320). To further evaluate the role of vRNA in assembly, we engineered a fluorescently 

labeled RNA construct using a similar strategy as has been published by the research group 

of Paul Bieniasz (179, 184). Briefly, a Gag-encoding vRNA construct (gHTLV-1) was 

engineered that contained a portion of the 5' LTR, a coding region containing HTLV-1 Gag-

mCherry, 24 MS2 bacteriophage loops, and non-coding authentic Rex/Tax sequence. A 

shorter construct (g321) was also created that would be easier to work with, containing less 

authentic sequence, with a short (327-base pair) portion of the 5' LTR, codon-optimized HTLV-

1 Gag-mCherry, 24 MS2 bacteriophage loops, and a 4X CTE region. Both of these constructs 

would then be transfected into HeLa cells stably transfected with the MS2 loop-binding protein 

tagged with a GFP protein. In theory, transfection of the Gag-encoding gHTLV and g321 

expression constructs into the HeLa-MS2 cells should result in colocalization of Gag-mCherry 
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with GFP signal from the RNA at the membrane. To date, however, it has been found that the 

MS2-GFP does not appear to colocalize with HTLV-1 Gag-mCherry in the TIRF field.  

Alternative strategies should be tested for monitoring the colocalization of Gag and 

RNA. First, it would be highly desirable to create a vRNA construct that is closer in sequence 

to authentic HTLV-1 vRNA. This strategy was not originally used due to the difficulties in 

engineering, cloning, and expressing authentic HTLV-1 sequence. To circumvent this problem, 

the following segments of the HTLV-1 viral sequence could be used: a truncated portion of the 

5' LTR, authentic gag sequence without a C-terminal tag, authentic portions of the rex/tax 

sequence, and the MS2 loops. One could then co-transfect in a Gag-mCherry expression 

construct to monitor the localization of fluorescent Gag. These constructs could then be used 

to better understand where in the Gag trafficking and assembly process the vRNA and Gag 

molecules begin to interact. PALM microscopy could then be used to evaluate the point at 

which vRNA dimerizes—whether this is before the vRNA reaches the membrane and interacts 

with Gag or after. Other components of vRNA packaging that could be evaluated using 

fluorescently tagged RNA and PALM/TIRF techniques include the subcellular location of Gag-

RNA binding and the packaging of two copies of vRNA exclusive of other vRNA molecules. 

 

 
 

Fig 5-1. Fluorescently monitored vRNA constructs. Fluorescently labeled MS2 constructs 
g321, gHTLV-1, and gHTLV-1 dark. All constructs must be co-transfected with Rex/Tax 
expression constructs to ensure that the RNA can traffic out of the nucleus. gHTLV-1 dark must 
be co-transfected with a Gag-mCherry expression construct to monitor the trafficking of Gag in 
concert with the vRNA. 
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APPENDIX I: Studies of Gag, 
Protease, and Integrase Effects on 
Virus Particle Morphology 
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Introduction 
 Rous sarcoma virus (RSV) is the prototypical Alpharetrovirus and is frequently used 

as a model system for virus assembly, structure, and morphology (1, 2). Alpharetroviruses are 

unique among orthoretroviruses in that the gag gene does not have a 3' frameshift leading into 

the pro gene. Instead, all RSV Gag proteins have a C-terminal protease (Pro) attached to 

them. As for other retroviruses, the RSV protease is essential for formation of a mature virus, 

and autocatalytically cleaves itself at the nucleocapsid (NC)-Pro junction before cleaving the 

remainder of the Gag protein into matrix (MA), capsid (CA) and nucleocapsid (NC) as well as 

p2 and p10 proteins (3). The proteolytic processing of RSV Gag proteins is tightly controlled 

within the assembly process, likely occuring during or immediately after budding (4, 5). 

Expression of RSV GagPro does not result in the efficient production of RSV-like 

particles, nor do the particles that are produced bear the immature morphology characteristic 

of Gag-based VLPs. This has been well-established using western blotting to test the 

efficiency and thin-section-transmission electron microcopy (-TEM) to evaluate the 

morphology (6). Deletion of the RSV Pro or inactivation of the proteolytic activity can rescue 

the immature morphology, suggesting that RSV protease interferes with efficient assembly (1, 

7). These studies, however, are exclusively in the absence of other RSV proteins, such as 

those produced by the pol, env, and src genes. Recent studies have provided evidence for a 

role of Integrase in assembly and maturation (8-10). We hypothesized that RSV Integrase may 

play a similar role in RSV assembly and maturation, and in the absence of Integrase, as with 

the RSV GagPro expression constructs, assembly cannot proceed normally. 

To test this hypothesis, I engineered multiple versions of an RSV Gag-only construct 

with various amounts of pro and pol present. The RSV Gag expression constructs were used 

to produce Gag-based VLPs in 293T/17 and QT6 quail fibroblast cells. The particles were 

analyzed by cryo-TEM and compared in terms of morphology and size. The addition of pol to 

the RSV GagPro expression construct did not rescue the immature or mature VLP 

morphologies. Based on these data, I believe that other, unidentified factors may play a role in 

proper RSV maturation and core nucleation. 

Materials and Methods 

Plasmids, Cell Lines, and Reagents 
The codon-optimized RSV gagpro and gagΔpro genes in the pN3 vector have been 

previously described (11). The RCAS RSV molecular clone and the RSV env plasmid were 

kindly provided by Marc Johnson (6, 12). The RSV GagPol construct was engineered by 
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ordering a GenScript plasmid encoding nucleotides 2580 through 5555 from the RCAS-L14 

sequence (GenBank ID AB105370) with 5' and 3' sequences aligning with the codon-

optimized pN3-RSV-GagPro plasmid. Schematics of the encoding sequences are shown in 

Fig A1-1. The sequence in the GenScript plasmid was engineered into the pN3-RSV-GagPro 

plasmid using 5' AccI and 3' NotI restriction sites. HEK293T/17 and QT6 cells were obtained 

from ATCC (Manassas, VA). HEK293T/17 cells were maintained in Dulbecco’s modified Eagle 

medium supplemented with 10% FetalClone III (GE Healthcare Lifesciences, Logan, UT). QT6 

cells were maintained in Ham's F-12K medium with 2 mM L-glutamine adjusted to contain 1.5 

g/L sodium bicarbonate supplemented with 10% tryptose broth and 5% FetalClone III. 

 

 
 
Figure A1-1. RCAS and RSV Gag-based expression constructs. RSV Gag expression 
constructs were engineered with codon-optimized gag and pro genes. In the RSV GagPol 
expression contstruct, the 300 nucleotides before the end of the pro sequence were not codon 
optimized to maintain the frameshift. The RCAS vector sequence is also shown, with gfp 
sequence replacing the src gene. Black arrows indicate locations of frameshifts in the sequence. 

Production of Viruses and VLPs for Cryo-TEM 
 To produce VLPs, 293T/17 cells were transiently transfected with RSV Gag-based 

expression constructs using GenJet Version II (SignGen, Gaithersburg, MD). Gag expression 

plasmids were co-transfected with the RSV Env expression plasmids at a 10:1 weight ratio. 

The supernatant of transfected cells was collected 48 hours post-transfection, centrifuged to 

clarify, and filtered through a 0.2 µm filter. The VLPs were then pelleted over an 8% 

OptiPrep™ (Sigma-Aldrich) cushion at 35,000 x g for 90 min. VLPs were resuspended in a 

small volume of STE (10 mM Tris-Cl, pH 7.4, 100 mM NaCl, 1 mM EDTA) before centrifuging 

over a 10% to 30% OptiPrep™ gradient at 45,000 x g for up to 3 hours. The visible VLP band 

was then extracted through side-puncture of the tube. The VLP band was then pelleted in STE 

via ultracentrifugation at 40,000 x g for 1 hour. The pellet was resuspended in 10-15 µL STE 

and frozen at -80°C. The sample was thawed on ice prior to grid preparation for cryo-TEM. 

 Infectious RSV was produced by transfecting the moleculare clone into DF1 cells. The 

cells were passaged multiple times before the supernatant was collected and subjected to the 

gag pro

gag ___			

gag pro pol

RSV GagPro
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same treatment as the supernatant containing VLPs. These steps were performed by Marc 

Johnson and his lab at the University of Missouri.  

Grid Preparation and Cryo-TEM of Viruses and VLPs 
 The grids used in the preparation of the VLPs included Lacey carbon-coated 300 

mesh grids and Quantifoil R2/1 200 mesh grids (EMS, Hatfield, PA, USA), which were glow-

discharged and loaded on a FEI MarkIV Vitrobot system (FEI Company, Hillsboro, OR, USA). 

Approximately 4 µL of the purified VLPs was loaded on the grid carbon-side, manually blotted, 

and plunge-frozen in ultracooled liquid ethane. Grids were stored in liquid nitrogen before they 

were imaged on a Tecnai F30 FEG transmission microscope (FEI Company, Hillsboro, OR, 

USA) operating at 300kV. A magnification of 49,300X and an electron dose of ~25 

electrons/Å2 was used with a Gatan 4k x 4k CCD camera (Gatan Inc., Pleasanton, CA, USA). 

Images were binned by 2. The defocus values were between 5 and 8 μm. VLPs were 

measured using ImageJ software, and 2 diameters were averaged for each particle. Graphs 

were produced in GraphPad Prism software. 

Preliminary Results 
 The RSV gag sequence is unique because it encodes for both gag and pro with no 

frameshift, meaning that all RSV Gag proteins are attached to a C-terminal Protease. To 

evaluate the role of the RSV pro and pol regions in particle assembly, I created RSV Gag-

based constructs with varying amounts of sequence following the gag gene: RSV GagPro, 

RSV GagΔPro. and RSV GagPol. The morphologies and sizes of VLPs produced from the 

Gag expression constructs were compared with each other and with virus produced from the 

RCAS molecular clone.  

RCAS Viruses 
 To produce viruses for analysis by cryo-TEM, DF1 chicken fibroblast cells were 

transfected with the RCAS molecular clone. Although the transfection was done using the 

same methods as transient transfection, the infection becomes stable due to the presence of 

the Integrase, which integrates the provirus into the host cells. Therefore, the cells were 

passaged multiple times before the viral supernatant was collected. The virus was purified 

from the supernatant and imaged with cryo-TEM. 

 We found that RSV particles were spherical in shape with a mean (SD) diameter of 

118.2 (12.6) nm and studded with electron densities suggestive of the Env glycoprotein (Fig 

A1-2). The particles either had intact CA cores (with the acknowledgement that our images are 
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2D and may therefore be unable to distinguish broken cores outside of our plane of view), 

broken CA cores, or no CA cores. Among the particles with visible cores, the shape was 

pleomorphic, with cores that appeared angular, tubular, rounded, and conical. Our data are 

similar to the results of previous studies that have investigated the morphology and size of 

RSV (13, 14). 

 
Figure 1A-2. Cryo-TEM of infectious RSV. A) Selected images of RSV produced by DF1 cells, 
with representative images from each of the three categories of morphology: intact CA core, 
broken CA core, and no CA core. B) A histogram of the sizes of RSV particles, showing the 
sample size, mean, and standard deviation.  

RSV GagPro Vs RSV GagΔPro 
 To produce VLPs for analysis by cryo-TEM, 293T/17 cells were transfected with either 

RSV GagPro or RSV GagΔPro at a 10:1 ratio with the RSV Env construct. VLPs were 

collected by ultracentrifugation and purification of the supernatant before they were analyzed 

by cryo-TEM. 
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 In concordance with our past results (11), particles produced by the RSV GagΔPro 

construct were spherical in shape and contained electron density that mostly followed the 

curvature of the lipid bilayer, characteristic of a Gag lattice (Fig A1-3). VLPs produced by the 

RSV GagΔPro construct could be loosely categorized into three different subtypes: spherical 

particles with lattice <19 nm from the lipid bilayer, misshapen particles with lattice <19 nm from 

the lipid bilayer on at least one side, and particles that contained what appeared to be multiple 

and distinct CA lattices within one particle (Fig A1-3A). The last group of particles contained 

both spherical and non-spherical shapes. Among the spherical particles with lattice <19 nm 

from the lipid bilayer, some particles still contained "breaks" in the lattice, as can be in the 

second and third representative images of the first row. 

 
Figure A1-3. Cryo-TEM of RSV GagΔPro-Based Particles. A) Selected images of RSV 
GagΔPro-based particles produced by 293T/17 cells, with representative images from each of 
the three categories of morphology: spherical with lattice <19 nm, misshapen with lattice <19 
nm, and multiple CA lattices. B) A histogram of the sizes of RSV particles, showing the sample 
size, mean, and standard deviation. 
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 When measuring the RSV GagΔPro-based particles for the histogram (Fig A1-3B), 

only particles without multiple CA lattices were considered. This was done based on the large 

size of the particles that contained multiple CA lattices relative to the other particles (167.2 vs 

128.1 nm; Table A1-1). Indeed, when only particles that were spherical with CA lattices <19 

nm from the lipid bilayer were considered, the average diameter was virtually indistinguishable 

from the diameter of infectious RSV (118.7 vs 118.2 nm, respectively). Even when the 

spherical and misshapen particles are taken together and averaged, the mean (SD) diameter 

(128.1 [13.9] nm) is similar to that reported in the literature for immature RSV (129 [23] nm) 

(1). Based on these data, it is hypothesized that the particles containing multiple CA lattices 

may be anomalies, produced because of the overexpression of RSV GagΔPro in 293T/17 

cells, which have been shown to produce prolific amounts of Gag proteins.  

 

 
 

 We then produced RSV GagPro-based particles in the same manner as the RSV 

GagΔPro VLPs. The RSV GagPro VLPs were distinctly different from the RSV GagΔPro VLPs 

in both size and morphology. Transfection of 293T/17 cells with RSV GagPro resulted in the 

production of spherical particles with diffuse electron density throughout the particle. While the 

lipid bilayer was clearly visible, no distinguishable electron density characteristic of the Gag 

lattice was visible (Fig 1A-4). Moreover, the particles, which were 148.9 nm in diameter on 

average, were significantly larger than both RSV GagΔPro-based VLPs and infectious RSV 

(student's t-test; P <.001 for both). Since the GagPro particles contain Protease, it is not 

surprising per se that the particles do not contain Gag lattice structures. However, the 

cleavage of the Gag by Protease should free the CA protein, which should theoretically lead to 

the formation of CA core. It is intriguing, therefore, that the particles contain neither a Gag 

lattice nor a CA core. 

 In chapter 3, it was shown that interfering with the HTLV-1 Gag assembly process 

leads to spherical particles distinct in size from the WT Gag-based VLPs. With RSV GagPro, a 

shift in the size of the particles was noted as well, which may indicate a deficiency in Gag 

#	Particles %	Total	Particles Average	Diameter	(nm) Standard	Deviation	(nm)
Misshapen	with	<19	nm	from	lipid	bilayer 60 50.0 133.4 11.6
Spherical	with	<19	nm	from	lipid	bilayer 34 28.3 118.7 12.2
Spherical	with	>19	nm	from	lipid	bilayer 0 0.0 na na
Multiple	CA	lattices 26 21.7 167.2 16.4
Total 120 100 136.6 21.6
Total	without	multiple	CAs 94 78.3 128.1 13.9

Table	A1-1.	Characteristics	of	particles	based	on	the	overall	morphology	categorization.
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assembly. However, given that all RSV Gag molecules are attached to protease in nature, it is 

unclear why there is a defect in assembly when transfecting in the GagPro expression 

construct alone. This led to the hypothesis that the pol gene encoded for proteins that are 

necessary for proper core formation, so I created an RSV gagpol construct for similar testing. 

 
Figure 1A-4. Cryo-TEM of RSV GagPro-Based Particles. A) Selected images of RSV GagPro-
based particles produced by 293T/17 cells. B) A histogram of the sizes of RSV particles, 
showing the sample size, mean, and standard deviation. 
RSV GagPol. 
 
 An RSV GagPol expressing construct was developed by cloning in the pol gene, 

including the frameshift that occurs at the 3' end of the pro gene (Fig A1-1). The RSV GagPol 

construct was cloned into both untagged and C-terminal eYFP N3 constructs. The RSV 

GagPol-eYFP construct was transfected into 293T/17 cells, which were then visualized using 

fluorescence microscopy to ensure proper expression.  

 To produce particles, the untagged RSV GagPol expression construct was transfected 

into 293T/17 cells along with the RSV Env expression plasmid, and the supernatant was 

collected and purified, as was done for other constructs. Although the VLP band was diffuse 

and difficult to visualize, there was an apparent band at the 20% OptiPrep gradient, which is 
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the expected location. The VLP band was therefore collected and ultracentrifuged to 

concentrate and image with cryo-TEM.  

 The RSV GagPol VLPs appeared similar to the RSV GagPro VLPs. They were 

spherical in shape with visible lipid bilayer electron density but no electron density 

characteristic of a Gag lattice. Instead, diffuse electron density was apparent throughout the 

particles, consistent with the GagPro particles. Furthermore, the particles were almost 

identical in size to the GagPro particles (student's t-test; P >.10), with a mean (SD) of 151.0 

(28.9) nm, which was significantly larger than the particles produced from the RCAS plasmid 

(student's t-test; P <.001).  

 

 
Figure 1A-5. Cryo-TEM of RSV GagPol-Based Particles. A) Selected images of RSV GagPol-
based particles produced by 293T/17 cells. B) A histogram of the sizes of RSV particles, 
showing the sample size, mean, and standard deviation. 
 

It was unexpected to see that the addition of the pol gene did not rescue the formation 

of CA cores in the particles. Since 293T/17 cells are mammalian cells, I hypothesized that the 

lack of the appropriate host cell may have interfered with the ribosomal frameshift. It has been 
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shown for RSV that changing the efficiency of the ribosomal frameshift severely reduced virus 

replication and infectivity (15). To utilize a more appropriate host cell line, the lab obtained 

QT6 cells, which is a quail fibroblast line. I transfected the RSV GagPol expression construct 

into the QT6 cells using jetPRIME (Polyplus Transfection, New York, NY). Although the 

transfection efficiency in QT6 cells was lower than that seen for 293T/17 cells, sufficient 

particles were produced for cryo-TEM analysis. Similar to the RSV GagPol particles produced 

in 293T/17 cells, the particles produced via transfection of QT6 cells did not have a visible Gag 

lattice or CA core (Fig 1A-6. They had diffuse electron density and a visible lipid bilayer. Unlike 

the other particles produced without a lattice, the particles produced from QT6 cells were 

similar in size to the RSV GagΔPro and RCAS particles. It is unclear why the larger size was 

not replicated within this prep; however, it is worth noting that fewer particles were analyzed 

for this preparation. 

 
Figure 1A-6. Cryo-TEM of RSV GagPol-Based Particles produced from a quail cell line. A) 
Selected images of RSV GagPol-based particles produced by QT6 cells. B) A histogram of the 
sizes of RSV particles, showing the sample size, mean, and standard deviation. 
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Discussion & Future Directions 
 To evaluate the role of RSV pol gene products in assembly and maturation, I 

engineered multiple RSV Gag-based constructs utilizing a codon-optimized gag gene as a 

base. I then added varying amounts of the remainder of the genome, including the pro and the 

pol genes. The virus morphologies and sizes of particles produced using a molecular RSV 

clone that encodes a GFP in place of SRC were analyzed. 

 Contrary to the original hypothesis, the addition of the pol gene to the RSV GagPro 

expression construct did not rescue the mature virus morphology seen in virus produced by 

the molecular clone. Instead, particles were spherical and did not have a distinct electron 

density characteristic of a Gag lattice or a CA core. The results were similar for RSV GagPol-

based particles produced in 293T/17 cells as well as the more relevant quail cell lines. It is 

possible that other RSV genome components are essential for the proper assembly, budding, 

and maturation steps to occur. We believe that the deficiencies in RSV GagPro-based VLPs 

are caused by one of two possibilities. First, it is possible that in the absence of other RSV 

accessory proteins, proteolytic cleavage occurs too early, and RSV VLPs do not contain a 

normal stoichiometry of p24. The second possibility is that proteolytic cleavage occurs at the 

appropriate time (i.e. during and after budding), but a component necessary for core 

nucleation is not present. 

 To test these two possibilities, I suggest that future experiments endeavor to evaluate 

other aspects of Integrase within the assembly process. The Integrase protein could be 

mutated or removed from the RCAS molecular clone to determine whether the removal of the 

Int interferes with core formation. Should this be the case, it would suggest that Integrase in 

addition to the other viral proteins are essential for core nucleation. The involvement of 

Integrase specifically in core formation could also be tested using allosteric integrase inhibitors 

(ALLINIs); however, the currently published ALLINIs have only been tested with human 

immunodeficiency virus type 1. Since the Integrase proteins are similar among retroviruses, it 

is not beyond the realm of possibility that an HIV ALLINI might be effective against RSV 

infection. Therefore, the first step in this experiment would be to screen ALLINIs for RSV 

activity before utilizing them to evaluate the association of allosteric Int inhibition with core 

formation. 

 In conclusion, it has been shown that RSV Pro interferes with the formation of an 

immature Gag lattice. Introduction of the Gag pol gene, which encodes for both integrase and 

reverse transcriptase, does not rescue the formation of the Gag lattice. Future studies will 
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evaluate whether the converse is true – i.e., whether the removal of integrase from the 

molecular clone abrogates core formation. 
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Introduction 
Human immunodeficiency virus type-1 (HIV-1) infects about 34 million individuals 

globally and resulted in the deaths of 1.7 million in 2011 alone (www.unaids.org).  Despite 

great strides in antiretroviral therapy, current drugs are still limited by toxicity, cross-resistance, 

and the transmission of drug-resistant viral variants (1).  HIV-1 has a high mutation rate (3 to 9 

x 10-5 mutations/base pair/cycle) (2-4), and it has been postulated to replicate near the error 

threshold—a theoretical upper limit to the mutation rate beyond which genetic information 

cannot be maintained (5-7).  Thus, it is conceivable to exceed the error threshold with small 

molecule viral mutagens.  This antiviral strategy, called lethal mutagenesis, was first 

investigated using mutagenic ribonucleoside analogs and RNA-damaging agents in poliovirus 

and vesicular stomatitis virus by Holland and colleagues in the 1990s (8, 9).  It was later 

demonstrated in HIV-1 using 5-hydroxy-2’-deoxycytidine (10), and subsequently explored in 

several other RNA viruses (11-14). 

HIV-1 lethal mutagenesis has not been clinically exploited, but a prodrug of 5,6-

dihydro-5-aza-2’-deoxycytidine (KP-1212) has advanced to clinical trials.  KP-1212 potently 

inhibited HIV-1 replication in culture (EC50 of ~10 nM) with low cellular, mitochondrial, and 

genome toxicities, as well as activity against both wildtype (wt) and drug resistant strains (15).  

KP-1212 was shown to induce primarily G-to-A and A-to-G (and to a lesser extent T-to-C and 

C-to-T) transition mutations within HIV-1.  The prodrug of KP-1212 (KP-1461) was well 

tolerated in clinical trials, but was not effective in reducing viral loads despite adequate drug 

bioavailability (16, 17).  Nonetheless, there was a detectable increase in the number of private 

mutations (i.e., those most likely to have occurred in the latest round of replication) and 

evidence of an altered mutation spectrum in clinical samples (18). 

We have previously demonstrated that combinations of nucleoside analogs that act as 

viral mutagens and ribonucleotide reductase inhibitors (RNRIs) can result in synergistic 

decreases in viral infectivity (19, 20).  Similarly, combining nucleoside reverse transcriptase 

inhibitors (NRTIs) with RNRIs results in potentiation of anti-HIV-1 activity (21-23).  RNRIs likely 

have a threefold antiretroviral mechanism in such combinations:  1) inhibition of retroviral DNA 

synthesis via depletion of deoxynucleoside triphosphate (dNTP) pools (21, 24-26); 2) many 

RNRIs do not inhibit synthesis of all four natural dNTPs equally, thus generating dNTP pool 

imbalances that increase the viral mutation rate (22, 25-27); and 3) decreases in cellular dNTP 

concentrations result in the upregulation of nucleotide kinases, leading to more efficient 

activation of nucleoside analogues such as KP-1212 (19-23).  Given this, the combination of 
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an RNRI with KP-1212 or a KP-1212 prodrug should result in potent inhibition of HIV-1 

infectivity.   

We report here that while KP-1212 alone had minimal antiviral activity in our single round 

replication assay, it potentiated the activity of the RNRIs gemcitabine and resveratrol.  The 

combination of KP-1212 with resveratrol, in particular, reduced the EC50 by 1.9-fold relative to 

resveratrol alone (i.e., from 99.6 µM to 52.8 µM).  The KP-1212-RNRI combinations led to 

corresponding increases in the viral mutant frequency in the absence of cell cytotoxicity 

relative to that of RNRIs alone.  Taken together, these observations represent the first 

demonstration of a mild anti-HIV-1 mutagen having the ability to potentiate the antiretroviral 

activity of RNRIs.  These findings may improve the potential for clinical translation of KP-1212 

in the treatment of HIV-1 infection. 

Results and Discussion 

Development of an mCherry/GFP Dual Reporter HIV-1 Vector  
In order to efficiently assess both HIV-1 infectivity and mutant frequency, we 

constructed a HIV-1 vector expressing two fluorescent proteins—mCherry and the green 

fluorescence protein (GFP) (Fig A2-1A).  The resulting vector expresses all viral proteins 

except Env and Nef.  Infectious vector virus was produced by trans-complementing with the 

vesicular stomatitis virus G protein (VSV-G) via co-transfection with the vector virus plasmid.  

This strategy limits virus replication to a single cycle of replication.  The utility of the construct 

for detecting drug-induced increases in virus mutant frequency was confirmed using 5-

azacytidine (5-AZC), a ribonucleoside analog previously shown to have antiretroviral activity 

against HIV-1 (28).  We found that treatment of target cells with 5-AZC reduced HIV-1 

infectivity in a concentration-dependent manner, with an EC50 of 53.0 µM, comparable to the 

previously reported value of 57.0 µM (Fig A2-1B) (28).  We also observed a concentration-

dependent elevation of the viral mutant frequency to a maximum of 19.8-fold relative to the no 

drug control, confirming previous findings with 5-AZC (28). 
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Fig A2-1. Vector and assay design for rapid determination of HIV-1 infectivity and mutant 
frequency.  (A) A dual-reporter (mCherry/GFP) HIV-1 vector was created and co-transfected 
with VSVG to produce infectious virus.  Target cells were pre-incubated with drugs for 2 h before 
infection.  Drug was removed 24 h post-infection and cells were collected 72 h post-infection for 
determination of infectivity and mutant frequency via flow cytometry, as described in Section 
3.5. (B) The utility of the dual reporter HIV-1 vector for detecting alterations in infectivity and 
mutant frequency was validated using 5-azacytidine, a previously characterized potent mutagen 
of HIV-1 (321). The data were normalized to the no drug (DMSO only) control and represent the 
mean ± sd of three independent experiments.  
 

Individual Effects of RNRIs and KP-1212 on HIV-1 Infectivity & Mutant 
Frequency 

We initially combined KP-1212 at 100 µM with a panel of several anti-metabolites and 

found that KP-1212 potentiated the antiretroviral activity of gemcitabine (2’,2’-difluoro-2’-

deoxycytidine, dFdC), resveratrol, and deferoxamine (data not shown).  These three 

compounds have all been previously reported to have RNRI activity as well as antiretroviral 

activity, though inhibition of ribonucleotide reductase has not been clearly demonstrated to be 

their primary mechanism of action against HIV-1 (19, 20, 23, 26, 29-32).  Resveratrol, in 

particular, has been reported to interact with a wide variety of cellular targets in exerting its 

anti-inflammatory, anti-tumorigenic, and antiviral effects (33).  We next characterized the 

individual effects of each compound on HIV-1 infectivity and mutant frequency.  We found that 

gemcitabine, resveratrol, and deferoxamine all reduced HIV-1 infectivity (Fig A2-2A & Table 



    

 134 

A2-1) and elevated the viral mutant frequency in a concentration-dependent fashion (Fig A2-

2B).   

We observed that KP-1212 exerted only a mild antiviral effect alone, without 

concentration dependence in the concentration range of 5 to 200 µM (Figure 6-2A).  However, 

we observed a slight dose-dependent increase in mutant frequency (up to ~1.6-fold) (Figure 6-

2B).  Our observations using this assay are somewhat different than previous findings of KP-

1212 being a potent inhibitor of HIV-1 replication (15).  We tested multiple batches of KP-1212 

to rule out the possibility of degradation of our liquid drug stocks (data not shown).  

Additionally, 1H NMR and combustion analysis confirmed the purity and stability of KP-1212 in 

our hands (data not shown).  The differences in observed activity of KP-1212 may be due to 

the previous study using a very low multiplicity of infection (MOI), ranging from 1:1000 to 

1:5000 (15).  These authors found that higher MOIs led to higher EC50 values, and were not 

able to obtain a reproducible EC50 at MOIs of 1:300 or greater.  In line with this, we used a 

much higher MOI (~1:3 to 1:5) and were unable to obtain an EC50.  Additionally, the previous 

study used a different cell line (MT-2) and centrifuged the drug onto cells, potentially altering 

the uptake and/or phosphorylation of KP-1212.  Finally, the virus was likely not limited to a 

single round of replication, which potentially enhanced the observed effects of KP-1212.  

Despite the apparent discrepancies in antiretroviral potency, our findings are in relatively good 

agreement with the Phase II clinical trials on KP-1212, which found no clinically significant 

decline in viral loads but some evidence of mutagenicity (increases in private mutations and 

altered mutation spectra) (17, 18).  

  

Table A2-1. KP-1212 improves the antiretroviral potency of RNRIs without altering 
cytotoxicity.   

 
The EC50 and CC50 values for ribonucleotide reductase inhibitors (RNRIs) in the presence or 
absence of KP-1212 (5 µM for gemcitabine; 200 µM for resveratrol/deferoxamine) in U373-MAGI 
cells were calculated as described in Materials and Methods.  Selectivity indices were 
determined by dividing the CC50 by the respective EC50.  The 95% confidence intervals are 
indicated in parentheses.  The data shown represent the mean ± sd of at least three independent 
experiments. 
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Figure A2-2. Effect of KP-1212 and RNRIs on HIV-1 infectivity and mutant frequency.  Cells 
were infected with HIV-1 after being treated with KP-1212 or selected ribonucleotide reductase 
inhibitors (RNRIs) for 2 h.  Treatments were concluded at 24 h post-infection by replacing the 
media, and cells were collected for analysis by flow cytometry at 72 h post-infection.  The effects 
of the drugs on infectivity (A) and mutant frequency (B) were determined and normalized to the 
no drug control.  The data shown are the mean ± sd of three independent experiments. 

KP-1212 Potentiates the Effects of RNRIs on HIV-1 Infectivity & Mutant 
Frequency  

To further investigate the interaction between RNRIs and KP-1212, we combined a 

fixed low concentration of each RNRI with varying concentrations of KP-1212 (i.e., ranging 

from 5 to 200 µM).  For the gemcitabine and KP-1212 drug combination, we observed an 

unexpected trend:  low concentrations of KP-1212 (5 to 50 µM) enhanced the antiviral activity 

of gemcitabine, whereas high concentrations partially (100 µM) or fully (200 µM) antagonized 

the antiviral activity (Fig A2-3A).  Similarly, the corresponding mutant frequencies increased to 

a maximum of 4.8-fold at 25 µM KP-1212 and then decreased to levels lower than for 

gemcitabine alone (Fig A2-3B).  KP-1212 likely antagonized gemcitabine at high 

concentrations because they are both deoxycytidine analogs that require transport and 
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metabolic conversion to their active forms.  Specifically, they may utilize the same transporter 

proteins to breach the plasma membrane (either through facilitated diffusion or active 

transport), and they are both phosphorylated by deoxycytidine kinase to become active within 

cells (34-37).  Furthermore, the drugs were simultaneously added to cells, and KP-1212 was 

used at a much higher concentration than gemcitabine (10,000-fold higher for 200 µM KP-

1212).  Our observation of potential drug interference could likely be circumvented by 1) using 

a more potent mutagenic deoxycytidine analog, 2) using a mutagenic nucleoside analog that is 

not phosphorylated by deoxycytidine kinase, 3) applying the drugs sequentially rather than 

simultaneously, or 4) using an RNRI that is not a nucleoside analog. 

We therefore examined the interactions of KP-1212 with two non-nucleoside RNRIs—

resveratrol and deferoxamine.  The addition of KP-1212 (5 to 200 µM) to resveratrol (50 µM) 

resulted in a concentration-dependent decline in viral infectivity, with the greatest potentiation 

observed at 200 µM KP-1212 (Fig A2-3A).  We observed a similar, though less concentration-

dependent, trend for the combination of KP-1212 with deferoxamine.  For both of these 

combinations, we also observed increases in the viral mutant frequencies (to a maximum of 

6.2-fold for resveratrol and 4.7-fold for deferoxamine relative to that of no drug) (Fig A2-3B).  

These results indicate, in contrast to gemcitabine, high concentrations of KP-1212 were 

superior compared of that of low concentrations for potentiating the antiviral activity of 

resveratrol and deferoxamine.  The elevation of the viral mutant frequency by the drug 

combinations is consistent with an increase in virus mutational load as a major mechanism of 

antiretroviral activity. 

KP-1212 potentiates the anti-HIV-1 activity of RNRIs without enhancing cytotoxicity.  To 

further characterize these drug combinations, we investigated the extent to which KP-1212 

can augment the potency of RNRIs.  We found that the addition of KP-1212 at a fixed amount 

(5 µM for gemcitabine or 200 µM for resveratrol) enhanced the potency of both gemcitabine 

and resveratrol, as evidenced by the significant decrease in EC50 values upon addition of KP-

1212 (Table A2-1).  The greatest enhancement was observed for resveratrol, with the EC50 

approximately halved.  The effect was much less for gemcitabine, as only low concentrations 

of KP-1212 could be used due to antagonism.   The effect of KP-1212 in combination with 

deferoxamine was not statistically significant compared to deferoxamine alone. We then 

examined the effect of the drugs (alone and in combination) on cell viability in order to 

determine whether drug cytotoxicity could explain the antiviral effects observed.  For 

gemcitabine, some degree of cytotoxicity was observed at all concentrations tested, but the 
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CC50 was higher than the EC50 (62.0 µM vs. 27.5 nM), indicating that the antiviral activity of 

gemcitabine cannot be explained by cytotoxicity (Fig A2-4 & Table A2-1).   

 
Figure A2-3. KP-1212 potentiates the antiviral and mutagenic activities of RNRIs against 
HIV-1.  Cells were pre-treated with a set amount of each ribonucleotide reductase inhibitor 
(RNRI) and varying amounts of KP-1212 (from 0 to 200 µM) as described in Section 3.4.  Flow 
cytometry was used to determine HIV-1 infectivity (A) and mutant frequency (B), which were 
plotted relative to no drug.  Statistical significance of drug combinations relative to both single 
drugs was assessed using a two-way ANOVA.  * p-value < 0.05, ** p-value < 0.01, *** p-value 
<0.001.  The data shown represent the mean ± sd of three independent experiments.   
 

We also performed combustion analysis to confirm high purity of drug stocks, and 

conducted a separate cytotoxicity assay (trypan blue staining) to confirm cytotoxicity results 

(data not shown).  Taken together, we conclude that gemcitabine has low cytotoxicity in this 

cell line, possibly due to inactivation by rapid deamination of gemcitabine to its major 

metabolite, 2',2'-difluoro-2'-deoxyuridine (dFdU) (38, 39).  Unlike gemcitabine, KP-1212 was 

non-toxic up to 200 µM (data not shown), and the addition of KP-1212 (5 µM) did not alter the 

cytotoxicity of gemcitabine (Fig A2-4 & Table A2-1).  These results indicate that enhanced 

cytotoxicity cannot explain the potentiation of the antiviral activity of gemcitabine by KP-1212.  

Similarly, the antiviral activity of resveratrol also could not be explained by cytotoxicity, as the 

CC50 was markedly higher than the EC50 (>400 µM; Fig A2-4 & Table A2-1).  Furthermore, the 
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addition of KP-1212 (200 µM) did not significantly alter the cytotoxicity of resveratrol.  In 

summary, KP-1212 potentiates the antiviral activity of gemcitabine and resveratrol without 

augmenting cytotoxicity, which improves their selectivity indices against HIV-1 (Table A2-1). 

 

 
Figure A2-4. The ability of KP-1212 to potentiate RNRIs is not due to enhanced 
cytotoxicity.  U373-MAGI cells were treated with ribonucleotide reductase inhibitors (RNRIs) ± 
KP-1212 (5 µM for gemcitabine, 200 µM for resveratrol and deferoxamine) for 24 h, then washed 
and replenished with fresh media.  Cell viability was assessed 24 h after molecule removal using 
a luminescent ATP-based kit, and the data were normalized to the no drug control.  The data 
shown are the mean ± sd of four independent experiments. 
 

Characterization of Viral Mutation Spectra in the Presence of KP-1212 
and RNRIs 

 To determine the types of mutations resulting from these drugs (i.e., individually and 

in combination), we sorted out mCherry+/GFP- cells infected in the presence or absence of 

drug.  We then amplified and performed Sanger sequencing of the gfp gene.  We chose not to 

include deferoxamine in this analysis due to its poor potency against HIV-1 (Table 6-1).  We 

obtained a total of 376 unique mutations across all treatments, but several G-to-A 

hypermutants (likely a result of APOBEC3 activity) were excluded from further analysis (see 

Section 3.7 for details), lowering the total number of mutations to 303.  In the absence of drug, 

G-to-A mutations were the most common, followed by A-to-G, T-to-C, and C-to-T transitions, 

with the remainder representing transversions (Figure A2-5).  In the presence of only 

gemcitabine or resveratrol, no statistically significant (p < 0.05; 2-way Fisher’s exact test) 

change in the relative appearance of each mutation type within the HIV-1 mutation spectrum 

was observed compared to the no drug control, suggesting that these drugs did not cause an 

increase in any particular mutation type.  KP-1212, despite having only a modest ability to 
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elevate the mutant frequency of HIV-1, caused a significant increase (p-value = 0.004) in the 

frequency of G-to-C mutations (from 1% to 22% of all mutations identified, relative to that of no 

drug), a transversion mutation rarely observed during HIV-1 replication.  Strikingly, the 

combination of KP-1212 with resveratrol led to an even greater increase in the frequency of G-

to-C mutations (up to 41% of all substitutions identified), which is significantly different from 

either resveratrol alone (p-value < 0.0001) or KP-1212 alone (p-value = 0.048).  The 

combination of KP-1212 and gemcitabine did not result in a significant increase in the 

frequency of G-to-C mutations (p-value = 0.130), likely due to a lower concentration of KP-

1212 used in this combination (i.e., 5 µM versus 200 µM) due to drug antagonism observed at 

higher concentrations of KP-1212. 

 

 
Figure A2-5. Characterization of viral mutation spectra in the presence of KP-1212 and 
RNRIs.  U373-MAGI cells were pre-treated with KP-1212 and/or ribonucleotide reductase 
inhibitors (RNRIs) and infected with HIV-1.  mCherry+/GFP- cells were sorted to enrich for 
mutants, and the gfp gene was amplified and sequenced.  Each number in a wedge of a pie 
chart represents the specific corresponding mutational type, expressed as the percentage of the 
total mutations observed for that treatment.  The total number of mutations sequenced were:  
no drug, 45, gemcitabine (Gem), 38; resveratrol (Res), 45; KP-1212, 49; gemcitabine + KP-
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1212, 57; resveratrol + KP-1212, 69 (303 mutations in total).  Statistically significant (p-value < 
0.05) changes relative to the no drug control are indicated with an asterisk.     
 

KP-1212 has not been previously found to induce G-to-C transversions, but 5-aza-2’-

deoxycytidine (decitabine) and its ribonucleoside counterpart (5-AZC), have been reported to 

cause G-to-C transversions in HIV-1 and cellular genomic DNA (19, 28, 40).  These molecules 

decompose in water at physiological temperature and pH by hydrolytic opening and 

deformylation of the triazine ring (41-46).  The resulting ring-opened guanylurea derivatives 

are thought to pair with cytosine leading to G-to-C transversions (40).  It is unclear how KP-

1212 might induce G-to-C transversions, as KP-1212 should be resistant to hydrolysis.  

Conclusions 
While KP-1212 exerted minimal antiviral and mutagenic activity against HIV-1 in our 

assay, it was able to enhance the antiviral activities of the RNRIs gemcitabine and resveratrol, 

leading to robust reductions in HIV-1 infectivity and improvement of their selectivity indices.  

We found that the combinations simultaneously elevated the mutant frequency of HIV-1, 

suggesting enhancement of virus mutational loads as a major mechanism of the drug 

combinations.  While the RNRIs gemcitabine and resveratrol do not appear to cause a specific 

type of mutation, the addition of KP-1212 to resveratrol led to a pronounced increase in G-to-C 

transversion mutations.  Further studies of the antiretroviral mechanisms of these 

combinations are warranted, as are efforts to identify prodrug forms and derivatives exhibiting 

reduced toxicity, improved potency, and prolonged stability.  Our findings suggest that the 

enhancement of viral mutant frequency is a major contributor to these antiviral mechanisms 

but do not preclude other activities, such as inhibition of reverse transcription.  Resveratrol, 

while well-tolerated, has low bioavailability due to rapid and extensive metabolism in a number 

of clinical trials (47) but may serve as a lead for further development.  It would also be of great 

interest to investigate the interplay of RNRIs ± KP-1212 with conventional anti-HIV-1 inhibitors.  

Previous studies have shown that these inhibitors can accelerate mutagen-driven viral 

extinction.  This has been demonstrated for HIV-1 using AZT and 5-hydroxy-2’-deoxycytidine 

in combination and in foot-and-mouth disease virus, in which case sequential treatments were 

superior to combination therapy (48, 49).  Overall, our findings are the first to demonstrate that 

a mild anti-HIV-1 mutagen can significantly potentiate the antiretroviral activity of RNRIs.  

These observations may enhance the potential for clinical translation of KP-1212 for the 

treatment of HIV-1 infection. 
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Materials and Methods 

Plasmids, Cell Lines, and Reagents   
The molecular clone of HIV-1 we used to produce virus, pNL4-3 MIG, was created 

from pNL4-3 HIG, which has been previously described (19).  The virus encoded by this 

plasmid contains mCherry, an internal ribosome entry site (IRES), and enhanced green 

fluorescent protein (GFP).  We pseudotyped virions with VSV-G expressed from pHCMV-G, a 

kind gift from J. Burns (University of California, San Diego).  The human embryonic kidney 

(HEK 293T) cells were purchased from American Type Culture Collection (Manassas, VA) and 

maintained in Dulbecco's Modified Eagle's Medium (DMEM) from Cellgro (Manassas, VA) with 

10% HyClone FetalClone III (FC3) from Thermo Scientific (Waltham, MA) and 1% 

penicillin/streptomycin from Invitrogen (Carlsbad, CA).  U373-MAGI-CXCR4CEM cells were 

obtained from Michael Emerman through the NIH AIDS Reagent Program, Division of AIDS, 

NIAID, NIH (50).  U373-MAGI cells were maintained similarly to 293T cells but with addition of 

1.0 µg/mL puromycin, 0.1 mg/mL hygromycin B, and 0.2 mg/mL neomycin to the medium.  

The chemicals investigated were obtained from Sigma-Aldrich (deferoxamine and resveratrol; 

St. Louis, MO), Carbosynth (5-AZC and gemcitabine; Compton, UK), and Berry & Associates 

(KP-1212; Dexter, MI), dissolved in the appropriate solvent, and stored at -20 °C.  For cloning, 

PCR was performed using the Platinum PCR Supermix from Invitrogen, while restriction 

enzymes, Klenow fragment, and T4 DNA ligase were from New England Biolabs (Ipswich, 

MA).  For transfections, poly-L-lysine was from Newcomer Supply (Middleton, WI), and 

polyethylenimine (PEI) was from Polysciences, Inc. (Warrington, PA).    

Construction of an mCherry/GFP HIV-1 Vector for Rapid Mutation 
Detection 

The mCherry gene was swapped with the mouse heat stable antigen (hsa) in pNL4-3 

HIG to generate pNL4-3 MIG as follows.  From NL4-3 HIG, an IRES-GFP fragment was 

amplified via PCR and cloned into a pEGFP-N1-based mCherry vector using NotI and XbaI.  

The NotI site was then destroyed by fill-in with large Klenow fragment.  The entire MIG 

cassette was then amplified using primers that added a NotI site to the 5’ end and a XhoI site 

to the 3’ end of the cassette.  The PCR product was directly digested with NotI and XhoI and 

ligated into NotI and XhoI-digested pNL4-3 HIG using T4 DNA ligase.  The resulting plasmid, 

pNL4-3 MIG, expresses mCherry and GFP as well as all viral proteins except Env and Nef.     
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Virus Production and Titering 
Virus was produced by co-transfecting pNL4-3 MIG and pHCMV-G into 293T cells via 

the PEI method (51).  PEI stocks were prepared at 1 mg/mL by dissolving PEI in water, 

adjusting the pH to 7.0, and filtering through a 0.2 µM filter.  Stocks were divided into 1 mL 

aliquots and frozen at -80 °C.  On the day before transfection, 4 million 293T cells were plated 

on each 10 cm plate (pre-coated with poly-L-lysine) to be transfected.  For each plate, 10 µg 

pNL4-3 MIG + 1 µg pHCMV-G + 33 µL 1 mg/mL PEI were mixed in a 1.6 mL microcentrifuge 

tube to a final volume of 1 mL using serum-free DMEM.  After 20 minutes of incubation, the 

medium on the 293T cells was replaced and the DNA-PEI mixture was added.  The medium 

was replaced the morning after transfection, and virus was collected ~48 hours post-

transfection by filtering the supernatant through a 0.2 µm filter.  Viral stocks were divided into 1 

mL aliquots and frozen at -80 °C.   

Prior to any drug treatments, viral stocks were first titered in U373-MAGI cells.  The day before 

infection, 62,500 cells/well were plated in 12-well plates.  The next day the media was 

replaced and varying amounts of virus ranging from 1.25 to 40 µL were added.  The media 

was replaced again 24 hours post-infection and cells were collected at 72 hours post-infection 

for analysis by flow cytometry.  The infectious titer was calculated from the flow data by adding 

all positive quadrants (mCherry+ only, GFP+ only, and mCherry+/GFP+) to determine 

infectivity and then plotting the volume of virus against infectivity. 

Drug Treatments and Infections 
Drug treatments were performed using U373-MAGI cells in 12-well plates similar to 

the way in which viral stocks were titered (Section 3.3).  Two hours prior to infection, drugs (1-

2 µL) were added to a final volume of 0.5 mL media in each well.  Uninfected cells and no drug 

(DMSO only-treated cells) were included as controls.  After two hours, virus and additional 

media were added, resulting in a final volume of 1 mL in each well.  Drug concentrations were 

based on the final volume of 1 mL.  The amount of virus added was targeted to achieve 15-

30% infection (for the no drug control) based on the previously determined viral titer.  Drugs 

were removed by replacing the media 24 hours post-infection.  The cells were collected 72 

hours post-infection for flow cytometry by treating with trypsin, pelleting at 500xg for 5 minutes, 

resuspending in 200 µL Dulbecco’s Phosphate-Buffered Saline (DPBS) + 2% FC3, and 

transferring to 96-well plates.       
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Infectivity and Mutant Frequency Determination by Flow Cytometry 
Cells were analyzed for mCherry and GFP expression on a BD LSR II flow cytometer 

(BD Biosciences; San Jose, CA).  Cells were first gated based on forward scatter and side 

scatter, and a minimum of 10,000 gated cells were analyzed per sample.  GFP was excited 

with a blue 488 nm laser and emission detected using 505LP and 525/50 filters.  mCherry was 

excited by a custom green 561 nm laser and emission detected using 595LP and 610/20 

filters.  It should be noted that early on in our work we determined that very little fluorescent 

compensation was necessary with this particular combination of fluorophores, lasers, and 

filters (data not shown).  These control experiments were performed by transfecting mCherry 

or GFP into 293T cells and then analyzing the transfected cells (either kept separately or 

mixed together) by flow cytometry.  Flow cytometry data were examined in FlowJo v. 7.6.1 

(Ashland, OR).  Infectivity was determined by adding all three positive populations:  mCherry+ 

only, GFP+ only, and mCherry+/GFP+.  Mutant frequency was calculated by dividing the 

single positive populations (mCherry+ only and GFP+ only) by all infected cells.  Double 

negative (mCherry-/GFP-) cells were excluded due to the difficulty in detecting these rare 

events; mutant frequency calculations are therefore underestimates.  Infectivity and mutant 

frequency data were normalized to the no drug controls. 

Cellular toxicity analysis.  The cytotoxicity of drugs was assessed using the CellTiter-Glo 

Luminescent Cell Viability Assay from Promega (Madison, WI) following the manufacturer’s 

instructions.  5000 U373-MAGI cells/well were plated in 96-well plates the day before drug 

treatment.  The following day the medium was replaced and drugs (alone or in combination) 

were added to a final volume of 200 µL/well.  No drug (DMSO only) and no cell wells were 

included as controls.  The luminescence was recorded using an Orion microplate luminometer 

from Berthold Detection Systems (Huntsville, AL).  The data were analyzed by first subtracting 

the no cell control value and then normalizing to the no drug control. 

Characterization of Mutation Spectra in HIV-1  
Infected mCherry+/GFP- U373-MAGI cells were sorted at the Masonic Cancer Center 

at the University of Minnesota using a BD FACSAria II.  A minimum of 3000 cells were 

collected per sample.  Genomic DNA was isolated by the High Pure PCR Template kit from 

Roche (Indianapolis, IN).  GFP was amplified in a single PCR reaction using the Platinum 

PCR Supermix from Invitrogen and the primers 5’-CAAGCGTATTCAACAAGG-3’ and 5’-

GCAATACAGCAGCTAACAATG-3’.  The PCR product was ligated into pGEM-T (Promega) 

and the gfp gene was sequenced at Functional Biosciences, Inc. (Madison, WI) using the T7 

promoter primer.  Sequences were aligned to the reference and mutations identified using 
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Lasergene (DNASTAR, Inc., Madison, WI).  Duplicate mutations, presumably arising from 

PCR amplification, were excluded from analyses.  Several G-to-A hypermutants (multiple G-to-

A mutations within the same sequence) were observed, and these likely resulted from 

APOBEC3 activity, as they occurred in a GA or GG dinucleotide context and were present in 

both the no drug as well as drug treatment samples.  These rare events were excluded from 

the analyses due to their potential for creating false differences in the rate of G-to-A mutations 

between samples.   

Statistical Analyses 
All graphs were created in Microsoft Excel v 12.3.5 (Redmond, WA) or GraphPad 

Prism v 5.0 (GraphPad Software, Inc.; La Jolla, CA).  EC50 values of drugs (drug concentration 

at which there is a 50% reduction in viral infectivity) were determined by plotting normalized 

infectivity against the log-transformed drug concentrations and fitting a non-linear regression 

curve to the data.  Likewise, CC50 values of drugs (drug concentration at which there is 50% 

cytotoxicity) were determined by plotting normalized cell viability against the log-transformed 

drug concentrations and fitting a non-linear regression curve to the data.  Two-way ANOVA 

was performed using the statistical package R to compare the impact of drug combinations 

against single drugs on infectivity and mutant frequency.  All analyses were performed on the 

log-transformed data without normalization.  Differences in mutation spectra were assessed 

using Fisher’s exact test in GraphPad Prism. 
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