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Abstract	
  

	
  

	
   HIV-­‐1	
  packages	
  several	
  small	
  cellular	
  RNAs	
  in	
  addition	
  to	
  its	
  genome.	
  

Prominent	
  among	
  these	
  is	
  the	
  host	
  noncoding	
  RNA	
  7SL,	
  of	
  which	
  12-­‐16	
  molecules	
  

are	
  found	
  per	
  HIV-­‐1	
  particle.	
  This	
  dissertation	
  examined	
  the	
  packaging	
  of	
  7SL	
  RNA	
  

by	
  HIV-­‐1	
  to	
  elucidate	
  the	
  cis-­‐	
  and	
  trans-­‐acting	
  factors	
  that	
  influence	
  7SL	
  RNA	
  

packaging.	
  7SL	
  consists	
  of	
  two	
  domains,	
  the	
  Alu	
  domain	
  and	
  the	
  S	
  domain.	
  

	
   To	
  determine	
  the	
  trans-­‐acting	
  packaging	
  factors,	
  minimal	
  virus-­‐like	
  particles	
  

were	
  examined	
  for	
  7SL	
  packaging.	
  It	
  was	
  determined	
  that	
  minimal	
  ΔNC	
  VLPs	
  retain	
  

7SL	
  RNA	
  primarily	
  as	
  an	
  endoribonucleolytic	
  fragment,	
  referred	
  to	
  as	
  7SL	
  remnant	
  

(7SLrem).	
  Nuclease	
  mapping	
  revealed	
  that	
  7SLrem	
  is	
  a	
  111-­‐nucleotide	
  internal	
  

portion	
  of	
  7SL,	
  with	
  5'	
  and	
  3'	
  ends	
  corresponding	
  to	
  unpaired	
  loops	
  in	
  the	
  7SL	
  two-­‐

dimensional	
  structure.	
  7SLrem	
  was	
  found	
  in	
  minimal	
  VLPs	
  that	
  contained	
  all	
  Gag	
  

proteins	
  except	
  NC,	
  and	
  in	
  minimal	
  VLPs	
  that	
  lacked	
  all	
  of	
  Gag	
  except	
  the	
  C-­‐terminal	
  

domain	
  of	
  CA	
  and	
  sp1,	
  indicating	
  that	
  NC	
  protects	
  the	
  Alu	
  domain	
  from	
  processing	
  

and	
  that	
  CA/sp1	
  is	
  sufficient	
  for	
  the	
  acquisition	
  of	
  7SL.	
  

	
   The	
  cis-­‐acting	
  regions	
  of	
  7SL	
  that	
  mediate	
  packaging	
  by	
  HIV-­‐1	
  were	
  

examined	
  by	
  determining	
  the	
  packaging	
  phenotype	
  of	
  7SL	
  derivatives.	
  Both	
  the	
  Alu	
  

domain	
  and	
  the	
  S	
  domain	
  were	
  packaged	
  specifically	
  when	
  expressed	
  separately	
  as	
  

truncations	
  of	
  7SL.	
  However,	
  while	
  the	
  Alu	
  domain	
  competed	
  with	
  endogenous	
  7SL	
  



vii	
  

for	
  packaging	
  in	
  proportion	
  to	
  Gag,	
  the	
  S	
  domain	
  was	
  packaged	
  additively,	
  implying	
  

that	
  the	
  Alu	
  domain	
  is	
  packaged	
  by	
  the	
  same	
  mechanism	
  as	
  endogenous	
  7SL	
  but	
  that	
  

the	
  Alu	
  and	
  S	
  domains	
  are	
  packaged	
  via	
  separate	
  mechanisms.	
  

	
   These	
  data	
  suggest	
  that	
  multiple	
  domains	
  of	
  7SL	
  (Alu	
  and	
  S)	
  interact	
  with	
  

multiple	
  domains	
  of	
  Gag	
  (CA	
  and	
  NC).	
  The	
  ability	
  of	
  7SL	
  to	
  interact	
  with	
  multiple	
  

domains	
  of	
  Gag	
  suggests	
  that	
  7SL	
  may	
  play	
  a	
  role	
  in	
  retroviral	
  assembly,	
  possibly	
  by	
  

nucleating	
  functional	
  subsets	
  of	
  Gag	
  or	
  by	
  chaperoning	
  Gag	
  to	
  sites	
  of	
  assembly.	
  In	
  

addition	
  to	
  the	
  implications	
  for	
  retroviral	
  replication,	
  these	
  data	
  demonstrate	
  the	
  

ability	
  to	
  manipulate	
  the	
  cellular	
  RNA	
  content	
  of	
  retroviral	
  virions,	
  which	
  has	
  

potential	
  application	
  as	
  a	
  delivery	
  mechanism	
  for	
  modified	
  RNAs	
  such	
  as	
  aptamers.	
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Chapter One 

Introduction 

 

 The retrovirus human immunodeficiency virus type 1 (HIV-1) is the causative 

agent of acquired immunodeficiency syndrome (AIDS), a devastating disease that has 

killed over 20 million people worldwide since its discovery in 1983. While HIV-1 has 

been intensively studied for three decades, much of its basic biology is not yet 

understood. This dissertation focuses on the factors that influence HIV-1’s packaging of a 

cellular RNA, 7SL. 

 

Retroviruses 

 Retroviruses are enveloped viruses whose defining characteristic is the reverse 

transcription of their RNA genome into proviral DNA and the subsequent integration of 

the proviral DNA into the genome of the host. 

 

Retroviral classification 

 Retroviruses are classified according to their genomic structure, and are divided 

into two subfamilies, the orthoretroviruses and the spumaretroviruses. Orthoretroviruses 

are further divided into six genera: alpha-, beta-, gamma-, delta-, epsilon-, and 

lentiviruses (61). The first three genera are termed “simple” retroviruses because their 

genome encodes only three genes, gag, pol, and env, while the latter three genera are 
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considered to be “complex” retroviruses because they encode additional accessory 

factors. The work in this thesis will focus on the lentivirus HIV-1. Comparisons will be 

also made to the gammaretrovirus murine leukemia virus (MLV), which is commonly 

used as a model retrovirus. 

 

Retroviral genomic structure 

 Common to all retroviruses are the genes gag, pol, and env (60). Gag and Pol are 

viral polyproteins, consisting of multiple domains that are cleaved into individual 

proteins by the viral protease PR during viral maturation (Fig. 1-1a). Gag is the structural 

polyprotein, whose domains are matrix (MA), capsid (CA), and nucleocapsid (NC). The 

Gag of HIV also includes spacer protein 1 (sp1) between CA and NC, and spacer protein 

2 (sp2) and p6, C-terminal of NC. Pol is the enzymatic polyprotein, whose domains are 

protease (PR), reverse transcriptase (RT), and integrase (IN). Env, the transmembrane 

envelope protein found in the virion, is also a polyprotein. Unlike Gag and Pol, Env is 

cleaved by cellular proteases before viral assembly. The cleavage products of Env are the 

ectodomain, gp120, and the transmembrane domain, gp41. 

 Whereas all retroviruses encode the primary genes gag, pol, and env, HIV also 

codes for six accessory factors: Tat, Rev, Vif, Nef, Vpr, and Vpu (Fig. 1-1b). The 

regulatory proteins Tat and Rev are necessary for the initial expression of the provirus 

(158). To facilitate viral replication, mRNAs for Tat and Rev are the first mRNAs to be 

produced from the proviral DNA and are fully spliced. The transcriptional activator Tat is 

required for complete transcription from the viral promoter contained within the long  
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Figure 1-1. HIV proteins and genome. (A) Schematics of HIV-1 Gag (left) and GagPol 
(right). (B) Schematic of the HIV-1 genome. MA, matrix; CA, capsid; sp1, spacer protein 
1; NC, nucleocapsid; sp2, spacer protein 2; PR, protease; RT, reverse transcriptase; IN, 
integrase. 
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terminal repeat (LTR). In the absence of Tat, native proviral sequences produce only 

abortive transcription products (79, 261, 325). Rev binds to a region of viral genomic 

RNA (gRNA) known as the Rev-responsive element (RRE) and enables the export of 

gRNA from the nucleus via the CRM1 pathway (92, 165). In the absence of Rev and/or if 

RRE is mutated, genomic RNA accumulates in the nucleus. 

 The remaining accessory factors, Vif, Nef, Vpu, and Vpr, are dispensable in many 

cell culture systems. However, all four appear to be necessary for pathogenesis in the host 

(4, 114). The viral infectivity factor Vif counteracts the innate antiviral protein 

APOBEC3G (A3G), a cytosine deaminase that interferes with reverse transcription (231, 

274). In contrast, Nef is involved in many of the pathways by which HIV evades cellular-

mediated immunity (6, 43): to render infected cells “invisible” to cytotoxic T cells, Nef 

down-regulates MHC-I molecules from the cell surface. However, because a complete 

absence of MHC-I molecules from the cell surface is a signal to natural killer (NK) cells, 

HIV selectively down-regulates the MHC-I proteins HLA-A and HLA-B, but not HLA-C 

and HLA-E. This prevents lysis by NK cells but still provides some protective effect 

against cytotoxic T cells (62, 271). Nef may also stimulate the secretion of factors that 

attract susceptible cells and interfere with the ability of B cells to produce antibodies 

(255, 294). Viral protein R (Vpr) induces cell cycle arrest in the G2 phase, although the 

benefit this provides for the virus remains unclear (251). Viral protein U (Vpu) induces 

the degradation of CD4 (29), thereby reducing superinfection of cells. Vpu also 

counteracts the innate antiviral protein tetherin (226). 
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The retroviral life cycle 

 Retroviral replication can be divided into two phrases: 1) early events, from entry 

through integration, and 2) late events, from transcription through budding and 

maturation (Fig. 1-2). 

 

Early events: Entry and reverse transcription 

 As with all viruses, HIV infection is initiated by the entry of the virus into the cell 

(323). HIV entry is not pH-dependent, indicating that entry occurs at the plasma 

membrane (PM) rather than in endosomal compartments (286). However, recent evidence 

indicates that some entry may occur in endosomal compartments, although this 

mechanism of entry is still pH-independent (211). Entry begins by the interaction of the 

transmembrane viral Env protein with the cell-surface immunoglobulin-like CD4. This 

interaction promotes a conformational change in Env, exposing the co-receptor binding 

site (173). Depending largely on the identity of two amino acids in the co-receptor 

binding site, Env can then bind to either of the chemokine receptors CCR5 or CXCR4 

(19, 335). Binding to the correct co-receptor triggers a further conformational change in 

Env and results in the fusion of the viral and cellular membranes and the delivery of the 

viral core to the cytoplasm of the newly infected cell (207). 

 The viral core is then transported from the plasma membrane to the nuclear 

membrane. During this time, the majority of the viral proteins that make up the viral core 

are shed in a process called uncoating, although exactly what this process involves, and 

when and where it occurs, remain unclear (5). 
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Figure 1-2. The retroviral life cycle.  
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 After delivery to the cytosol and prior to transport across the nuclear membrane, 

reverse transcription occurs (Fig. 1-3) (298). Reverse transcription is thought to be 

initiated by the sudden appearance of non-limiting amounts of deoxynucleotides upon 

entry of the core to the cytosol (216). Successful reverse transcription is also dependent 

on successfully regulated uncoating – that is, uncoating must not be too early or too late, 

or involve the loss of too many capsid proteins or too few. Mutations in Gag that increase 

or decrease the stability of capsid during uncoating block retroviral replication at the 

reverse transcription step (313). The cytoplasmic antiviral protein TRIM5α interferes 

with uncoating by interacting with capsid and likewise blocks replication at the reverse 

transcription step (291). 

 Reverse transcription is carried out by the viral enzyme reverse transcriptase 

(RT), a DNA polymerase that can use either RNA or DNA as its template (141, 180). RT 

also contains an RNase H domain and degrades the RNA component of an RNA:DNA 

hybrid (285). Like all DNA polymerases, RT requires a primer, which is a specific tRNA 

packaged by the virion during assembly (199). Reverse transcription initiates at the 

primer binding site, using the tRNA as a primer, and then continues to the 5' end of the 

genomic RNA (7). Because the RNase H activity of RT degrades the RNA template as 

DNA synthesis progresses, the product of this first step of reverse transcription is single-

stranded, negative sense DNA known as minus strand strong stop DNA. Using the 

homology of the R regions, RT performs the first forced template switch, from the 5' to 

the 3' end of the RNA (14). 

 Reverse transcription continues until the 5' end of the RNA is reached, a process 

that takes several hours. RNase H continues to degrade the RNA template during  
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Figure 1-3. Reverse transcription. Black, RNA; dark grey, minus strand DNA; light 
grey, plus strand DNA. (Adapted from reference 298).  
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transcription. However, two purine-rich regions of RNA known as the polypurine tracts 

(PPT) are resistant to RNase H degradation. Two additional RT molecules use the PPT 

RNA as primers to initiate the transcription of the second, positive sense strand of DNA 

(48, 49). Transcription continues through 18 bp of the primer tRNA, which is 

subsequently degraded because it is RNA. The DNA strand thus produced (the 3' end of 

which is single-stranded due to digestion of the primer tRNA) is the plus strand strong 

stop DNA. After completion of the minus strand DNA, RT mediates the second forced 

template switch, using the homology of the primer binding site (16). Transcription 

continues until the plus strand DNA is completed, yielding double-stranded proviral 

DNA (108). 

 After reverse transcription, proviral DNA must be imported into the nucleus for 

integration into the host genome. Unlike gammaretroviruses such as MLV, HIV can 

infect non-dividing cells, implying transport across an intact nuclear membrane (35, 259, 

318). Evidence suggests that the unit that is transported across the nuclear membrane is 

the pre-integration complex (PIC), consisting of proviral DNA, MA, RT, and IN (84, 90, 

143). The PIC is formed after reverse transcription is completed and is transported across 

the nuclear membrane by cellular factors, although the exact mechanism by which this 

occurs remains unknown (210). 

 Integration of proviral DNA into the host chromosome is mediated by IN and 

occurs in a single concerted event (53). Evidence suggests that the integration site is 

essentially random, although HIV exhibits a preference for transcriptionally active DNA 

(133, 185). To facilitate integration into transcriptionally active regions of DNA, IN uses 

the cellular protein LEDGF to tether the integration complex to chromatin (59, 189, 276). 
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Integration is irreversible, so that infection by one virus yields a potential reservoir for 

new virus that lasts until the death of the cell (or the host). The irreversibility of 

integration and the ability of an integrated provirus to remain latent until transcriptional 

activation is one of the primary difficulties encountered when searching for a “cure” for 

HIV infection. 

 

Late events: Transcription, translation, and assembly 

 To complete the infection cycle, the integrated provirus must be transcriptionally 

activated. Although the initiation of transcription from the LTR promoter is highly 

efficient, initial transcription is abortive due to inefficient elongation. However, short, 

multiply spliced RNAs coding for Tat and Rev are produced (158, 341). Transcription 

remains at this level until Tat is translated and imported into the nucleus. Tat binds to a 

region of the nascent mRNA immediately 3' of the HIV promoter termed TAR. In 

conjunction with multiple cellular co-factors, Tat stabilizes the elongation complex, 

enabling efficient transcription of the unspliced gRNA/GagPol mRNA and the 

alternatively spliced Env, Vif, Nef, Vpr, and Vpu mRNAs (79, 217). 

 Because the RNA that serves as both the genomic RNA and the mRNA for Gag 

and GagPol is unspliced, HIV must circumvent the RNA quality control pathways that 

typically retain and degrade unspliced and incompletely spliced RNA in the nucleus. The 

regulatory protein Rev enables this circumvention by binding to a region of HIV RNA 

known as the Rev-responsive element (RRE) and facilitating the export of the intron-

containing RNA from the nucleus by interacting with the nuclear export factor CRM-1 

(69, 125, 165, 200, 227, 254). Proviruses that have been modified so that their RNA 
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product uses an alternative nuclear export pathway can generate viral proteins but do not 

efficiently form viral particles in tissue culture. This suggests that proper trafficking of 

unspliced HIV RNA through the CRM-1 pathway is crucial not only for efficient nuclear 

export but also for later trafficking and assembly of Gag (149, 150, 274). 

 After export from the nucleus, viral mRNA is translated. The typical ribosomal 

scanning mechanisms used for the translation of cellular mRNAs are ineffective on the 

unspliced viral mRNA/gRNA because of the multiple tertiary structures in the 5’ region 

of the RNA, including TAR, PBS, and Ψ. To overcome this difficulty, HIV 

gRNA/mRNA likely encodes an internal ribosome binding site (IRES) and employs 

multiple cellular co-factors to enhance translation (27). Approximately 5% of the time 

during the translation of Gag, a -1 ribosomal frameshift occurs near the end of the Gag 

reading frame, resulting in a shift into the Pol reading frame. This causes around 1 in 

every 20 proteins produced to be the GagPol fusion protein (Fig. 1-1) (32). 

 Subsequent steps in the viral life cycle involve the trafficking of the viral proteins 

and RNA to the plasma membrane, the assembly of the viral particle, the budding of the 

virus from the host cell, and finally, the maturation of the viral particle into its fully 

infectious form. These steps will be discussed in more detail below. 

 

Retroviral assembly 

 In brief, HIV assembly can be summarized in four steps: 1) targeting of Gag and 

gRNA to the plasma membrane (PM); 2) binding of Gag to the PM; 3) Gag 

multimerization and gRNA encapsidation; and 4) budding and release (100, 101). 
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Domains of Gag 

 The structural polyprotein Gag is necessary and sufficient to assemble virus-like 

particles (VLPs) both in vitro and in vivo (40, 41, 65, 106). Gag is composed of six 

domains that are subsequently cleaved into independent proteins during virion maturation 

(Fig. 1-1) (270). The following paragraphs focus on the functions of these domains as 

parts of the Gag polyprotein during assembly rather than on their roles as independent 

proteins post-maturation. 

 The N-terminal domain of Gag is the matrix (MA) domain, which is responsible 

for targeting Gag to the plasma membrane (PM). The N-terminus of MA is post-

transcriptionally modified with a myristate moiety that is sequestered in a hydrophobic 

region of the protein until MA binds the PM (112, 295). MA also contains a positively 

charged highly basic region (HBR) and a conserved region from amino acids 84-88, both 

of which are required for proper membrane targeting (96, 130, 239, 240). 

 The central region of Gag consists of capsid (CA) and spacer protein 1 (sp1), 

which together are responsible for the Gag/Gag lattice interactions that are necessary for 

Gag multimerization (100, 170, 272). CA consists of an N-terminal domain (CA-NTD) 

and a C-terminal domain (CA-CTD), which are joined by a flexible linker. sp1 is also 

joined to CA-CTD by a flexible linker. Within the CA-CTD lies the major homology 

region (MHR), which is highly conserved across all retroviruses and is necessary for 

proper particle formation and morphogenesis (82, 201). Together, CA and sp1 mediate 

the formation of the hexamers of Gag that are the functional unit of the Gag lattice, 

although only the CA-CTD and sp1 are absolutely required for particle production (1, 28, 

326). 
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 The nucleocapsid (NC) domain is connected to sp1. NC contains multiple RNA-

binding motifs, including two zinc finger (ZF) motifs that interact specifically with 

gRNA and several basic regions that bind non-specifically to RNA. NC is responsible for 

recruiting the genomic RNA to the sites of assembly and for encapsidating gRNA during 

particle formation (67, 257). 

 Spacer protein 2 (sp2) and p6 are C-terminal of NC. Within p6 are two so-called 

“late domains”, the PT/SAP domain and the YPXnL domain, which promote budding and 

release of the immature virion by recruiting the cellular ESCRT machinery (73, 95). p6 

also mediates Vpr incorporation (11, 267). 

 

The architecture of the virion 

 To understand viral assembly, the structure of the immature virion must first be 

understood (101). Fig. 1-4 shows a schematic of the immature and mature virion. 

Immature retroviral particles are spherical shells of the Gag protein surrounded by a lipid 

bilayer derived from the host cell plasma membrane (324). Interestingly, the shell of Gag 

is incomplete when the virus buds from the cell, although the reason for this remains 

unknown (33, 72, 326). The N-terminal MA domain of Gag is bound to the viral 

membrane, while the C-terminal p6 domain is at the center of the virion. The viral 

genomic RNA is condensed at the core of the virion by interactions with the NC domain. 

Also in the core of the virion are the Pol regions of the GagPol fusion proteins, as well as 

multiple cellular factors that are packaged by the virus. Env exists as a trimer of 

heterodimers (gp120 and gp41) tethered to MA and protruding through the viral 

membrane. 
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Figure 1-4. The HIV virion. Schematics of the immature (A) and mature (B) HIV-1 
virion. The conical core of the mature virion consists of capsid. MA, matrix; CA, capsid; 
NC, nucleocapsid; PR, protease; RT, reverse transcriptase; IN, integrase; Env, envelope; 
gRNA, genomic RNA.  
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 After release, the viral protease (PR) domain of Pol dimerizes and undergoes 

autoproteolysis to release the functional protease (169). Further cleavage of Gag and 

GagPol occurs in a temporally defined sequence. Mutations in Gag that alter the order in 

which Gag is cleaved produce non-infectious virus, likely due to misfolding of the 

liberated proteins (219, 249). Cleavage promotes the condensation of CA into a highly 

ordered conical core composed of CA hexamers. However, to maintain the proper 

curvature of the lattice, 12 pentamers are required (5 at the narrow end of the cone and 7 

at the wide end) (186). Within the CA capsid remain the gRNA (now further condensed 

with NC), the viral enzymes RT and IN, and multiple cellular factors. MA remains as a 

spherical shell just under the lipid bilayer. 

 

Intracellular Gag trafficking 

 Viral assembly occurs at the plasma membrane, requiring the movement of Gag 

from cytosolic ribosomes to the outer boundary of the cell (13, 55, 88, 222). Two classes 

of proteins normally involved in vesicle trafficking have been implicated in Gag 

trafficking: clathrin-associated heterotetrameric adaptor protein (AP) complexes and 

ADP-ribosylation factor (Arf) proteins. AP-1 is normally involved in the bidirectional 

transport of vesicles between the trans-Golgi network and endosomes, while AP-3 is 

normally involved in the transport of vesicles from early endosomes and the TGN to late 

endosomes, multivesicular bodies, and lysosomes (223, 234). Both AP-1 and AP-3 

interact with the MA domain of Gag. Depletion of both AP-1 and AP-3 leads to altered 

intracellular localization of Gag and reduced particle production (42, 81, 103). Arf 

proteins are responsible for trafficking GGA (Golgi-localized, γ-ear containing, Arf-
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binding) proteins to the plasma membrane (68, 109, 156). Overexpression of GGA 

proteins reduces HIV-1 particle production, while depletion of GGA proteins enhances 

particles production. Depletion of Arf proteins also leads to reduced viral release (153, 

154). Together, these data suggest that HIV Gag competes with GGA for Arf binding. 

Further details on how the Arf and AP proteins mediate Gag trafficking remain to be 

elucidated. 

 Intracellular movement also requires components of the cytoskeleton. In the cell, 

microtubules mediate long-range transport, while actin filaments mediate short-range 

transport. Microtubules, therefore, would be expected to be involved in the transport of 

Gag to the PM, although actin has been reported to be involved at the site of viral 

assembly (110). Inhibition of tubulin remodeling, necessary for microtubule-based 

transport, disrupts Gag trafficking to the PM (151). Furthermore, Gag interacts with the 

kinesin KIF4, and depletion of KIF4 disrupts Gag trafficking and inhibits particle 

production (204, 296). Because kinesins are the microtubule-based motor proteins 

responsible for the trafficking of cargo towards the PM, these data suggest that Gag is 

transported from its sites of translation to sites of assembly by employing the 

microtubule-based transport machinery. 

 

Targeting of Gag to the PM and Gag’s interactions with lipids 

 HIV does not assemble on the membranes of intracellular compartments such as 

endosomes, instead, it preferentially assembles on the plasma membrane or, in 

macrophages, on invaginations of the plasma membrane (74, 319). This targeting ability 

maps to the MA domain of Gag, as Gag molecules lacking MA exhibit promiscuous 
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membrane targeting (284). Specific mutations to the HBR or amino acid residues 84-88 

of MA mistarget Gag to the membranes of late endosomes, indicating that it is these 

regions specifically that are involved in PM targeting (96, 130, 239, 240). However, in 

the context of ΔMA Gag, only the N-terminal six amino acids (including the 

myristylation signal) are required for efficient PM targeting, implying that the HBR and 

aa 84-88 are necessary for PM targeting only in the context of full-length Gag (1, 247). 

 The HBR of MA targets Gag to the PM by interacting specifically with the lipid 

phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2]. PI(4,5)P2 is a type of lipid known as 

a phosphoinositide. PI(4,5)P2 localizes to the inner leaflet of the PM, which is also the 

assembly site for HIV (314). Two lines of evidence initially led to the hypothesis that 

PI(4,5)P2 is involved in HIV assembly: 1) when PI(4,5)P2 is depleted from the cell by 

overexpression of polyphosphoinositide 5-phosphatase IV, Gag either mislocalizes to 

perinuclear membranes or remaines cytoplasmic (56, 238); and 2) when PI(4,5)P2 is 

relocalized to an intracellular compartment by expression of a constitutively active form 

of Arf6, Gag localizes to this new compartment instead of the PM (238). 

 Furthermore, the mechanism by which MA binds PI(4,5)P2 has been elucidated. 

Prior to binding PI(4,5)P2, the myristate moiety on the N-terminus of MA is bound in a 

hydrophobic pocket. The phosphoinositol headgroup of PI(4,5)P2 binds to the HBR of 

MA, which shows high specificity for PI(4,5)P2 over other phosphoinositides (264, 275). 

The unsaturated fatty acid chain of PI(4,5)P2 binds to a hydrophobic groove adjacent to 

the sequestered myristate, prompting a conformational change that exposes the myristate 

and allows it to insert into the PM (264). Gag is therefore tethered to the PM by two 

saturated fatty acids: the myristate and the saturated fatty acid side chain of PI(4,5)P2. 
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Acquisition and encapsidation of the viral RNA 

 HIV virions are highly enriched in their genomic RNA relative to their 

concentration in the cell. While gRNA consists of only ~3% of the RNA content of the 

cell, it is over 50% of the RNA content of the virion (21, 263). This enrichment alone 

would indicate that gRNA packaging is non-random. Further supporting this finding, the 

determinants of packaging have been identified for both genomic RNA and the Gag 

protein (67, 182). The region of genomic RNA responsible for mediating its packaging is 

known as the packaging signal, or psi (Ψ); mutations in the Ψ site of gRNA severely 

reduce the packaging efficiency of the genome (3, 183). Similarly, the region of Gag 

responsible for mediating gRNA packaging is the NC domain; ΔNC VLPs and VLPs 

containing Gag with specific mutations in the NC domain also contain severely reduced 

amounts of genome (3, 77, 241). The NC domain of Gag is not only highly specific for 

RNAs that contain a Ψ site over those that do not, but also NCs are highly specific for the 

Ψ site of their own species. Chimeric Gags in which the NC domain has been replaced by 

an NC domain of another retrovirus preferentially package RNAs containing the Ψ site of 

the same retrovirus species as the NC domain (20, 339). The ability of HIV-1 NC to 

specifically recognize Ψ maps to two zinc finger (ZF) motifs with the sequence C-X2-C-

X4-H-X4-C (the “CCHC” motifs) (3). Mutations to any of the zinc-coordinating cysteines 

or histidines result in the production of viral particles that package significantly less 

genome (3). Similarly, treatment of viruses with zinc chelators render the virus non-

infectious (258). 
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 Unlike simple retroviruses such as ALV and MLV, whose Ψ sites are small and 

well-defined, the Ψ site of HIV covers the entire 5’ UTR and likely extends into the gag 

coding region (188). Mutational analysis of the HIV Ψ site has been hampered by the 

highly structured character of the 5’ UTR – small mutations affect packaging, but it is 

often difficult to determine exactly what effects on the structure of the RNA these 

mutations have (77, 176, 192). However, recent studies have narrowed down the region 

of the 5’ UTR necessary for dimerization and packaging to a 159 nt sequence (128, 191). 

 Ψ is known to overlap the dimerization initiation site, and multiple lines of 

evidence suggest that gRNAs are packaged as pre-formed dimers (215). Mutations that 

affect dimerization also reduce packaging (135). gRNA is found in viral particles as a 

dimer, even when gRNA packaging is significantly reduced, and nonviral RNAs to which 

Ψ sites have been added are also packaged as dimers (51, 131). In MLV, dimerization has 

been shown to expose sites that undergo high affinity interactions with NC (212). Recent 

evidence indicates that HIV employs a similar mechanism, although this remains an 

active area of investigation (128). 

 NC is not the only region of Gag known to interact with RNA. The HBR of MA 

can also bind nucleic acid (243). When particles are assembled in vitro out of Gag and 

nucleic acid, they are 25-30 nm in diameter, rather than the ~120 nm diameter of 

authentic immature particles (40). These smaller particles are consistent with rods of Gag 

being in a  “bent over” conformation, with both NC and MA in contact with the nucleic 

acid. Biochemical analysis provides evidence that Gag in solution is in this same “folded-

over” conformation, and particles formed in vitro are the correct size if polycationic 

lipids are added along with nucleic acid to Gag (39, 65, 71). MA appears to have higher 
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specificity for lipids than RNA; and lipids, especially PI(4,5)P2, compete directly for 

binding to the HBR of MA (57). These data have led to a model in which Gag contacts 

the gRNA with both its NC and MA domains until it reaches the PM, at which point 

PI(4,5)P2 successfully competes for MA binding with RNA, and the tethering of Gag to 

the PM is achieved via PI(4,5)P2 and the myristate moiety. It has been hypothesized that 

this mechanism helps prevent the non-specific interaction of MA with lipids and the 

resulting promiscuous membrane targeting of Gag (57). 

 The exact cellular location of the first interaction between Gag and gRNA 

remains unknown. However, recent evidence indicates that gRNA is recruited to the PM 

as a pre-formed dimer, likely in complex with a few Gag molecules; this indicates that 

the initial interaction between Gag and gRNA occurs before the targeting to the site of 

viral assembly (51, 155). There are two models that describe the pathway by which a 

retroviruses can select its genome: 1) in the “one pool” hypothesis, the same mRNA that 

is used to translate Gag molecules can be acquired by those very same Gag molecules; 

and 2) in the “two pool” hypothesis, one population of viral RNAs leaving the nucleus 

becomes gRNA without being translated, and a separate population of viral RNAs is 

translated without being packaged. Various lines of evidence suggest that MLV employs 

the two-pool model, while the same tests suggest that HIV employs one pool (51, 93, 94, 

215). However, cis packaging of gRNA is favored rather than obligatory, as Gag proteins 

produced from a Ψ(-) RNA can package a co-expressed Ψ(+) gRNA that does not 

produce Gag (128). 
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RNA as a structural component of the retroviral particle 

 In addition to the role of gRNA as the viral genome, RNA – but not necessarily 

gRNA – has been proposed to serve a structural role during assembly. Supporting this 

hypothesis is the necessity of using RNA to prime assembly in vitro: purified Gag 

molecules are soluble in solution, but form VLPs upon the addition of nucleic acid (40, 

41, 65). Further evidence of the role of RNA in assembly comes from analysis of NC 

mutants. Deletion of the NC domain reduces the production of intact particles by about 

40-fold. However, this phenotype is rescued if the NC domain is replaced by a domain 

capable of forming protein-protein interactions such as a leucine zipper (LZ) motif (1, 65, 

340). These data have been used to propose a model in which the binding of RNA by the 

NC domain promotes the oligomerization of Gag. 

 The identity of the nucleic acid used to promote the oligomerization of Gag 

remains unclear. In vitro, the requirement for nucleic acid to prime assembly is non-

specific as to the identity of that nucleic acid: both RNA and DNA can prime assembly 

equally well, and nucleic acids can be as short as 20-40 nucleotides with no appreciable 

loss in particle production (40, 195, 196). It can be assumed that Gag is more selective in 

vivo because the RNA content of a viral particle produced in a cell is non-random (see 

below), and wild-type particles do not contain any DNA. 

 The gRNA is a candidate for playing a role in assembly, as it is known to interact 

with the majority of Gag molecules present in the virion through the NC domain. Indeed, 

when viral particles are prevented from packaging gRNA because of mutations in the Ψ 

site, they package comparable amounts of cellular mRNAs, implying that gRNA must be 

replaced by RNA of similar characteristics for efficient particle production (263). 
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However, genomic RNA is likely not the only RNA serving a structural role during 

assembly: mutations in the ZF motifs of NC, which mediate specific encapsidation of 

gRNA, do not affect particle production, while mutations in the basic region of NC, 

which recognizes RNA non-specifically, reduce particle yield by ~10-fold (58, 308). 

These findings raise the possibility that alternative (i.e., cellular) RNAs are employed by 

the retrovirus to facilitate Gag multimerization. 

 

Cellular RNAs in retroviruses 

 Early sedimentation studies of avian retroviruses revealed that retroviruses 

package a number of small cellular RNAs in addition to the ~70S viral RNA, data that 

have since been corroborated in other retroviruses (23, 24, 89). Indeed, up to 30% of the 

RNA in a retroviral particle is of cellular origin (188). The majority of these cellular 

RNAs fall between 4S and 8S on a sedimentation gradient. The following subsections 

discuss the cellular RNAs found in retroviral particles in greater detail. 

 

tRNAs 

 A large amount of the 4S RNA found in retroviral particles is tRNA (23, 89, 148). 

As mentioned previously, retroviruses use cellular tRNA to prime reverse transcription 

(199). The tRNA used differs among retroviruses; HIV-1 and other lentiviruses use the 

third isoform of the lysyl-tRNA, tRNALys,3 (166). Primer tRNAs are selectively packaged 

by retroviruses, with their relative concentration in the virion exceeding their relative 

concentration in the cell. HIV packages about 20 molecules of tRNALys per virion. About 

8 molecules in an HIV virion are tRNALys,3, and the remaining 12 molecules are 
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tRNALys1,2, a distribution that reflects the distribution of lysyl-tRNA isoforms in the cell 

(98, 139, 148). 

 Primer tRNAs are packaged as part of a complex that includes RT, NC, and 

gRNA. Pol, and specifically the RT domain of Pol, is required for tRNALys incorporation 

(198). Surprisingly, despite the evidence that primer tRNA is already bound to gRNA in 

the proper position to initiate reverse transcription in the mature virion, and despite data 

showing that changes in the sequence of the primer binding site of gRNA can change the 

identity of the packaged primer tRNA, gRNA is not required for tRNALys encapsidation 

(198). The NC domain of Gag and GagPol is also not required (137). 

 A major determinant for the packaging of tRNALys is the simultaneous packaging 

of the cellular protein responsible for aminoacylating tRNALys, lysyl-tRNA synthetase 

(LysRS). LysRS is selectively packaged by HIV via interactions with the CA-CTD (146, 

167, 168). Although GagPol is required for packaging of tRNALys, Gag alone is sufficient 

for LysRS encapsidation (45). Nevertheless, LysRS appears to be directly responsible for 

the acquisition of tRNALys: overexpression of LysRS in cells producing HIV-1 results in 

both an increase in the packaged LysRS and a proportional increase in packaged 

tRNALys; knockdown of LysRS by RNAi in HIV-producing cells results in a decrease in 

the packaged LysRS and a proportional decrease in packaged tRNALys (98, 119). 

 

mRNAs 

 Cellular mRNAs are not highly packaged by HIV unless the viral gRNA is not 

packaged due to mutations in the Ψ site, as described above. Even when cellular mRNAs 
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are packaged as a replacement for gRNA, the identity of the packaged mRNA is random 

(263). 

 

Pol III products 

 The remaining packaged cellular RNAs have only begun to be characterized. In 

previous work, the cellular RNA content of MLV was examined and found to be 

primarily products of RNA polymerase III (Pol III) (236). Unlike Pol II, which primarily 

produces mRNA, Pol III produces small, non-coding RNAs that primarily have structural 

or enzymatic functions in the cell (244, 321). MLV was found to selectively package the 

spliceosomal RNA (snRNA) U6, the Y RNAs mY1 and mY2, the 5S ribosomal RNA, 

7SL RNA, and the murine 7SL derivative B1 (236). The 5.8S and 18S ribosomal RNAs 

were found to be much less enriched than 5S rRNA, and the other spliceosomal RNAs, 

U1, U2, U4, and U5, were also found to be much less enriched than U6 snRNA. 

Interesting, mY1 and mY3 were found to be packaged by MLV even when the retrovirus 

was expressed in Ro-knockout cells; Ro is a protein that stabilizes Y RNAs, and Y RNAs 

in Ro-knockout cells are rapidly degraded, presumably in the nucleus (104). These data 

indicate that Y RNAs are acquired by MLV early in their biogenesis. 

 All of these selectively packaged cellular RNAs are Pol III products. In fact, the 

5S rRNA and the U6 snRNA are the only rRNA and snRNA produced by Pol III; 5.8S 

and 18S rRNAs are produced by Pol I, and the remaining snRNAs (U1, U2, U4, and U5) 

are produced by Pol II (244). These data suggest a selection bias towards the packaging 

of Pol III products. However, it is unclear whether this finding is due to a shared feature 

of Pol III products – for example, their poly(U) 3’ ends or a shared trafficking pathway – 
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or due to a more general characteristic of these RNAs, such as their highly ordered three-

dimensional structures. 

 Further work on the RNA content of HIV revealed both differences and 

similarities with MLV. The RNA profile of HIV is also highly biased toward Pol III 

products, and many Pol III products are found in both viruses. For example, HIV also 

packages 7SL, U6, and 5S rRNA (77, 135, 237, 263, 302). However, wild-type HIV does 

not package hY1 and hY3 in appreciable amounts, nor does it package the human 7SL 

derivative scAlu (302, 309 and unpublished data). Further detailed work on the RNA 

profile of HIV remains to be performed. 

 Of particular interest in the list of selectively packaged cellular RNA is the 7SL 

RNA. 7SL is found not only in HIV and MLV, but also in Rous sarcoma virus (RSV), 

avian myeloblastosis virus (AMV), Visna virus (VV), feline infectious leukemia virus 

(FeLV), and equine infectious anemia virus (EIAV) (24, 31, 50, 83, 187). 7SL was found 

to be packaged at 3-4 molar excess over genomic RNA in MLV, and 6-7 molar excess 

over genomic RNA in HIV (236, 237). In other words, between 12 and 14 copies of 7SL 

are found per virion in HIV. The commonality of selective 7SL packaging across classes 

of retroviruses, the abundance of 7SL within the virion, and the structural role of 7SL in 

the cell (see below) all make 7SL a prime candidate for a proposed role in retroviral 

assembly. 

 

7SL 

 7SL is the RNA component of the signal recognition particle (SRP), which targets 

nascent membrane and secretory polypeptides to the endoplasmic reticulum (ER). In 
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cells, translation initially occurs on free ribosomes. However, if the protein undergoing 

translation is destined to become a transmembrane or secreted protein, the 

ribosome/mRNA/polypeptide complex must be transported to the ER early in translation 

so that the growing polypeptide can be threaded into or through the ER membrane (66, 

193). Both elongation arrest of the nascent polypeptide and targeting of the ribosomal 

complex to the ER are mediated by the SRP, which is recognized by the SRP receptor 

(SR) on the ER membrane. 

 The eukaryotic SRP is composed of the 7SL RNA and six proteins: SRP9, 

SRP14, SRP19, SRP54, SRP68, and SRP72 (Fig. 1-5). 7SL RNA is divided into three 

regions: the left-hand Alu domain, the right-hand S domain, and the linker region, which 

separates the two. The Alu domain is bound by the SRP9/14 heterodimer (140, 292, 315, 

317), while the S domain is bound by the SRP68/72 heterodimer and the proteins SRP19 

and SRP54 (208, 242, 265, 277). 

 Genesis of the SRP begins in the nucleolus, where 7SL is transcribed (144, 252). 

All SRP proteins except SRP54 have nucleolar localization signals, and bind to 7SL in a 

prescribed manner: first SRP9/14, then SRP68/72 and SRP19 (52, 118, 253, 316). 7SL is 

therefore rarely, if ever, found in the cytoplasm without its accompanying SRP proteins 

(30). After these proteins have bound, the incomplete SRP is translocated out of the 

nucleus, and SRP54 binds in the cytoplasm (197). It has been amply demonstrated that 

SRP54 can only bind to 7SL after a conformation change of the RNA that is caused by 

the binding of SRP19 (113, 121, 172, 242, 268, 322, 331). 

 Once fully formed, the SRP is capable of targeting polypeptide/ribosome 

complexes to the ER. Proteins destined for transport to the ER via the SRP pathway  
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Figure 1-5. 2-dimensional schematic of 7SL RNA in complex with the SRP proteins. 
Bold numbers indicate the common nomenclature for the helices and loops of 7SL (343).  
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encode an N-terminal “signal sequence”, characterized by a string of hydrophobic 

residues in an α-helical conformation, that is recognized by SRP54 (122). The Alu 

domain of 7SL RNA, with SRP9/14, subsequently binds the elongation factor-binding 

site of the ribosome, thus preventing elongation and arresting translation (122, 278). 

Binding of the signal sequence to SRP54 induces a conformational change in SRP54 and 

the S domain of 7SL, which causes the loading of SRP54 with GTP (38). The 

7SL/SRP54 complex is thus ready to interact with the SR on the ER membrane. The 

ribosome/nascent polypeptide/SRP complex is subsequently translocated to the ER, 

although the details of this mechanism remain poorly understood (279). Once at the ER, 

the SRP docks with the SR – an interaction that requires the GTPase activity of SRP54 

and is catalyzed by the S domain of 7SL – and the nascent polypeptide is threaded 

through the export channel in the ER membrane (245, 246). The SRP is released from the 

ribosome/SR complex upon GTP hydrolysis, and returns to the cytoplasm. 

 In addition it its role in the SRP, the Alu domain of 7SL is also the ancestor of the 

Alu retrotransposons that are found at a high frequency in both rodent and primate 

genomes (15, 262). Approximately 30% of the human genome is composed of Alu 

elements (17, 63), and a new Alu retrotransposon event is estimated to occur in 1 in every 

20 births (64, 328). As retrotransposons, Alu elements require reverse transcription to 

mobilize. However, unlike long interspersed elements (LINEs), Alu elements do not 

encode their own RT, and must rely on an RT enzyme produced in trans. It is thought 

that Alu elements primarily employ the RT encoded by LINEs and other endogenous 

retrovirus-like elements (75). Given that the dramatic increase in the number of genomic 

Alu elements predates the divergence of the Euachontoglires lineage, which includes both 



29	
  

rodents and primates, and that this divergence occurred at least 85 mya (171), the 

association of 7SL with retroviruses or retrovirus-like elements can be assumed to be an 

ancient one. 

 

Retroviral interactions with innate immunity and host restriction factors 

 The particular relationship of HIV with lymphocytes has resulted in the 

characterization of AIDS as a disease of the adaptive immune system. However, before 

the adaptive immune system is even triggered, HIV must avoid the innate immune 

system. Its ability to cause disease is a measure of how successfully it is able to do so. 

 

Recognition by the innate immune system 

 To trigger an immune reaction, a pathogen must first be recognized as foreign. 

Mammalian cells employ pattern recognition receptors (PPRs), which recognize 

pathogen-associated molecular patterns (PAMPs) (213). PAMPs are motifs that are, by 

location or characteristics, unique to foreign molecules. The membrane-bound Toll-like 

receptors (TLRs) recognize either hydrophobic molecules such as glycoproteins (TLR1, 

2, 4, 5, and 6, on the surface of the cell) or nucleic acids (TLR3, 7, 8, and 9, on 

endosomal compartments) (305). The cytoplasmic molecules RIG-I and MDA5 recognize 

cytoplasmic RNA; RIG-I recognizes short dsRNA and 5’-triphosphorylated RNA, while 

MDA5 recognizes long dsRNA and higher order RNA structures (332). The cytoplasmic 

molecules AIM2 and DAI similarly recognize cytoplasmic dsDNA (307). The 

recognition of a PAMP by a PPR triggers a signaling cascade that results in the 
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stimulation of interferon (IFN), NF-κB, and pro-inflammatory cytokines such as TNF-α 

and interleukin (IL)-6, all of which have antiviral effects (213). 

 HIV exhibits several PAMPs throughout its life cycle: its Env protein is heavily 

glycosylated, and at various points of reverse transcription it exhibits ssRNA, highly 

structured RNA, ssDNA, and dsDNA. However, HIV provokes little IFN response in 

both the acute and chronic stages of infection (91, 134, 157, 190). In part, this can be 

considered to be due to localization: TLR receptors for nucleic acids are on the interior of 

endosomal compartments, and HIV does not enter by endocytosis. The viral RNA and 

DNA products of reverse transcription are also thought to be shielded by capsid proteins 

during their journey through the cytosol: preventing their recognition by cytoplasmic 

PPRs such as MDA5 and DAI. 

 Although HIV avoids many of the PPRs early in infection, some recognition by 

the innate immune sensors inevitably occurs (214). RIG-I, TLR7, and TLR8 have been 

shown to recognize HIV (18, 117, 126). However, instead of curtailing infection, 

stimulation of these PPRs promotes the heightened (and destructive) immune response 

characteristic of acute and late-stage HIV infection (117, 181, 206). Moreover, the HIV 

transcriptional promoter contains NF-κB-responsive elements; the absence of NF-κB is 

one of the conditions that can drive latency in some cell types (12, 221). To prevent a 

strong IFN response but still maintain adequate levels of NF-κB, the viral proteins Vif 

and Vpr mediate the degradation of IRF3, which blocks the IFN pathway but leaves the 

NF-κB pathway intact (46, 80). 
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Host restriction factors 

 In addition to PPRs and other stimulatory molecules of the immune system, cells 

encode restriction factors that act directly against an infecting virus. Of these factors, four 

are of particular interest due to their efficacy against HIV: TRIM5α, tetherin, SAMHD1, 

and APOBEC3G (184). 

 TRIM5α is a cytosolic protein that interferes with the replication of HIV at an 

early stage post-entry (232, 281, 291). Although TRIM5α is constitutively expressed, it is 

also up-regulated in response to IFN (8, 44, 266). TRIM5α is saturatable by 

overexpression of CA. Accordingly, HIV’s main defense against TRIM5α appears to be 

the genetic variability of CA (220, 232, 291). It is unclear exactly how TRIM5α interferes 

with viral replication, but there is some evidence that TRIM5α binds to CA and then 

targets the complex for degradation (76, 260). HIV is susceptible to the TRIM5α of Old 

World monkeys, but is not particularly susceptible to human TRIM5α – a classic example 

of the continuous “arms race” between pathogens and the immune systems of their hosts 

(282, 291). Surprisingly, human TRIM5α genes are exceptionally homogenous, a factor 

that might contribute to the ease of HIV infection in the human population (229, 269). 

 A recently discovered restriction factor is tetherin, an integral membrane 

glycoprotein (178). Previously, it had been noted that the viral protein Vpu was necessary 

for viral release in certain cell lines. Electron microscopy of ΔVpu virions in non-

permissive cells revealed that virions were fully formed but “tethered” to the surface of 

the cells, often forming long chains of virions (123, 248). This tethering phenotype could 

be counteracted by mechanical shearing or proteolytic digestion, indicating that virions 

were fastened onto the cell by a protein rather than having failed to complete budding 
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(225). Genetic comparisons between permissive and non-permissive cell lines established 

that the protein responsible for this phenotype is Bst2, renamed tetherin (226). Vpu likely 

counteracts tetherin by targeting it for ubiquination and subsequent degradation via the 

endosome (111, 120, 202). 

 Another recently discovered restriction factor is SAMHD1. It had previously been 

recognized that HIV-1 replication is inefficient in dendritic cells and macrophages unless 

these cell types were co-infected with HIV-2 or sooty mangaby simian 

immunodeficiency virus (SIVSM) or co-transfected with a plasmid expressing the HIV-

2/SIV protein Vpx (161). By identifying the proteins that interacted with Vpx in non-

permissive cell types, the restriction factor was identified as the protein SAMHD1 (136, 

174). Vpx counteracts SAMHD1 by targeting it for proteasome-dependent degradation 

(2, 174). Recently, it was determined that SAMHD1 restricts retroviruses by depleting 

the cytoplasmic pool of deoxynucleoside triphosphates to below the level required to 

successfully complete reverse transcription (175). The cell-type specific restriction of 

HIV-1 by SAMHD1 is dependent on the expression of SAMHD1 – while dendritic cells 

and macrophages constitutively express SAMHD1, T cells do not, presumably because 

the rapid clonal expansion of T cells after activation requires a ready pool of 

deoxynucleosides (105, 175). Hence, HIV-1 replication is restricted in dendritic cells and 

macrophages but not in the CD4+ T cells that are its primary cell type. 

 The fourth highly studied restriction factor is APOBEC3G (A3G) (231, 274). 

A3G belongs to a family of cytosine deaminases unique to mammals, of which humans 

have seven (A-H) (145). A3 cytosine deaminases deaminate cytosines on ssDNA, 

yielding uracils (124, 179, 203, 337). Because uracils are not recognized as valid DNA 
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bases, the resulting heavily mutated DNA is often degraded by cellular factors (124, 330). 

If the proviral DNA escapes degradation and is successfully integrated into the host 

genome, the number of mutations can result in the expression of non-functional proteins. 

Despite the destructive effect that cytosine deamination has on proviral DNA, evidence 

suggests that the primary antiviral effect that A3G has on retroviral replication is through 

interfering with the action of RT during reverse transcription (25, 228, 312). Vif 

primarily counteracts A3G by targeting it for ubiquination and degradation, although it 

can also down-regulate A3G translation by binding to the 5’ UTR of A3G mRNA (205, 

209, 288, 334). 

 For A3G’s antiviral effect, A3G must be present in producer cells, rather than 

target cells, despite the fact that the reverse transcription event that A3G acts upon occurs 

in target cells. This indicates that A3G is packaged into virions, and indeed, A3G is found 

at between 8 and 500 molecules per ΔVif virion, depending on the expression of A3G in 

the producer cell (34, 290). 

 The exact determinants for packaging of A3G remain controversial. In the cell, 

A3G forms either high molecular weight complexes associated with lipid rafts or low 

molecular weight complexes that reside in the cytosol; it is from the latter that active 

A3G is recruited (97, 194, 283). It has been well established that A3G packaging requires 

the NC domain of Gag, and evidence indicates that it is the basic regions of NC that are 

crucial for A3G packaging (37, 302, 336). A3G also likely requires multimerization to be 

packaged (37, 142). Both multimerization and interaction with NC appear to require 

RNA (26, 97, 142, 164, 336), but the debate continues regarding the identity of the 

necessary RNA. Some studies have found that A3G is not encapsidated by genome(-) 
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particles, indicating that gRNA is necessary for A3G packaging (163, 164). However, 

other studies have failed to replicate this result (311). Similarly, some studies have found 

that preventing 7SL from being encapsidated by overexpression of SRP19 prevents A3G 

from being encapsidated, indicating that it is 7SL that is responsible for mediating the 

packaging of A3G (309, 311). However, other studies failed to replicate these results (10, 

163). A3G does interact with 7SL in the cell, although these interactions might be in the 

high MW complexes from which A3G is not recruited (54, 99). 
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Overview of Dissertation 

 This dissertation examines the packaging of 7SL RNA by HIV-1. 7SL is highly 

enriched in retroviral virions, including the virions of HIV-1. However, it remains 

unknown how 7SL is acquired by retroviruses, and what role, if any, 7SL plays in the 

retroviral life cycle. 

 In this dissertation, I sought to determine the mechanism of the packaging of 7SL 

RNA by HIV-1. To do this, I first examined the trans-acting packaging factors of 7SL, 

that is, the regions of the virus that are responsible for the packaging of 7SL. In Chapter 

2, I discuss the evidence obtained from examining the packaging of 7SL by a panel of 

HIV-1 Gag mutants. We found that when the NC domain of Gag was ablated, only a 

fragment of 7SL corresponding to the S domain was retained in the viral particle. This 

fragment, called 7SLrem, was also retained when Gag consisted of only the CTD of CA 

and sp1. 

 Next, in Chapter 3, I examined the cis-acting packaging factors of 7SL, that is, the 

regions of the RNA that are responsible for its packaging. By creating truncations of 7SL 

that correspond to either the Alu domain or the S domain and examining their packaging 

phenotype, I determined that both the Alu and S domains of 7SL are capable of mediating 

packaging. However, only the Alu domain derivatives competed for packaging with 

endogenous 7SL, whereas the S domain derivatives were packaged in addition to 

endogenous 7SL. This suggests that there are two pathways by which 7SL can be 

acquired by HIV-1, an “additive” pathway and a “competitive” pathway. Furthermore, 
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the evidence that the Alu domain derivatives compete with endogenous 7SL for 

packaging implies that endogenous 7SL is packaged via interactions with its Alu domain. 

 In Chapter 4, I discuss some of the implications of my data, and propose further 

experiments through which the potential role of 7SL in HIV-1 assembly might be 

examined. I also provide further data on small RNA packaging by HIV-1, including 

evidence that Y RNAs, which are not usually packaged by HIV-1 virions, can be 

packaged by a specific Gag-only construct. Finally, I utilize our ability to manipulate the 

small RNA content of HIV-1 to induce HIV-1 to package a modified 7SL RNA 

containing an aptamer sequence, and speculate on potential uses of this capability.
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Chapter	
  Two	
  

7SL	
  is	
  retained	
  in	
  minimal	
  virus-­‐like	
  particles	
  as	
  an	
  S	
  domain	
  fragment*	
  

	
  

Abstract	
  	
  

	
   HIV-­‐1	
  is	
  known	
  to	
  package	
  several	
  small	
  cellular	
  RNAs	
  in	
  addition	
  to	
  its	
  

genome.	
  Previous	
  work	
  consistently	
  demonstrates	
  that	
  the	
  host	
  structural	
  RNA	
  7SL	
  

is	
  abundant	
  in	
  HIV-­‐1	
  virions,	
  but	
  has	
  yielded	
  conflicting	
  results	
  regarding	
  whether	
  

or	
  not	
  7SL	
  is	
  present	
  in	
  minimal	
  assembly-­‐competent	
  virus-­‐like	
  particles	
  (VLPs).	
  

Here	
  we	
  demonstrate	
  that	
  minimal	
  HIV-­‐1	
  VLPs	
  retain	
  7SL	
  RNA	
  primarily	
  as	
  an	
  

endoribonucleolytic	
  fragment,	
  referred	
  to	
  as	
  7SL	
  remnant	
  (7SLrem).	
  Nuclease	
  

mapping	
  showed	
  7SLrem	
  is	
  a	
  111-­‐nucleotide	
  internal	
  portion	
  of	
  7SL,	
  with	
  5’	
  and	
  3’	
  

ends	
  corresponding	
  to	
  unpaired	
  loops	
  in	
  the	
  7SL	
  two-­‐dimensional	
  structure.	
  

Analysis	
  of	
  VLPs	
  comprised	
  of	
  differing	
  subsets	
  of	
  Gag	
  domains	
  revealed	
  that	
  all	
  NC-­‐

positive	
  VLPs	
  contained	
  intact	
  7SL	
  while	
  the	
  presence	
  of	
  7SLrem	
  correlated	
  with	
  the	
  

absence	
  of	
  the	
  NC	
  domain.	
  Because	
  7SLrem,	
  which	
  maps	
  to	
  the	
  7SL	
  S	
  domain,	
  was	
  

not	
  detectable	
  in	
  infected	
  cells,	
  we	
  propose	
  a	
  model	
  whereby	
  the	
  species	
  recruited	
  

to	
  assembling	
  VLPs	
  is	
  intact	
  7SL	
  RNA,	
  with	
  7SLrem	
  produced	
  by	
  an

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
*	
  Previously	
  published	
  as	
  Keene,	
  S.	
  E.,	
  S.	
  R.	
  King,	
  and	
  A.	
  Telesnitsky.	
  2010.	
  7SL	
  RNA	
  is	
  
retained	
  in	
  HIV-­‐1	
  minimal	
  virus-­‐like	
  particles	
  as	
  an	
  S-­‐domain	
  fragment.	
  J.	
  Virol.	
  
84:9070–9077.	
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endoribonuclease	
  in	
  the	
  absence	
  of	
  NC.	
  Since	
  recruitment	
  of	
  7SL	
  RNA	
  was	
  a	
  

conserved	
  feature	
  of	
  all	
  tested	
  minimal	
  VLPs,	
  our	
  model	
  further	
  suggests	
  that	
  7SL’s	
  

recruitment	
  is	
  mediated,	
  either	
  directly	
  or	
  indirectly,	
  through	
  interactions	
  with	
  

conserved	
  features	
  of	
  all	
  tested	
  VLPs,	
  such	
  as	
  the	
  C-­‐terminal	
  domain	
  of	
  CA.	
  

	
  

Introduction	
  

	
   Retroviruses	
  such	
  as	
  HIV-­‐1	
  exist	
  as	
  a	
  collection	
  of	
  proteins	
  and	
  RNA;	
  as	
  such,	
  

they	
  can	
  be	
  considered	
  to	
  be	
  ribonucleoprotein	
  complexes,	
  assembled	
  and	
  released	
  

from	
  the	
  host	
  cell	
  under	
  the	
  direction	
  of	
  the	
  viral	
  genome.	
  The	
  viral	
  structural	
  

protein	
  Gag	
  forms	
  the	
  core	
  of	
  the	
  particle	
  (reviewed	
  in	
  100).	
  Gag	
  is	
  expressed	
  as	
  a	
  

polyprotein	
  consisting	
  of	
  six	
  domains:	
  matrix	
  (MA),	
  capsid	
  (CA),	
  spacer	
  protein	
  1	
  

(SP1),	
  nucleocapsid	
  (NC),	
  spacer	
  protein	
  2	
  (SP2),	
  and	
  p6.	
  The	
  domains	
  of	
  Gag	
  are	
  

known	
  to	
  function	
  in	
  assembly	
  as	
  follows:	
  MA	
  binds	
  to	
  the	
  plasma	
  membrane	
  via	
  a	
  

co-­‐translationally	
  added	
  myristate	
  moiety;	
  CA	
  and	
  SP1	
  promote	
  Gag	
  

multimerization	
  by	
  protein-­‐protein	
  interactions;	
  NC	
  functions	
  both	
  in	
  protein-­‐

protein	
  interactions	
  required	
  for	
  Gag	
  multimerization	
  and	
  in	
  genomic	
  RNA	
  

recruitment;	
  and	
  p6	
  mediates	
  virion	
  release.	
  Gag	
  is	
  the	
  only	
  viral	
  protein	
  required	
  to	
  

form	
  virus-­‐like	
  particles	
  (VLPs)	
  both	
  in	
  vivo	
  and	
  in	
  vitro,	
  but	
  RNA	
  is	
  required	
  for	
  

assembly	
  under	
  physiological	
  conditions	
  (58,	
  308).	
  Furthermore,	
  a	
  minimal	
  Gag	
  –	
  

containing	
  only	
  the	
  first	
  twelve	
  amino	
  acids	
  of	
  MA,	
  the	
  C-­‐terminus	
  of	
  CA	
  plus	
  SP1,	
  

and	
  a	
  leucine	
  zipper	
  motif	
  replacing	
  NC	
  –	
  efficiently	
  produces	
  VLPs	
  in	
  293T	
  cells	
  (1).	
  

	
   The	
  primary	
  RNA	
  present	
  in	
  viral	
  particles	
  is	
  the	
  genomic	
  RNA	
  (gRNA).	
  

Retroviruses	
  package	
  gRNA	
  as	
  a	
  dimer,	
  and	
  HIV-­‐1	
  gRNA	
  packaging	
  is	
  mediated	
  via	
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interactions	
  between	
  a	
  region	
  of	
  gRNA	
  known	
  as	
  the	
  packaging	
  signal	
  (Ψ)	
  and	
  the	
  

NC	
  domain	
  of	
  Gag	
  (3,	
  67,	
  183).	
  Although	
  gRNA	
  and	
  NC	
  are	
  both	
  dispensable	
  for	
  virus	
  

assembly,	
  in	
  vitro	
  studies	
  show	
  some	
  sort	
  of	
  RNA	
  is	
  required	
  for	
  assembly	
  (218,	
  

308).	
  This	
  implies	
  that	
  cellular	
  RNAs	
  are	
  capable	
  of	
  playing	
  some	
  role	
  in	
  assembly,	
  

and	
  indeed,	
  up	
  to	
  30%	
  of	
  the	
  mass	
  of	
  RNA	
  in	
  retrovirus	
  particles	
  is	
  of	
  cellular	
  origin	
  

(188).	
  These	
  include	
  specific	
  cellular	
  RNAs	
  which	
  are	
  present	
  in	
  concentrations	
  that	
  

differ	
  from	
  those	
  in	
  the	
  cell,	
  implying	
  that	
  they	
  are	
  packaged	
  specifically	
  rather	
  than	
  

randomly	
  (21,	
  135,	
  188,	
  236,	
  237).	
  The	
  majority	
  of	
  cellular	
  RNAs	
  known	
  to	
  be	
  

packaged	
  by	
  retroviruses	
  are	
  small,	
  non-­‐coding	
  pol	
  III	
  products	
  that	
  serve	
  structural	
  

or	
  enzymatic	
  functions	
  in	
  the	
  cell	
  (236).	
  The	
  only	
  cellular	
  RNA	
  present	
  in	
  retroviral	
  

particles	
  whose	
  viral	
  function	
  is	
  known	
  is	
  the	
  tRNA	
  used	
  to	
  prime	
  reverse	
  

transcription	
  (166,	
  199).	
  

	
   One	
  highly	
  abundant	
  cellular	
  RNA,	
  which	
  is	
  packaged	
  by	
  a	
  broad	
  range	
  of	
  

retroviruses,	
  is	
  7SL	
  RNA:	
  a	
  component	
  of	
  the	
  signal	
  recognition	
  particle	
  (SRP).	
  In	
  the	
  

cell,	
  the	
  SRP	
  serves	
  to	
  target	
  nascent	
  secretory	
  or	
  membrane	
  polypeptides	
  to	
  the	
  

endoplasmic	
  reticulum	
  (reviewed	
  in	
  66,	
  193).	
  7SL	
  is	
  composed	
  of	
  three	
  domains:	
  

the	
  Alu	
  domain,	
  the	
  S	
  domain,	
  and	
  the	
  linker	
  region,	
  which	
  separates	
  the	
  two	
  (Fig.	
  2-­‐

1a).	
  7SL	
  is	
  the	
  structural	
  scaffold	
  upon	
  which	
  the	
  six	
  proteins	
  of	
  the	
  SRP	
  bind.	
  There	
  

is	
  some	
  evidence	
  that	
  a	
  highly	
  conserved	
  region	
  of	
  7SL	
  RNA	
  catalyzes	
  the	
  binding	
  of	
  

SRP	
  to	
  its	
  receptor	
  SR,	
  and	
  that	
  this	
  RNA	
  stimulates	
  the	
  GTPase	
  activities	
  of	
  the	
  SRP-­‐

SR	
  complex	
  without	
  the	
  presence	
  of	
  a	
  GTPase-­‐activating	
  protein	
  (245,	
  246).	
  

Previous	
  work	
  has	
  determined	
  that	
  7SL	
  is	
  present	
  in	
  HIV-­‐1	
  particles	
  at	
  6-­‐8	
  copies	
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Figure	
  2-­‐1.	
  7SL.	
  (A)	
  Schematic	
  of	
  human	
  7SL	
  RNA,	
  showing	
  domains,	
  nomenclature,	
  
and	
  binding	
  locations	
  of	
  signal	
  recognition	
  particle	
  (SRP)	
  proteins	
  (193).	
  (B)	
  
Locations	
  of	
  probes	
  and	
  RT-­‐PCR	
  primers	
  used	
  to	
  determine	
  the	
  presence	
  of	
  7SL	
  in	
  
minimal	
  virus-­‐like	
  particles.	
  Thick	
  lines	
  represent	
  RPA	
  and	
  RT-­‐PCR	
  studies	
  
performed	
  previously:	
  red,	
  RPA	
  from	
  Onafuwa-­‐Nuga	
  et	
  al.	
  (237);	
  blue,	
  RT-­‐PCR	
  from	
  
Wang	
  et	
  al.	
  (309,	
  310)	
  and	
  Bach	
  et	
  al.	
  (10);	
  purple,	
  RT-­‐PCR	
  from	
  Bach	
  et	
  al.	
  (10);	
  
green,	
  RT-­‐PCR	
  from	
  Crist	
  et	
  al.	
  (65).	
  Thin	
  lines	
  represent	
  probes	
  used	
  in	
  this	
  study,	
  
labeled	
  to	
  indicate	
  which	
  figure	
  depicts	
  the	
  relevant	
  experiment.	
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per	
  genomic	
  RNA,	
  or	
  approximately	
  14	
  copies	
  per	
  virion,	
  and	
  that	
  encapsidated	
  7SL	
  

lacks	
  its	
  p54	
  protein	
  component	
  and	
  thus	
  is	
  not	
  packaged	
  as	
  part	
  of	
  the	
  SRP	
  (237).	
  

A	
  recent	
  publication	
  that	
  concludes	
  minimal	
  virus-­‐like	
  particles	
  lack	
  

detectable	
  RNA	
  seems	
  to	
  rule	
  out	
  the	
  possibility	
  that	
  7SL	
  may	
  be	
  important	
  to	
  the	
  

virus	
  (65).	
  However,	
  in	
  the	
  current	
  study	
  we	
  demonstrate	
  that	
  a	
  fragment	
  of	
  7SL	
  

corresponding	
  to	
  the	
  S	
  domain	
  is	
  retained	
  in	
  minimal	
  VLPs,	
  at	
  the	
  same	
  copy	
  

number	
  as	
  full-­‐length	
  7SL	
  in	
  intact	
  Gag	
  forms	
  of	
  HIV-­‐1.	
  These	
  and	
  other	
  data	
  

support	
  a	
  model	
  in	
  which	
  7SL	
  RNA	
  is	
  recruited	
  into	
  assembling	
  virions	
  via	
  portions	
  

of	
  Gag	
  that	
  are	
  retained	
  in	
  minimal	
  VLPs,	
  the	
  nucleocapsid	
  region	
  of	
  Gag	
  

subsequently	
  protects	
  the	
  majority	
  of	
  7SL	
  from	
  processing,	
  and	
  a	
  host	
  endonuclease	
  

interacts	
  with	
  HIV-­‐1	
  at	
  some	
  point	
  during	
  assembly.	
  

	
   	
  

Materials	
  and	
  Methods	
  

Cells	
  and	
  plasmids	
  	
  

293T	
  cells	
  were	
  cultured	
  and	
  maintained	
  in	
  Dulbecco's	
  modified	
  Eagle's	
  medium	
  

(DMEM;	
  Invitrogen)	
  supplemented	
  with	
  10%	
  fetal	
  bovine	
  serum	
  (Gemini).	
  Cells	
  

were	
  grown	
  at	
  37°C	
  under	
  5%	
  CO2.	
  Virions	
  containing	
  processed	
  Gag	
  and	
  Gag-­‐Pol	
  

were	
  produced	
  by	
  the	
  plasmid	
  pCMVΔR8.2,	
  a	
  Ψ-­‐,	
  env-­‐	
  proviral	
  vector	
  driven	
  by	
  the	
  

CMV	
  promoter	
  (224).	
  VLPs	
  containing	
  intact	
  Gag	
  were	
  produced	
  by	
  the	
  plasmid	
  

pVR1012x/s	
  Gag/h,	
  which	
  produces	
  a	
  protein	
  identical	
  to	
  the	
  Gag	
  sequence	
  of	
  HXB2	
  

(GenBank	
  accession	
  number	
  K03455),	
  but	
  whose	
  nucleotide	
  sequence	
  has	
  been	
  

optimized	
  for	
  production	
  in	
  human	
  cells	
  (138).	
  Minimal	
  DNC	
  VLPs,	
  constructed	
  by	
  

H.	
  Gottlinger	
  and	
  colleagues,	
  were	
  described	
  previously	
  (1,	
  237).	
  The	
  pNL4-­‐
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3/Fyn(10)	
  constructs	
  were	
  a	
  generous	
  gift	
  from	
  A.	
  Ono	
  (University	
  of	
  Michigan	
  

Medical	
  School,	
  Ann	
  Arbor)	
  (56,	
  238).	
  

	
  

Transfection	
  	
  

Transfections	
  of	
  293T	
  cells	
  were	
  carried	
  out	
  on	
  100	
  mm	
  plates.	
  Virus	
  and	
  minimal	
  

ΔNC	
  VLPs	
  were	
  produced	
  by	
  CaPO4	
  transfection,	
  as	
  described	
  previously	
  (237).	
  

Fyn(10)	
  virions	
  were	
  produced	
  by	
  PEI	
  transfection.	
  For	
  transfection	
  by	
  PEI,	
  plasmid	
  

DNA	
  was	
  mixed	
  with	
  4	
  μg	
  polyethelenimine	
  (Polysciences)	
  per	
  μg	
  DNA	
  in	
  1	
  mL	
  150	
  

mM	
  NaCl	
  by	
  vortexing	
  at	
  medium	
  speed	
  for	
  10	
  s.	
  After	
  room	
  temperature	
  incubation	
  

for	
  15	
  minutes,	
  the	
  mixture	
  was	
  added	
  dropwise	
  to	
  media	
  on	
  cells.	
  The	
  transfection	
  

mixture	
  was	
  not	
  removed	
  prior	
  to	
  virus	
  harvesting.	
  

	
  

Viral	
  processing	
  and	
  RNA	
  isolation	
  

Tissue	
  culture	
  media	
  was	
  harvested	
  at	
  24	
  h	
  and	
  48	
  h	
  post-­‐transfection,	
  pooled,	
  and	
  

filtered	
  through	
  0.2	
  μm	
  filters.	
  Virus	
  was	
  concentrated	
  by	
  centrifugation	
  of	
  virus-­‐

containing	
  media	
  through	
  a	
  2	
  ml	
  20%	
  sucrose	
  cushion	
  in	
  PBS	
  for	
  2	
  h	
  at	
  4°C,	
  25,000	
  

rpm	
  using	
  the	
  Sorvall	
  Surespin	
  630	
  rotor	
  in	
  a	
  Sorvall	
  Discovery	
  90	
  ultracentrifuge.	
  

Viral	
  pellets	
  were	
  suspended	
  in	
  0.5	
  ml	
  Trizol	
  reagent	
  (Invitrogen),	
  and	
  RNA	
  was	
  

isolated	
  according	
  to	
  the	
  manufacturer's	
  instructions.	
  Cellular	
  RNA	
  was	
  obtained	
  by	
  

harvesting	
  cells	
  48	
  h	
  after	
  transfection	
  by	
  scraping	
  cells	
  into	
  2	
  ml	
  of	
  Trizol	
  reagent	
  

per	
  100	
  mm	
  plate,	
  and	
  RNA	
  was	
  isolated	
  according	
  to	
  the	
  manufacturer's	
  

instructions.	
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Northern	
  blotting	
  

Cellular	
  and	
  viral	
  RNAs	
  were	
  separated	
  by	
  8%	
  polyacrylamide-­‐8	
  M	
  urea	
  gel	
  

electrophoresis	
  in	
  1X	
  TBE	
  buffer	
  at	
  350	
  V	
  for	
  2	
  h.	
  The	
  amount	
  of	
  viral	
  RNA	
  loaded	
  in	
  

each	
  lane	
  was	
  normalized	
  to	
  the	
  volume	
  of	
  virus-­‐containing	
  media	
  harvested,	
  with	
  

each	
  lane	
  containing	
  half	
  of	
  the	
  RNA	
  isolated	
  from	
  the	
  virus	
  produced	
  by	
  one	
  

transfected	
  100	
  mm	
  plate	
  over	
  a	
  48	
  hour	
  period.	
  The	
  amount	
  of	
  cellular	
  RNA	
  loaded	
  

per	
  lane	
  was	
  0.6	
  %	
  of	
  the	
  total	
  RNA	
  isolated	
  from	
  a	
  confluent	
  100	
  mm	
  plate.	
  RNA	
  

was	
  transferred	
  by	
  electroblotting	
  onto	
  Zeta-­‐probe	
  GT	
  nylon	
  membranes	
  (Bio-­‐Rad)	
  

in	
  0.5X	
  TBE	
  buffer.	
  After	
  transfer,	
  membranes	
  were	
  air	
  dried	
  and	
  UV	
  cross-­‐linked	
  

(Stratalinker;	
  Stratagene).	
  Prehybridization	
  was	
  performed	
  at	
  52°C	
  for	
  1	
  h	
  in	
  6X	
  

SSC-­‐5X	
  Denhardt's	
  solution-­‐0.5%	
  (SDS)-­‐0.025	
  M	
  sodium	
  phosphate	
  (pH	
  6.5)-­‐625	
  

μg/ml	
  of	
  denatured	
  salmon	
  sperm	
  DNA.	
  Oligonucleotide	
  probes	
  were	
  denatured	
  by	
  

boiling	
  at	
  100°C	
  for	
  5	
  min,	
  then	
  radiolabled	
  using	
  32P-­‐γATP	
  (Perkin-­‐Elmer)	
  and	
  T4	
  

polynucleotide	
  kinase	
  (New	
  England	
  Biolabs).	
  The	
  Alu	
  domain	
  probe	
  used	
  in	
  Fig.	
  2-­‐

2c	
  was	
  5'-­‐GACTACAGGCACGCGCCACCG-­‐3'.	
  The	
  S	
  domain	
  probe	
  used	
  in	
  Fig.	
  2-­‐2b	
  and	
  

Fig.	
  2-­‐4	
  was	
  5'-­‐TTTTGACCTGCTCCGTTTCCGACCT-­‐3'.	
  The	
  linker	
  region	
  probe	
  used	
  

in	
  Fig.	
  2-­‐2d	
  was	
  5’-­‐TGCGGACACCCGATCGGCATAGCGC-­‐3’.	
  Radiolabeled	
  probes	
  were	
  

added	
  to	
  the	
  hybridization	
  buffer	
  and	
  hybridization	
  carried	
  out	
  at	
  52°C	
  for	
  16	
  h.	
  

After	
  hybridization,	
  the	
  blots	
  were	
  washed	
  in	
  2X	
  SSC-­‐0.1%	
  SDS	
  at	
  50°C	
  for	
  15	
  min,	
  

then	
  0.5X	
  SSC-­‐0.1%	
  SDS	
  at	
  50°C	
  for	
  15	
  min,	
  then	
  0.33X	
  SSC-­‐0.1%	
  SDS	
  at	
  50°C	
  for	
  15	
  

min.	
  Damp	
  blots	
  were	
  wrapped	
  in	
  saran	
  wrap	
  and	
  exposed	
  to	
  phosphorimager	
  

screens.	
  If	
  re-­‐probing	
  with	
  a	
  new	
  oligonucleotide	
  probe	
  was	
  required,	
  blots	
  were	
  

stripped	
  by	
  washing	
  three	
  times	
  in	
  0.1%	
  SDS	
  in	
  ddH2O	
  at	
  80°C,	
  then	
  pre-­‐hybridized	
  



44	
  

and	
  probed	
  as	
  described	
  above.	
  Images	
  were	
  acquired	
  by	
  scanning	
  with	
  a	
  Typhoon	
  

Trio	
  Variable	
  Mode	
  Imager	
  (Amersham	
  Biosciences),	
  and	
  quantification	
  was	
  

performed	
  using	
  the	
  1D	
  gel	
  imaging	
  feature	
  of	
  ImageQuant	
  TL,	
  version	
  7.0	
  (GE	
  

Healthcare).	
  

	
  

S1	
  nuclease	
  mapping	
  

A	
  probe	
  specific	
  to	
  the	
  3'	
  half	
  of	
  7SL	
  was	
  created	
  by	
  digesting	
  the	
  plasmid	
  p7SL30.1	
  

(344)	
  with	
  Bsu36I,	
  which	
  cleaves	
  within	
  the	
  7SL	
  coding	
  region	
  between	
  residues	
  

C170	
  and	
  T171.	
  The	
  linearized	
  plasmid	
  was	
  radiolabeled	
  on	
  both	
  ends	
  using	
  32P-­‐

αdTTP	
  (Perkin-­‐Elmer)	
  and	
  Klenow	
  DNA	
  polymerase	
  (New	
  England	
  Biolabs),	
  then	
  

further	
  digested	
  with	
  EcoRI,	
  at	
  a	
  site	
  downstream	
  of	
  7SL.	
  The	
  resulting	
  160	
  base	
  

pair	
  fragment	
  was	
  separated	
  into	
  single	
  strands	
  by	
  boiling	
  for	
  five	
  minutes,	
  and	
  

purified	
  by	
  strand	
  separation	
  electrophoresis	
  on	
  a	
  non-­‐denaturing	
  5%	
  

polyacrylamide	
  gel.	
  S1	
  nuclease	
  digestion	
  to	
  map	
  an	
  endoribonucleolytic	
  fragment	
  

of	
  7SL,	
  7SLrem	
  (for	
  7SLremnant),	
  using	
  this	
  probe	
  and	
  cell	
  and	
  VLP-­‐derived	
  RNA	
  

samples,	
  was	
  carried	
  out	
  according	
  to	
  Green	
  and	
  Struhl	
  (115).	
  After	
  S1	
  nuclease	
  

digestion,	
  the	
  samples	
  were	
  separated	
  on	
  a	
  denaturing	
  8%-­‐polyacrylamide	
  

sequencing	
  gel	
  and	
  exposed	
  to	
  a	
  phosphorimager	
  screen.	
  

	
  

Primer	
  extension	
  to	
  map	
  the	
  5'	
  end	
  of	
  7SLrem	
  

An	
  oligonucleotide	
  probe	
  specific	
  to	
  the	
  S	
  domain	
  of	
  7SL,	
  5'-­‐

TTTTGACCTGCTCCGTTTCCGACCT-­‐3',	
  was	
  radiolabeled	
  using	
  32P-­‐γATP	
  and	
  T4	
  

polynucleotide	
  kinase	
  and	
  mixed	
  with	
  viral	
  RNA.	
  The	
  probe-­‐RNA	
  mixture	
  was	
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ethanol	
  precipitated,	
  resuspended	
  in	
  20	
  ml	
  of	
  1X	
  MLV	
  RT	
  buffer	
  (60	
  mM	
  Tris	
  (pH	
  

8.3),	
  24	
  mM	
  dithiothreitol,	
  0.7	
  mM	
  MnCl2,	
  75	
  mM	
  NaCl,	
  0.06%	
  NP-­‐40,	
  6	
  µg/ml	
  

oligo(dT),	
  12	
  µg/ml	
  poly(rA)),	
  plus	
  0.5	
  mM	
  dNTPs,	
  and	
  1	
  ml	
  Rnasin	
  was	
  added.	
  After	
  

two	
  minutes	
  at	
  42°C,	
  200U	
  of	
  MLV	
  RT	
  (Promega)	
  was	
  added.	
  	
  The	
  reaction	
  was	
  

incubated	
  at	
  42°C	
  for	
  50	
  minutes	
  and	
  stopped	
  by	
  heating	
  to	
  70°C	
  for	
  15	
  minutes,	
  

then	
  the	
  samples	
  were	
  ethanol	
  precipitated,	
  run	
  on	
  a	
  denaturing	
  8%-­‐

polyacrylamide	
  sequencing	
  gel	
  and	
  exposed	
  to	
  a	
  phosphorimager	
  screen.	
  

	
  

Results	
  

Minimal	
  virus-­‐like	
  particles	
  contain	
  a	
  fragment	
  of	
  7SL.	
  We	
  previously	
  reported	
  

that	
  7SL	
  RNA	
  is	
  present	
  in	
  minimal	
  virus-­‐like	
  particles	
  and	
  wild-­‐type	
  HIV-­‐1	
  at	
  

indistinguishable	
  levels	
  (237).	
  However,	
  several	
  subsequent	
  studies,	
  which	
  also	
  

examined	
  minimal	
  VLPs	
  for	
  7SL,	
  observed	
  vastly	
  reduced	
  or	
  undetectable	
  levels	
  (10,	
  

65,	
  302,	
  309,	
  310).	
  In	
  our	
  initial	
  work	
  here,	
  we	
  sought	
  to	
  resolve	
  these	
  differences.	
  

Our	
  earlier	
  study	
  used	
  an	
  RNase	
  protection	
  assay	
  (RPA)	
  to	
  detect	
  7SL	
  RNA,	
  whereas	
  

7SL	
  was	
  detected	
  via	
  RT-­‐PCR	
  in	
  others'	
  published	
  work	
  (Fig.	
  2-­‐1b).	
  The	
  region	
  

protected	
  by	
  the	
  RPA	
  probe	
  and	
  the	
  regions	
  amplified	
  by	
  the	
  RT-­‐PCR	
  primers	
  were	
  

not	
  equivalent.	
  We	
  reasoned	
  that	
  the	
  discrepancies	
  could	
  be	
  explained	
  if	
  only	
  a	
  

fragment	
  of	
  7SL	
  –	
  one	
  that	
  was	
  recognized	
  by	
  the	
  RPA	
  probe	
  but	
  not	
  encompassed	
  

by	
  the	
  RT-­‐PCR	
  primers	
  –	
  was	
  present	
  in	
  minimal	
  VLPs.	
  	
  

To	
  test	
  this	
  notion,	
  the	
  RNA	
  content	
  of	
  authentic	
  HIV-­‐1	
  Gag	
  particles	
  and	
  

minimal	
  VLPs	
  was	
  examined	
  by	
  northern	
  blotting	
  (Fig.	
  2-­‐2a).	
  Virus-­‐like	
  particles	
  	
  

	
  



46	
  

Figure	
  2-­‐2.	
  Retention	
  of	
  a	
  fragment	
  of	
  7SL	
  in	
  minimal	
  virus-­‐like	
  particles.	
  (A)	
  
Schematic	
  representation	
  of	
  constructs	
  here	
  used	
  to	
  produce	
  minimal	
  virus-­‐like	
  
particles.	
  The	
  dotted	
  box	
  within	
  CA	
  represents	
  the	
  major	
  homology	
  region.	
  Lines	
  
represent	
  deleted	
  sequences.	
  The	
  myrisate	
  moiety	
  (M)	
  is	
  indicated.	
  (Adapted	
  from	
  
reference	
  1)	
  (B,	
  C,	
  and	
  D)	
  Northern	
  blots	
  of	
  RNA	
  isolated	
  from	
  transfected	
  cells	
  and	
  
minimal	
  VLPs.	
  RNAs	
  loaded	
  in	
  each	
  lane	
  are	
  indicated	
  at	
  the	
  top.	
  Lanes	
  9	
  to	
  11	
  are	
  3-­‐
fold	
  serial	
  dilutions	
  of	
  virus	
  from	
  cells	
  transfected	
  with	
  pCMVΔR8.2;	
  RNAs	
  in	
  lanes	
  
12-­‐16	
  were	
  from	
  the	
  same	
  volume	
  of	
  transfected	
  cell	
  medium	
  as	
  lane	
  9.	
  Probes	
  used	
  
were	
  specific	
  to	
  the	
  S	
  domain	
  (B),	
  Alu	
  domain	
  (C),	
  and	
  linker	
  region	
  (D),	
  as	
  indicated	
  
in	
  Fig.	
  2-­‐1.	
  Full-­‐length	
  7SL,	
  7SLrem,	
  and	
  the	
  two	
  remaining	
  fragments	
  (*	
  and	
  **)	
  are	
  
indicated	
  with	
  arrows.	
  RSV,	
  Rous	
  sarcoma	
  virus.	
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were	
  produced	
  by	
  transient	
  transfection	
  of	
  VLP-­‐expression	
  plasmids	
  into	
  293T	
  cells.	
  

The	
  constructs	
  used	
  were	
  a	
  series	
  developed	
  by	
  Accola	
  et	
  al.	
  (1)	
  to	
  address	
  minimal	
  

assembly	
  competent	
  forms	
  of	
  HIV-­‐1.	
  As	
  a	
  positive	
  control,	
  intact	
  Gag	
  was	
  provided	
  

by	
  a	
  Ψ-­‐	
  proviral	
  construct,	
  pCMVΔR8.2	
  (224).	
  RNA	
  was	
  isolated	
  from	
  extracellular	
  

particles	
  enriched	
  by	
  centrifugation	
  through	
  a	
  sucrose	
  cushion,	
  and	
  examined	
  by	
  

northern	
  blot.	
  The	
  northern	
  blot	
  was	
  first	
  probed	
  with	
  a	
  radiolabeled	
  oligo	
  specific	
  

to	
  the	
  S	
  domain	
  of	
  7SL	
  (Fig.	
  2-­‐2b).	
  The	
  results	
  showed	
  that	
  while	
  both	
  virions	
  

containing	
  intact	
  Gag	
  and	
  virus-­‐like	
  particles	
  with	
  minimal	
  Gag	
  packaged	
  full	
  length	
  

7SL,	
  the	
  principal	
  components	
  of	
  minimal	
  VLPs	
  were	
  three	
  fragments	
  of	
  7SL:	
  with	
  

the	
  primary	
  fragment	
  migrating	
  at	
  approximately	
  100	
  nt,	
  and	
  two	
  slightly	
  larger	
  

fragments	
  at	
  lower	
  abundance	
  (indicated	
  as	
  **,	
  *,	
  and	
  7SLrem	
  in	
  Fig.	
  2-­‐2b).	
  The	
  

same	
  blot	
  was	
  then	
  stripped	
  and	
  re-­‐probed	
  with	
  an	
  oligo	
  specific	
  to	
  the	
  Alu	
  domain	
  

of	
  7SL	
  (Fig.	
  2-­‐2c);	
  this	
  revealed	
  only	
  a	
  small	
  amount	
  of	
  full	
  length	
  7SL	
  in	
  the	
  minimal	
  

VLPs	
  and	
  no	
  smaller	
  fragments,	
  indicating	
  that	
  the	
  VLPs	
  did	
  not	
  contain	
  detectable	
  

fragments	
  of	
  7SL	
  which	
  contain	
  the	
  Alu	
  domain.	
  Further	
  probing	
  of	
  this	
  blot,	
  using	
  a	
  

probe	
  specific	
  to	
  the	
  top	
  strand	
  of	
  the	
  7SL	
  linker	
  region	
  and	
  a	
  portion	
  of	
  the	
  

contiguous	
  S	
  domain,	
  revealed	
  only	
  the	
  largest	
  of	
  the	
  three	
  fragments	
  (Fig.	
  2-­‐2d),	
  

indicating	
  that	
  the	
  increase	
  in	
  size	
  comes	
  from	
  additional	
  nucleotides	
  on	
  the	
  5’	
  end	
  

of	
  the	
  fragments.	
  

	
   Quantifying	
  probe	
  hybridized	
  to	
  VLP	
  RNA	
  indicated	
  that	
  2%	
  of	
  the	
  total	
  7SL	
  

in	
  the	
  minimal	
  VLPs	
  was	
  full	
  length,	
  the	
  largest	
  fragment	
  was	
  9%,	
  the	
  second	
  largest	
  

fragment	
  was	
  8%,	
  and	
  the	
  smallest	
  fragment	
  was	
  81%	
  of	
  the	
  total	
  of	
  both	
  full	
  length	
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and	
  fragmented	
  7SL.	
  We	
  have	
  termed	
  the	
  smallest	
  and	
  most	
  abundant	
  fragment	
  7SL	
  

remnant,	
  or	
  7SLrem.	
  

Comparing	
  the	
  amount	
  of	
  7SLrem	
  in	
  VLPs	
  (lanes	
  12-­‐16	
  in	
  Fig.	
  2-­‐2b)	
  to	
  the	
  

signal	
  in	
  an	
  equal	
  volume	
  of	
  virions	
  containing	
  authentic	
  Gag	
  (lane	
  9)	
  suggested	
  the	
  

molar	
  amount	
  of	
  7SL	
  RNA	
  and	
  7SL	
  RNA	
  derivatives	
  in	
  authentic	
  and	
  minimal	
  Gag	
  

particles	
  differed	
  by	
  less	
  than	
  2-­‐fold.	
  It	
  should	
  be	
  noted	
  that	
  whereas	
  the	
  changes	
  

introduced	
  into	
  some	
  of	
  these	
  minimal	
  VLP	
  constructs	
  were	
  initially	
  reported	
  to	
  

result	
  in	
  large	
  reductions	
  in	
  particle	
  release	
  (1),	
  several	
  other	
  investigators	
  have	
  

reported	
  subsequently	
  that	
  under	
  high	
  level	
  transfection	
  in	
  293T	
  cells,	
  effects	
  on	
  

virus	
  release	
  are	
  not	
  observed	
  (reviewed	
  in	
  95).	
  Our	
  laboratory’s	
  previous	
  western	
  

blots	
  of	
  particles	
  released	
  from	
  293T	
  cells	
  transfected	
  with	
  the	
  series	
  of	
  constructs	
  

used	
  here	
  have	
  confirmed	
  that	
  particle	
  release	
  is	
  not	
  impaired	
  detectably	
  for	
  these	
  

constructs,	
  including	
  ΔNC-­‐p1	
  and	
  Zwtp6	
  (237).	
  These	
  findings	
  on	
  virus	
  release	
  were	
  

confirmed	
  in	
  immunoprecipitation	
  controls	
  performed	
  in	
  support	
  of	
  the	
  current	
  

work	
  (data	
  not	
  shown).	
  

No	
  change	
  in	
  size	
  or	
  distribution	
  of	
  7SLrem	
  was	
  detected	
  in	
  early-­‐harvest	
  

virus	
  collected	
  from	
  virus-­‐producing	
  cells	
  one	
  hour	
  after	
  fresh	
  media	
  change,	
  as	
  

compared	
  to	
  virus	
  harvested	
  after	
  24	
  hours	
  (data	
  not	
  shown),	
  indicating	
  that	
  the	
  

apparent	
  processing	
  of	
  7SL	
  to	
  7SLrem	
  likely	
  occurred	
  at	
  or	
  before	
  particle	
  release.	
  

	
  

The	
  primary	
  fragment	
  of	
  7SL	
  contained	
  in	
  minimal	
  VLPs	
  corresponds	
  to	
  111	
  

nt	
  of	
  the	
  S	
  domain.	
  The	
  RNA	
  contents	
  from	
  virions	
  containing	
  intact	
  Gag	
  produced	
  

by	
  the	
  proviral	
  vector	
  pCMVΔR8.2,	
  VLPs	
  containing	
  intact	
  Gag	
  produced	
  by	
  the	
  Gag-­‐
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only	
  expression	
  plasmid	
  pVR1012x/s	
  Gag/h,	
  or	
  minimal	
  VLPs	
  produced	
  by	
  pZwt-­‐p6,	
  

were	
  compared	
  further	
  to	
  determine	
  the	
  identity	
  of	
  7SLrem.	
  Specifically,	
  the	
  3’	
  and	
  

5’	
  ends	
  of	
  7SL	
  were	
  mapped	
  by	
  S1	
  nuclease	
  digestion	
  and	
  primer	
  extension,	
  

respectively.	
  

Figure	
  2-­‐3a	
  shows	
  results	
  of	
  S1	
  mapping	
  used	
  to	
  map	
  the	
  3’	
  end	
  of	
  7SLrem.	
  

As	
  evidenced	
  by	
  the	
  129	
  base	
  fragment	
  in	
  lanes	
  1-­‐6,	
  all	
  cell	
  samples	
  and	
  both	
  virions	
  

and	
  VLPs	
  that	
  contain	
  intact	
  Gag	
  contained	
  only	
  full-­‐length	
  7SL	
  and	
  no	
  detectable	
  

7SLrem.	
  This	
  suggests	
  that	
  7SLrem	
  is	
  not	
  present	
  as	
  a	
  discrete	
  species	
  within	
  cells.	
  

Furthermore,	
  the	
  presence	
  of	
  intact	
  7SL	
  RNA	
  in	
  VLPs	
  that	
  lack	
  protease	
  (Gag/h,	
  lane	
  

6)	
  demonstrated	
  that	
  Gag	
  processing	
  is	
  not	
  required	
  for	
  incorporation	
  of	
  intact	
  7SL.	
  

The	
  major	
  band	
  isolated	
  from	
  the	
  minimal	
  VLP	
  Zwtp6	
  (lane	
  8)	
  was	
  58	
  bases,	
  which	
  

indicated	
  that	
  the	
  3’	
  end	
  of	
  7SLrem	
  was	
  C230.	
  

Figure	
  2-­‐3b	
  shows	
  results	
  of	
  the	
  primer	
  extension	
  analysis	
  used	
  to	
  map	
  the	
  5’	
  

end	
  of	
  7SLrem.	
  Similar	
  to	
  Figure	
  2-­‐3a,	
  the	
  major	
  band	
  in	
  both	
  species	
  containing	
  

intact	
  Gag,	
  CMVΔR8.2	
  and	
  Gag/h	
  (lanes	
  1,	
  2),	
  which	
  was	
  216	
  bases,	
  corresponds	
  to	
  

full-­‐length	
  7SL.	
  The	
  major	
  band	
  from	
  the	
  minimal	
  VLP	
  Zwtp6	
  (lane	
  5)	
  is	
  98	
  bases,	
  

which	
  indicates	
  that	
  the	
  5’	
  end	
  of	
  7SLrem	
  was	
  G120.	
  Whether	
  the	
  numerous	
  minor	
  

bands	
  visualized	
  for	
  the	
  Zwtp6	
  sample	
  were	
  due	
  to	
  pausing	
  by	
  RT	
  on	
  this	
  highly	
  

structured	
  RNA,	
  alternate	
  7SL	
  cleavage	
  products,	
  or	
  other	
  causes	
  was	
  not	
  

determined.	
  The	
  5’	
  ends	
  of	
  the	
  two	
  larger	
  fragments	
  were	
  not	
  determined	
  with	
  

precision,	
  but	
  based	
  on	
  their	
  mobilities	
  on	
  gels	
  and	
  hybridization	
  patterns	
  with	
  

additional	
  probes	
  (eg:	
  Fig.	
  2-­‐2d)	
  were	
  indicated	
  to	
  be	
  approximately	
  C111	
  and	
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Figure	
  2-­‐3.	
  Identification	
  of	
  7SLrem.	
  (A)	
  Sequencing	
  gel	
  of	
  RNA	
  fragments	
  that	
  
have	
  been	
  hybridized	
  to	
  a	
  probe	
  specific	
  to	
  helix	
  8	
  of	
  7SL	
  and	
  digested	
  with	
  S1	
  
nuclease	
  in	
  order	
  to	
  determine	
  the	
  3'	
  end	
  of	
  7SLrem.	
  (B)	
  Sequencing	
  gel	
  of	
  RNA	
  
fragments	
  that	
  have	
  been	
  hybridized	
  to	
  an	
  oligonucleotide	
  specific	
  to	
  helix	
  8	
  of	
  7SL	
  
and	
  a	
  primer	
  extended	
  by	
  murine	
  leukemia	
  virus	
  reverse	
  transcriptase	
  in	
  order	
  to	
  
determine	
  the	
  5'	
  end	
  of	
  7SLrem.	
  (C)	
  A	
  schematic	
  of	
  7SL	
  showing	
  the	
  5'	
  and	
  3'	
  ends	
  
of	
  7SLrem	
  determined	
  as	
  described	
  above,	
  as	
  well	
  as	
  the	
  inferred	
  ends	
  of	
  the	
  two	
  
larger	
  7SL	
  fragments	
  (indicated	
  by	
  arrows).	
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U103.	
  Therefore	
  7SLrem	
  can	
  be	
  mapped	
  to	
  111	
  nt	
  contained	
  within	
  the	
  S	
  domain	
  of	
  

7SL	
  (Fig.	
  2-­‐3c).	
  

	
  

Full-­‐length	
  7SL	
  is	
  present	
  in	
  ΔMA	
  mutants	
  containing	
  NC,	
  and	
  7SLrem	
  is	
  

present	
  in	
  ΔMAΔNC	
  mutants.	
  The	
  Gag	
  mutants	
  used	
  in	
  the	
  above	
  experiments	
  

retained	
  the	
  N-­‐terminal	
  12	
  amino	
  acids	
  of	
  MA	
  to	
  promote	
  membrane	
  localization.	
  

Thus,	
  work	
  with	
  these	
  mutants	
  could	
  not	
  rule	
  out	
  interactions	
  between	
  7SL	
  and	
  

these	
  residues	
  of	
  MA.	
  Therefore,	
  we	
  examined	
  the	
  RNA	
  content	
  of	
  viruses	
  that	
  did	
  

not	
  contain	
  any	
  portion	
  of	
  MA.	
  In	
  the	
  mutant	
  Gag	
  proteins	
  used	
  here,	
  the	
  first	
  ten	
  

amino	
  acids	
  of	
  Fyn	
  kinase	
  were	
  fused	
  onto	
  the	
  polyprotein	
  N-­‐terminus	
  in	
  order	
  to	
  

recapitulate	
  the	
  membrane	
  binding	
  function	
  of	
  MA	
  (Fig.	
  2-­‐4a).	
  Fyn(10)	
  constructs	
  

recruit	
  myristate	
  moieties	
  as	
  MA	
  does	
  in	
  the	
  context	
  of	
  Gag,	
  as	
  well	
  as	
  two	
  palmylate	
  

moieties,	
  allowing	
  binding	
  to	
  the	
  plasma	
  membrane,	
  viral	
  assembly,	
  and	
  release	
  of	
  

viral	
  particles	
  (56).	
  	
  

	
   The	
  RNA	
  content	
  of	
  Fyn(10)	
  VLPs	
  was	
  examined	
  by	
  northern	
  blot	
  (Fig.	
  2-­‐4b).	
  

In	
  virions	
  produced	
  by	
  Fyn(10)	
  constructs	
  that	
  contained	
  an	
  intact	
  NC	
  domain	
  

(lanes	
  9,	
  10),	
  full	
  length	
  7SL	
  was	
  present	
  at	
  levels	
  comparable	
  to	
  those	
  found	
  in	
  

VLPs	
  containing	
  authentic	
  Gag	
  expressed	
  by	
  the	
  plasmid	
  pVR1012x/s	
  Gag/h	
  (lane	
  

8).	
  In	
  virions	
  produced	
  by	
  Fyn(10)	
  constructs	
  which	
  were	
  missing	
  the	
  NC	
  domain	
  

(lanes	
  11,	
  12),	
  7SLrem	
  was	
  present	
  at	
  levels	
  comparable	
  to	
  those	
  found	
  in	
  the	
  

minimal	
  VLP	
  ΔZwt	
  (lane	
  13),	
  regardless	
  of	
  whether	
  or	
  not	
  the	
  constructs	
  contained	
  

the	
  MA	
  domain.	
  Although	
  these	
  data	
  were	
  not	
  normalized	
  for	
  viral	
  particle	
  

production	
  and	
  therefore	
  band	
  intensities	
  are	
  not	
  indicative	
  of	
  molar	
  amounts	
  of	
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Figure	
  2-­‐4.	
  Packaging	
  of	
  7SL	
  in	
  ΔMA	
  virions.	
  (A)	
  Schematic	
  of	
  Gag	
  derivatives	
  
with	
  the	
  addition	
  of	
  the	
  N-­‐terminal	
  10	
  amino	
  acids	
  of	
  Fyn	
  kinase.	
  Myristate	
  (M)	
  and	
  
palmitate	
  (palm)	
  moieties	
  are	
  shown.	
  (B)	
  Northern	
  blot	
  of	
  RNA	
  from	
  Fyn(10)	
  
constructions,	
  as	
  well	
  as	
  ΔZwt,	
  a	
  minimal	
  VLP	
  seen	
  in	
  Fig.	
  2-­‐3,	
  using	
  a	
  probe	
  specific	
  
to	
  the	
  S	
  domain.	
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7SL	
  and	
  7SLrem,	
  these	
  data	
  demonstrate	
  that	
  the	
  packaging	
  of	
  neither	
  full	
  length	
  

nor	
  processed	
  7SL	
  was	
  dependent	
  upon	
  any	
  portion	
  of	
  matrix.	
  

	
  

Discussion	
  

	
   We	
  have	
  examined	
  the	
  RNA	
  content	
  of	
  minimal	
  virus-­‐like	
  particles	
  and	
  

determined	
  that	
  they	
  contain	
  three	
  fragments	
  of	
  7SL	
  RNA.	
  The	
  primary	
  fragment,	
  

termed	
  7SLrem,	
  mapped	
  to	
  111	
  nt	
  within	
  the	
  S	
  domain	
  of	
  7SL,	
  and	
  the	
  two	
  

secondary	
  fragments	
  were	
  approximately	
  8	
  nt	
  and	
  15	
  nt	
  longer	
  on	
  the	
  5’	
  end.	
  

7SLrem	
  was	
  not	
  detected	
  in	
  cells,	
  nor	
  does	
  7SL	
  contain	
  any	
  regulatory	
  sequences	
  

known	
  to	
  be	
  capable	
  of	
  expressing	
  only	
  the	
  7SLrem	
  region	
  (87).	
  Therefore,	
  intact	
  

7SL	
  is	
  probably	
  the	
  species	
  recruited	
  during	
  assembly,	
  and	
  7SLrem	
  is	
  likely	
  

processed	
  from	
  full-­‐length	
  7SL	
  while	
  in	
  association	
  with	
  viral	
  components.	
  This	
  

work	
  was	
  performed	
  using	
  virions	
  produced	
  by	
  the	
  highly-­‐transfectable	
  293T	
  cell	
  

type,	
  which	
  is	
  known	
  to	
  release	
  highly	
  elevated	
  levels	
  of	
  minimal	
  VLPs	
  (95).	
  Due	
  to	
  

the	
  low	
  yield	
  of	
  these	
  VLPs	
  from	
  cells	
  other	
  than	
  293Ts,	
  we	
  have	
  been	
  unable	
  to	
  test	
  

the	
  universality	
  of	
  the	
  7SLrem	
  phenotype	
  thus	
  far.	
  

	
   Previous	
  work	
  assessing	
  the	
  RNA	
  content	
  of	
  minimal	
  VLPs	
  yielded	
  

contradictory	
  results,	
  with	
  nuclease	
  protection	
  revealing	
  7SL	
  in	
  minimal	
  VLPs	
  

(237),	
  but	
  RT-­‐PCR	
  repeatedly	
  failing	
  to	
  detect	
  7SL	
  under	
  similar	
  circumstances	
  (10,	
  

65,	
  302,	
  309,	
  310).	
  The	
  data	
  here	
  resolve	
  this	
  conflict	
  by	
  demonstrating	
  that	
  while	
  

full-­‐length	
  7SL	
  is	
  only	
  present	
  in	
  small	
  amounts	
  in	
  minimal	
  VLPs,	
  discrete	
  7SL	
  

fragments	
  are	
  observed	
  in	
  VLPs	
  at	
  the	
  same	
  molar	
  levels	
  as	
  intact	
  7SL	
  in	
  authentic	
  

Gag	
  particles.	
  This	
  explains	
  why	
  a	
  probe	
  previously	
  used	
  to	
  detect	
  7SL	
  by	
  RPA	
  (237),	
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which	
  lies	
  within	
  the	
  primary,	
  and	
  smallest,	
  fragment	
  of	
  7SL	
  in	
  VLPs,	
  did	
  detect	
  this	
  

RNA,	
  whereas	
  the	
  primers	
  used	
  for	
  RT-­‐PCR,	
  which	
  lie	
  either	
  completely	
  or	
  partially	
  

outside	
  the	
  retained	
  sequence,	
  detected	
  little	
  or	
  no	
  7SL.	
  In	
  Crist	
  et	
  al.,	
  the	
  primers	
  

used	
  lie	
  completely	
  outside	
  of	
  the	
  7SL	
  fragments	
  reported	
  here,	
  and	
  no	
  7SL	
  was	
  

detected	
  in	
  minimal	
  VLPs	
  (65).	
  In	
  Wang	
  et	
  al.	
  (309,	
  310)primers	
  lay	
  outside	
  all	
  but	
  

the	
  largest	
  retained	
  fragment.	
  Our	
  results	
  (Fig.	
  2-­‐2b)	
  suggest	
  this	
  largest	
  of	
  the	
  7SL	
  

fragments,	
  plus	
  intact	
  7SL,	
  comprised	
  11%	
  of	
  the	
  total	
  7SL	
  in	
  the	
  VLPs,	
  which	
  is	
  in	
  

good	
  agreement	
  with	
  the	
  approximately	
  ten-­‐fold	
  decrease	
  reported	
  in	
  Wang	
  et	
  al.	
  

(309,	
  310).	
  Bach	
  et	
  al.	
  use	
  two	
  sets	
  of	
  primers,	
  one	
  completely	
  outside	
  of	
  the	
  

retained	
  fragments	
  and	
  one	
  outside	
  all	
  but	
  the	
  largest	
  retained	
  fragment,	
  and	
  report	
  

7SL	
  levels	
  in	
  VLPs	
  2-­‐	
  or	
  12-­‐fold	
  reduced	
  relative	
  to	
  those	
  in	
  WT	
  virions	
  (10).	
  Crist	
  et	
  

al.	
  (65)	
  not	
  only	
  failed	
  to	
  detect	
  appreciable	
  7SL	
  but	
  also	
  presented	
  data	
  showing	
  no	
  

detectable	
  RNA	
  of	
  any	
  sort	
  present	
  in	
  minimal	
  VLPs.	
  However,	
  the	
  reagent	
  they	
  used	
  

to	
  monitor	
  RNA,	
  RiboGreen	
  (Invitrogen),	
  has	
  been	
  demonstrated	
  to	
  have	
  low	
  

efficiency	
  at	
  quantifying	
  RNAs	
  around	
  100	
  bases	
  or	
  shorter,	
  which	
  is	
  the	
  

approximate	
  size	
  of	
  7SLrem	
  (152).	
  The	
  dependency	
  of	
  the	
  packaging	
  of	
  the	
  cytosine	
  

deaminase	
  APOBEC3G	
  on	
  NC	
  seen	
  in	
  Wang	
  et	
  al.	
  (311)	
  and	
  Bach	
  et	
  al.	
  (10)	
  may	
  also	
  

be	
  explained	
  by	
  7SLrem,	
  and	
  there	
  is	
  some	
  evidence	
  that	
  packaging	
  of	
  APOBEC3G	
  by	
  

HIV-­‐1	
  may	
  be	
  dependent	
  on	
  7SL	
  (309,	
  311),	
  although	
  this	
  remains	
  controversial	
  

(163).	
  

The	
  ends	
  of	
  7SLrem	
  map	
  to	
  bulges	
  in	
  the	
  secondary	
  structure	
  of	
  the	
  full	
  

length	
  7SL	
  RNA	
  where	
  nucleotides	
  remain	
  unpaired.	
  This,	
  combined	
  with	
  the	
  

apparent	
  precision	
  with	
  which	
  the	
  ends	
  of	
  7SLrem	
  are	
  cleaved,	
  implies	
  processing	
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by	
  a	
  single-­‐strand	
  endonuclease.	
  This	
  endonuclease	
  cannot	
  be	
  viral	
  RNase	
  H,	
  as	
  

7SLrem	
  is	
  found	
  in	
  Gag-­‐only	
  particles	
  that	
  lack	
  this	
  enzyme.	
  Although	
  no	
  

endonuclease	
  has	
  yet	
  been	
  identified	
  in	
  viral	
  particles,	
  the	
  genomic	
  RNA	
  of	
  

retroviruses	
  is	
  often	
  nicked	
  when	
  released	
  from	
  virions,	
  implying	
  encounters	
  with	
  

an	
  endonuclease	
  (60,	
  235).	
  Whether	
  this	
  endonuclease	
  is	
  the	
  same	
  as	
  the	
  

endonuclease	
  that	
  appears	
  to	
  be	
  acting	
  on	
  7SL,	
  and	
  whether	
  or	
  not	
  the	
  

endonuclease(s)	
  in	
  question	
  are	
  packaged	
  into	
  viral	
  particles	
  or	
  associate	
  only	
  

during	
  assembly,	
  remains	
  to	
  be	
  determined.	
  

	
   It	
  is	
  interesting	
  to	
  note	
  that	
  the	
  same	
  processing	
  of	
  7SL	
  occurs	
  whether	
  the	
  

minimal	
  VLP	
  lacks	
  only	
  NC	
  (as	
  in	
  ΔNCp1)	
  or	
  lacks	
  the	
  majority	
  of	
  Gag	
  (ΔZwt).	
  This	
  

indicates	
  that	
  nucleocapsid	
  plays	
  a	
  role	
  in	
  protecting	
  the	
  full	
  length	
  RNA	
  from	
  

processing.	
  This	
  protection	
  does	
  not	
  require	
  maturation	
  to	
  NCp7,	
  as	
  Gag+PR–	
  VLPs	
  

contained	
  intact	
  7SL.	
  It	
  has	
  been	
  established	
  that	
  mutations	
  to	
  NC,	
  specifically	
  to	
  the	
  

conserved	
  CCHC	
  motif	
  of	
  the	
  zinc	
  finger	
  domains,	
  severely	
  reduce	
  the	
  packaging	
  of	
  

genomic	
  RNA	
  and	
  result	
  in	
  the	
  production	
  of	
  non-­‐infectious	
  virus	
  (reviewed	
  in	
  300).	
  

When	
  examined	
  by	
  electron	
  microscopy,	
  these	
  viral	
  particles	
  exhibit	
  a	
  disordered,	
  

globular	
  core	
  rather	
  than	
  the	
  compact,	
  cone-­‐shaped	
  structure	
  seen	
  in	
  WT	
  particles	
  

(116).	
  NC	
  zinc	
  finger	
  mutants	
  exhibit	
  severe	
  budding	
  delays,	
  and	
  can	
  initiate	
  reverse	
  

transcription	
  before	
  the	
  virion	
  has	
  fully	
  released	
  from	
  the	
  host	
  cell	
  (299).	
  The	
  

proposed	
  model	
  for	
  NC	
  regulation	
  of	
  reverse	
  transcription	
  is	
  that	
  the	
  CCHC	
  motifs	
  of	
  

NC	
  zinc	
  fingers	
  promote	
  the	
  formation	
  of	
  a	
  highly	
  condensed	
  core	
  structure	
  

whereby	
  reverse	
  transcription	
  is	
  prevented	
  until	
  the	
  dissolution	
  of	
  such	
  a	
  structure	
  

upon	
  entry	
  into	
  the	
  target	
  cell	
  (216).	
  Such	
  a	
  model	
  may	
  explain	
  7SL	
  processing	
  in	
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ΔNC	
  VLPs	
  as	
  well.	
  Without	
  the	
  dense	
  core	
  structure	
  produced	
  by	
  a	
  fully	
  intact	
  NC	
  

domain,	
  the	
  endonuclease	
  responsible	
  for	
  processing	
  7SL	
  into	
  7SLrem	
  may	
  be	
  able	
  

to	
  function.	
  	
  

	
   The	
  processed	
  forms	
  of	
  7SL	
  were	
  retained	
  in	
  VLPs	
  even	
  when	
  only	
  a	
  few	
  

domains	
  of	
  Gag	
  were	
  present.	
  The	
  VLP	
  containing	
  the	
  least	
  amount	
  of	
  Gag	
  studied	
  

here	
  (DZwt)	
  contained	
  only	
  8	
  amino	
  acids	
  of	
  matrix,	
  the	
  C-­‐terminal	
  domain	
  of	
  

capsid,	
  and	
  spacer	
  protein	
  1.	
  A	
  role	
  for	
  the	
  8	
  amino	
  acids	
  of	
  MA	
  were	
  ruled	
  out	
  using	
  

Fyn(10)	
  constructs.	
  Thus,	
  the	
  determinants	
  of	
  7SL	
  recruitment	
  into	
  HIV-­‐1	
  must	
  be	
  

either	
  the	
  CTD	
  of	
  CA	
  and/or	
  SP1,	
  and/or	
  the	
  myristate	
  moiety	
  attached	
  to	
  the	
  N-­‐

terminus	
  of	
  the	
  polyprotein	
  or	
  resulting	
  membrane	
  localization.	
  It	
  remains	
  to	
  be	
  

shown	
  whether	
  7SLrem	
  interacts	
  directly	
  with	
  Gag,	
  or	
  is	
  retained	
  in	
  the	
  virion	
  

through	
  other	
  means,	
  such	
  as	
  in	
  complex	
  with	
  another	
  protein	
  present	
  in	
  the	
  viral	
  

particle.
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Chapter	
  Three	
  

The	
  cis-­‐acting	
  determinants	
  of	
  7SL	
  packaging	
  by	
  HIV-­‐1*	
  

	
  

Abstract	
  

The	
  host	
  noncoding	
  RNA	
  7SL	
  is	
  highly	
  enriched	
  in	
  the	
  virions	
  of	
  retroviruses.	
  Here,	
  

we	
  examined	
  the	
  regions	
  of	
  7SL	
  that	
  mediate	
  packaging	
  by	
  HIV-­‐1.	
  Both	
  the	
  Alu	
  

domain	
  and	
  the	
  S	
  domain	
  were	
  sufficient	
  to	
  mediate	
  specific	
  packaging	
  when	
  

expressed	
  separately	
  as	
  truncations	
  of	
  7SL.	
  However,	
  while	
  the	
  Alu	
  domain	
  

competed	
  with	
  endogenous	
  7SL	
  for	
  packaging	
  in	
  proportion	
  to	
  Gag,	
  the	
  S	
  domain	
  

was	
  packaged	
  additively,	
  implying	
  that	
  the	
  Alu	
  and	
  S	
  domains	
  are	
  packaged	
  via	
  

separate	
  mechanisms	
  and	
  that	
  the	
  Alu	
  domain	
  is	
  packaged	
  by	
  the	
  same	
  mechanism	
  

as	
  endogenous	
  7SL.	
  Further	
  truncations	
  of	
  the	
  Alu	
  domain	
  or	
  mutation	
  of	
  the	
  Alu	
  

domain	
  helix	
  5c	
  region	
  significantly	
  reduced	
  packaging	
  efficiency,	
  implicating	
  helix	
  

5c	
  as	
  critical	
  for	
  packaging,	
  reinforcing	
  the	
  finding	
  that	
  7SL	
  packaging	
  is	
  highly	
  

selective,	
  and	
  confirming	
  that	
  7SL	
  is	
  not	
  passively	
  acquired.	
  Surprisingly,	
  when	
  the	
  

Alu	
  domain	
  was	
  mutated	
  so	
  that	
  it	
  no	
  longer	
  contained	
  a	
  binding	
  site	
  for	
  the	
  SRP	
  

protein	
  heterodimer	
  SRP9/14,	
  it	
  was	
  no	
  longer	
  packaged	
  in	
  a	
  competitive	
  manner,	
  

but	
  instead	
  was	
  packaged	
  additively	
  with	
  endogenous	
  7SL.	
  These	
  data	
  support	
  a	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
*	
  Previously	
  published	
  as	
  Keene,	
  S.E.,	
  and	
  A.	
  Telesnitsky.	
  2012.	
  Cis-­‐acting	
  
determinants	
  of	
  7SL	
  packaging	
  by	
  HIV-­‐1.	
  J.	
  Virol.	
  May	
  16.	
  {Epub	
  ahead	
  of	
  print.]	
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model	
  in	
  which	
  7SL	
  RNA	
  is	
  packaged	
  via	
  interactions	
  between	
  Gag	
  and	
  a	
  7SL	
  RNA	
  

structure	
  that	
  exists	
  transiently	
  at	
  a	
  discrete	
  stage	
  of	
  SRP	
  biogenesis.	
  Our	
  data	
  

further	
  indicate	
  that	
  a	
  secondary	
  “additive”	
  pathway	
  exists	
  that	
  can	
  result	
  in	
  the	
  

packaging	
  of	
  certain	
  7SL	
  derivatives	
  in	
  molar	
  excess	
  to	
  endogenously	
  packaged	
  7SL.	
  

	
  

Introduction	
  

	
   Retroviruses,	
  like	
  all	
  RNA	
  viruses,	
  are	
  ribonucleoprotein	
  (RNP)	
  complexes.	
  

The	
  primary	
  protein	
  component	
  of	
  retroviral	
  particles	
  is	
  the	
  structural	
  polypeptide	
  

Gag,	
  while	
  the	
  primary	
  RNA	
  component	
  is	
  the	
  viral	
  genomic	
  RNA	
  (gRNA).	
  In	
  vitro,	
  

nucleic	
  acids	
  or	
  similar	
  molecules	
  are	
  necessary	
  to	
  trigger	
  the	
  assembly	
  of	
  soluble	
  

Gag	
  proteins	
  into	
  virus-­‐like	
  particles	
  (40,	
  41).	
  These	
  RNA/protein	
  interactions,	
  

some	
  of	
  which	
  remain	
  poorly	
  understood,	
  are	
  critical	
  during	
  retroviral	
  assembly.	
  

	
   The	
  nucleocapsid	
  (NC)	
  domain	
  is	
  the	
  primary	
  region	
  of	
  Gag	
  involved	
  in	
  

interactions	
  with	
  RNA.	
  Although	
  it	
  contributes	
  to	
  many	
  viral	
  functions,	
  in	
  simple	
  

terms	
  NC	
  contains	
  RNA-­‐binding	
  motifs	
  that	
  either	
  interact	
  specifically	
  with	
  gRNA	
  

(the	
  “zinc	
  finger”	
  motifs)	
  or	
  engage	
  in	
  non-­‐specific	
  interactions	
  with	
  nucleic	
  acids	
  

(the	
  basic	
  regions).	
  Mutations	
  in	
  the	
  latter	
  dramatically	
  reduce	
  intact	
  particle	
  

release,	
  while	
  mutations	
  in	
  the	
  former	
  do	
  not	
  (58,	
  308).	
  Moreover,	
  Gag	
  can	
  form	
  

VLPs	
  in	
  the	
  absence	
  of	
  viral	
  gRNA	
  (3,	
  263).	
  Gag	
  molecules	
  from	
  which	
  NC	
  has	
  been	
  

deleted	
  entirely	
  form	
  VLPs	
  less	
  efficiently	
  than	
  wild-­‐type	
  Gag;	
  however,	
  this	
  

phenotype	
  can	
  be	
  rescued	
  if	
  NC	
  is	
  replaced	
  with	
  a	
  sequence	
  capable	
  of	
  forming	
  

protein-­‐protein	
  interactions,	
  such	
  as	
  a	
  leucine	
  zipper	
  motif	
  (1,	
  65,	
  340).	
  Taken	
  

together,	
  these	
  data	
  have	
  led	
  to	
  a	
  model	
  in	
  which	
  RNA,	
  but	
  not	
  necessarily	
  the	
  viral	
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genome,	
  promotes	
  the	
  multimerization	
  of	
  Gag	
  through	
  interactions	
  with	
  the	
  NC	
  

domain	
  during	
  retroviral	
  assembly.	
  

	
   Although	
  the	
  primary	
  RNA	
  component	
  of	
  retroviral	
  particles	
  is	
  gRNA,	
  

retroviruses	
  also	
  package	
  cellular	
  RNAs,	
  and	
  as	
  much	
  as	
  30%	
  of	
  the	
  RNA	
  in	
  a	
  

retroviral	
  particle	
  is	
  host-­‐derived	
  (21,	
  24,	
  135,	
  188,	
  263).	
  These	
  RNAs	
  are	
  primarily	
  

small,	
  non-­‐coding,	
  highly	
  structured	
  RNA	
  polymerase	
  III	
  (Pol	
  III)	
  products,	
  and	
  

some	
  are	
  packaged	
  in	
  molar	
  excess	
  over	
  the	
  genomic	
  RNA	
  (236,	
  237).	
  One	
  such	
  Pol	
  

III	
  product	
  is	
  the	
  301	
  nt	
  7SL	
  RNA,	
  which	
  has	
  been	
  recognized	
  as	
  a	
  component	
  of	
  

retroviral	
  particles	
  since	
  the	
  1970s	
  (24).	
  Those	
  retroviruses	
  for	
  which	
  RNA	
  content	
  

has	
  been	
  studied	
  in	
  detail	
  display	
  replicable	
  patterns	
  of	
  host	
  RNA	
  packaging,	
  

implying	
  non-­‐random	
  acquisition	
  of	
  these	
  RNAs.	
  For	
  example,	
  in	
  murine	
  leukemia	
  

virus	
  (MLV),	
  the	
  RNAs	
  mY1,	
  mY3,	
  7SL,	
  and	
  the	
  murine	
  7SL	
  derivative	
  B1	
  are	
  highly	
  

enriched	
  in	
  the	
  virion	
  (104,	
  236).	
  Similarly,	
  in	
  human	
  immunodeficiency	
  virus	
  type	
  

1	
  (HIV-­‐1),	
  7SL	
  is	
  highly	
  enriched	
  (77,	
  237).	
  However,	
  the	
  human	
  7SL	
  derivative	
  

scAlu	
  RNA	
  and	
  the	
  hY1	
  and	
  hY3	
  RNAs	
  are	
  not	
  present	
  in	
  appreciable	
  amounts	
  in	
  

HIV-­‐1	
  (237,	
  302,	
  309).	
  With	
  the	
  exception	
  of	
  the	
  tRNAs	
  that	
  retroviruses	
  use	
  to	
  

prime	
  reverse	
  transcription	
  (166,	
  199),	
  any	
  functions	
  of	
  these	
  packaged	
  host	
  RNAs	
  

in	
  viral	
  replication	
  remain	
  unknown.	
  

	
   7SL	
  RNA	
  is	
  well-­‐packaged	
  by	
  many	
  retroviruses	
  (24,	
  89).	
  It	
  is	
  found	
  at	
  3-­‐4-­‐

fold	
  molar	
  excess	
  over	
  a	
  monomer	
  of	
  MLV	
  genomic	
  RNA	
  and	
  at	
  6-­‐7-­‐fold	
  molar	
  

excess	
  over	
  the	
  genomic	
  RNA	
  of	
  HIV	
  (236,	
  237).	
  7SL	
  has	
  been	
  implicated	
  in	
  the	
  

packaging	
  of	
  the	
  cytidine	
  deaminase	
  APOBEC3G	
  by	
  HIV-­‐1	
  (309-­‐311,	
  338),	
  although	
  

this	
  finding	
  remains	
  controversial	
  (10,	
  163,	
  289).	
  Evidence	
  for	
  interactions	
  between	
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7SL	
  derivatives	
  and	
  retrotransposition	
  machinery	
  extends	
  beyond	
  exogenous	
  

retroviruses,	
  as	
  the	
  highly	
  repetitive	
  Alu	
  sequences	
  found	
  in	
  primate	
  and	
  rodent	
  

genomes	
  are	
  derived	
  from	
  the	
  Alu	
  domain	
  of	
  7SL	
  (17,	
  262).	
  Alu	
  elements	
  are	
  

retrotransposons,	
  mobilized	
  by	
  retrovirus-­‐like	
  elements	
  present	
  in	
  the	
  genome.	
  The	
  

origin	
  of	
  genomic	
  Alu	
  elements	
  can	
  be	
  traced	
  back	
  at	
  least	
  to	
  the	
  origin	
  of	
  the	
  

Euarchontoglires	
  lineage	
  (171),	
  which	
  includes	
  both	
  primates	
  and	
  rodents	
  and	
  

which	
  diverged	
  ~85	
  mya.	
  The	
  association	
  between	
  7SL	
  and	
  retroviruses	
  can	
  

therefore	
  be	
  considered	
  an	
  ancient	
  one.	
  

	
   The	
  normal	
  function	
  of	
  7SL	
  in	
  the	
  cell	
  is	
  as	
  the	
  RNA	
  scaffold	
  of	
  the	
  signal	
  

recognition	
  particle	
  (SRP),	
  a	
  ribonucleoprotein	
  complex	
  that	
  is	
  responsible	
  for	
  

targeting	
  nascent	
  secretory	
  and	
  transmembrane	
  polypeptides	
  to	
  the	
  endoplasmic	
  

reticulum	
  (ER)	
  (for	
  reviews	
  see	
  (66,	
  193)).	
  7SL	
  RNA	
  is	
  composed	
  of	
  three	
  domains	
  

(Fig.	
  3-­‐1):	
  (i)	
  the	
  Alu	
  domain,	
  which	
  binds	
  the	
  SRP	
  proteins	
  SRP9	
  and	
  SRP14	
  and	
  is	
  

responsible	
  for	
  arresting	
  translation	
  of	
  the	
  nascent	
  polypeptide	
  upon	
  binding	
  to	
  the	
  

ribosome	
  complex	
  (122,	
  140,	
  292);	
  (ii)	
  the	
  S	
  domain,	
  which	
  binds	
  the	
  SRP	
  proteins	
  

SRP	
  19,	
  SRP	
  54,	
  SRP	
  68,	
  and	
  SRP	
  72	
  and	
  is	
  responsible	
  for	
  targeting	
  the	
  arrested	
  

ribosome	
  to	
  the	
  ER	
  (113,	
  208,	
  277,	
  279);	
  and	
  (iii)	
  the	
  linker	
  region,	
  which	
  separates	
  

the	
  Alu	
  and	
  S	
  domains.	
  7SL	
  is	
  also	
  capable	
  of	
  acting	
  as	
  an	
  enzyme,	
  in	
  the	
  sense	
  that	
  a	
  

highly	
  conserved	
  region	
  of	
  the	
  S	
  domain,	
  helix	
  8,	
  is	
  responsible	
  for	
  catalyzing	
  the	
  

docking	
  between	
  SRP	
  and	
  the	
  SRP	
  receptor	
  (245,	
  246).	
  The	
  fact	
  that	
  RNA	
  (but	
  not	
  

genomic	
  RNA)	
  is	
  necessary	
  for	
  retroviral	
  assembly,	
  paired	
  with	
  the	
  structural	
  role	
  of	
  

7SL	
  in	
  the	
  cell	
  and	
  its	
  high	
  abundance	
  and	
  selective	
  packaging	
  in	
  at	
  least	
  most	
  kinds	
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Figure	
  3-­‐1.	
  Secondary	
  structure	
  of	
  human	
  7SL	
  RNA,	
  allele	
  B.	
  Alu	
  and	
  S	
  domains	
  are	
  
boxed.	
  Bold	
  numbers	
  indicate	
  previously	
  established	
  nomenclature	
  for	
  7SL	
  helices	
  
and	
  loops	
  (343).	
  These	
  designations	
  are	
  preserved	
  throughout	
  this	
  paper	
  to	
  indicate	
  
the	
  origins	
  of	
  specific	
  7SL	
  segments.	
  The	
  dashed	
  lines	
  represent	
  the	
  probes	
  used	
  for	
  
northern	
  blotting,	
  and	
  the	
  solid	
  line	
  represents	
  the	
  probe	
  used	
  in	
  the	
  RNase	
  
protection	
  assays.	
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of	
  retroviral	
  particles,	
  appears	
  consistent	
  with	
  the	
  possibility	
  that	
  7SL	
  may	
  play	
  a	
  

structural	
  role	
  in	
  retroviral	
  assembly.	
  

	
   Previously,	
  we	
  identified	
  the	
  trans-­‐acting	
  determinants	
  of	
  7SL	
  packaging	
  

(162).	
  We	
  demonstrated	
  that	
  even	
  minimal	
  assembly-­‐competent	
  forms	
  of	
  HIV	
  Gag	
  

that	
  retain	
  only	
  the	
  C-­‐terminal	
  domain	
  (CTD)	
  of	
  capsid	
  (CA)	
  and	
  spacer	
  protein	
  1	
  

(sp1)	
  package	
  7SL	
  RNA	
  as	
  efficiently	
  as	
  intact	
  Gag,	
  but	
  that	
  only	
  a	
  fragment	
  of	
  7SL	
  

was	
  observed	
  in	
  particles	
  that	
  lacked	
  NC.	
  This	
  finding	
  indicates	
  that	
  an	
  interaction	
  

with	
  CA/sp1	
  is	
  sufficient	
  for	
  7SL	
  acquisition	
  but	
  that	
  the	
  Alu	
  domain	
  of	
  7SL	
  is	
  

protected	
  from	
  endonucleolytic	
  processing	
  when	
  NC	
  is	
  present	
  (162).	
  Here,	
  we	
  

generated	
  7SL	
  mutants	
  and	
  tested	
  their	
  packaging	
  to	
  define	
  the	
  cis-­‐acting	
  sequences	
  

that	
  mediate	
  specific	
  7SL	
  packaging	
  by	
  HIV-­‐1.	
  

	
  

Materials	
  and	
  Methods	
  

Plasmids	
  

Most	
  7SL-­‐derivative	
  expression	
  plasmids	
  were	
  made	
  by	
  overlap	
  extension	
  PCR	
  

templated	
  by	
  the	
  plasmid	
  p7SL30.1	
  (344),	
  which	
  contains	
  human	
  7SL	
  allele	
  B	
  with	
  

its	
  endogenous	
  promoter,	
  and	
  inserting	
  the	
  PCR	
  products	
  into	
  the	
  backbone	
  of	
  

p7SL30.1	
  in	
  place	
  of	
  the	
  WT	
  7SL	
  coding	
  region.	
  7SL	
  derivatives	
  expressed	
  by	
  the	
  U6	
  

promoter	
  were	
  made	
  synthetically	
  by	
  filling	
  out	
  overlapping	
  60	
  nt	
  primers	
  using	
  

Taq	
  DNA	
  polymerase.	
  These	
  products	
  were	
  inserted	
  into	
  the	
  multiple	
  cloning	
  site	
  of	
  

the	
  plasmid	
  pBlueScript	
  KS+.	
  HIV-­‐1	
  virions	
  were	
  produced	
  by	
  transfecting	
  293T	
  or	
  

ET	
  cells	
  (250)	
  with	
  the	
  plasmid	
  pHIVpuro,	
  a	
  ΔEnv,	
  ΔVif,	
  ΔVpr	
  version	
  of	
  HIV-­‐1	
  with	
  

the	
  env	
  coding	
  region	
  replaced	
  by	
  a	
  gene	
  coding	
  for	
  puromycin	
  resistance	
  (176).	
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Templates	
  for	
  riboprobes	
  that	
  recognize	
  HIV-­‐1	
  genomic	
  RNA	
  and	
  7SL	
  (pSRK1520-­‐1	
  

and	
  pBRU-­‐7SL,	
  respectively)	
  were	
  previously	
  described	
  (192,	
  237).	
  

	
  

Cells	
  and	
  transfections	
  

Virus	
  was	
  produced	
  in	
  293T	
  or	
  ET	
  cells	
  (a	
  293T	
  derivative	
  that	
  constitutively	
  

expresses	
  ecotropic	
  envelope	
  (250)),	
  which	
  were	
  cultured	
  and	
  maintained	
  in	
  

Dulbecco’s	
  modified	
  Eagle’s	
  medium	
  (DMEM;	
  Invitrogen)	
  supplemented	
  with	
  10%	
  

fetal	
  bovine	
  serum	
  (FBS;	
  Gemini),	
  at	
  37°C	
  under	
  5%	
  CO2.	
  Target	
  cells	
  were	
  

D17/pJET	
  cells	
  (canine	
  cells	
  that	
  constitutively	
  express	
  the	
  ecotropic	
  receptor	
  

(233)),	
  which	
  were	
  cultured	
  and	
  maintained	
  in	
  DMEM	
  supplemented	
  with	
  10%	
  

bovine	
  serum	
  (CS;	
  Gemini).	
  Transfection	
  was	
  carried	
  out	
  on	
  100	
  mm	
  plates	
  using	
  

polyethelenimine	
  (PEI;	
  Polysciences	
  Inc),	
  as	
  described	
  previously	
  (162).	
  For	
  each	
  

co-­‐transfection	
  of	
  a	
  plasmid	
  that	
  expressed	
  a	
  7SL	
  derivative	
  with	
  pHIVpuro	
  (the	
  

plasmid	
  that	
  expressed	
  the	
  HIV	
  virus-­‐like	
  particles),	
  8	
  µg	
  of	
  each	
  plasmid	
  was	
  used.	
  

Plasmid	
  DNA	
  was	
  replaced	
  by	
  purified	
  herring	
  sperm	
  DNA	
  (Roche)	
  in	
  the	
  mock	
  

samples	
  and	
  the	
  samples	
  that	
  expressed	
  HIV	
  without	
  exogenous	
  7SL	
  so	
  that	
  the	
  

total	
  amount	
  of	
  DNA	
  and	
  PEI	
  used	
  remained	
  constant.	
  The	
  media	
  +	
  transfection	
  

mixture	
  was	
  removed	
  and	
  replaced	
  with	
  10	
  mL	
  of	
  fresh	
  media	
  24	
  h	
  after	
  

transfection.	
  

	
  

Virus	
  processing	
  and	
  RNA	
  isolation	
  

Tissue	
  culture	
  media	
  was	
  harvested	
  48	
  h	
  after	
  transfection	
  and	
  filtered	
  through	
  0.22	
  

µm	
  filters.	
  Virus	
  was	
  quantified	
  by	
  a	
  reverse	
  transcriptase	
  (RT)	
  assay	
  as	
  described	
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previously	
  (297).	
  Virus	
  was	
  concentrated	
  from	
  10	
  mL	
  media	
  by	
  centrifugation	
  

through	
  a	
  2	
  mL	
  20%	
  sucrose	
  cushion	
  in	
  phosphate-­‐buffered	
  saline	
  (PBS)	
  for	
  2	
  h	
  at	
  

4°C	
  and	
  25,000	
  rpm	
  using	
  a	
  Sorvall	
  Surespin	
  630	
  rotor	
  in	
  a	
  Sorvall	
  Discovery	
  90	
  

ultracentrifuge.	
  Pellets	
  were	
  resuspended	
  in	
  500	
  µl	
  Trizol	
  (Invitrogen),	
  and	
  RNA	
  

was	
  isolated	
  according	
  to	
  the	
  manufacturer’s	
  instructions.	
  Cells	
  were	
  harvested	
  48	
  h	
  

after	
  transfection	
  by	
  scraping	
  cells	
  into	
  2	
  mL	
  Trizol	
  per	
  100	
  mm	
  plate,	
  and	
  RNA	
  was	
  

isolated	
  according	
  to	
  the	
  manufacturer’s	
  instructions.	
  

	
  

Northern	
  blotting	
  

Northern	
  blotting	
  was	
  carried	
  out	
  as	
  described	
  previously	
  (162).	
  Loading	
  was	
  

normalized	
  so	
  that	
  RNA	
  from	
  equivalent	
  amounts	
  of	
  virus	
  was	
  loaded	
  in	
  each	
  lane.	
  

For	
  cellular	
  RNA,	
  0.6%	
  of	
  the	
  total	
  RNA	
  isolated	
  from	
  a	
  confluent	
  100	
  mm	
  plate	
  was	
  

loaded	
  in	
  each	
  lane.	
  The	
  locations	
  recognized	
  by	
  the	
  oligonucleotide	
  probes	
  used	
  are	
  

indicated	
  with	
  dashed	
  lines	
  on	
  Fig.	
  3-­‐1	
  and	
  were	
  as	
  follows:	
  to	
  detect	
  the	
  Alu	
  domain	
  

(Fig.	
  3-­‐2b,	
  Fig.	
  3-­‐3b,	
  Fig.	
  3-­‐5a),	
  5'-­‐ATCCTCCAGCCTCAGCCTCCCGAGTAGCTG	
  -­‐3';	
  to	
  

detect	
  the	
  S	
  domain	
  (Fig.	
  3-­‐4b),	
  5'-­‐TTTTGACCTGCTCCGTTTCCGACCT-­‐3'.	
  Images	
  

were	
  acquired	
  by	
  scanning	
  with	
  a	
  Typhoon	
  Trio	
  Variable	
  Mode	
  Imager,	
  and	
  

quantification	
  was	
  performed	
  using	
  the	
  1D	
  gel	
  imaging	
  feature	
  of	
  ImageQuant	
  TL,	
  

version	
  7.0.	
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RNase	
  Protection	
  Assay	
  

RNase	
  protection	
  assays	
  (RPAs)	
  were	
  performed	
  as	
  previously	
  described	
  (236).	
  The	
  

riboprobes	
  used	
  recognized	
  either	
  a	
  portion	
  of	
  the	
  HIV-­‐1	
  gag	
  gene	
  (CA/sp/NC)	
  or	
  

the	
  S	
  domain	
  of	
  7SL	
  from	
  C116	
  to	
  C217	
  (indicated	
  as	
  a	
  solid	
  line	
  on	
  Fig.	
  3-­‐1).	
  

	
  

Titer	
  

HIVpuro	
  virus	
  for	
  infection	
  was	
  produced	
  by	
  transfection	
  of	
  ET	
  cells	
  as	
  above.	
  Media	
  

was	
  harvested	
  after	
  48	
  h	
  and	
  filtered	
  through	
  0.22	
  μm	
  filters.	
  100	
  mm	
  plates	
  of	
  

D17/pJET	
  cells	
  were	
  infected	
  with	
  2	
  mL	
  DMEM	
  +	
  10%	
  CS,	
  5	
  µg/mL	
  polybrene	
  

(Sigma),	
  and	
  serial	
  dilutions	
  of	
  HIV-­‐containing	
  media.	
  Two	
  hours	
  later,	
  the	
  media	
  

was	
  discarded	
  and	
  10	
  mL	
  of	
  fresh	
  media	
  was	
  added	
  to	
  each	
  plate.	
  After	
  2	
  days	
  

incubation,	
  media	
  was	
  replaced	
  with	
  DMEM	
  +	
  10%	
  CS	
  +	
  2	
  µg/mL	
  puromycin	
  

(Sigma),	
  which	
  was	
  changed	
  every	
  two	
  days	
  until	
  colonies	
  were	
  visible,	
  12-­‐14	
  days	
  

after	
  infection.	
  Colonies	
  were	
  stained	
  with	
  trypan	
  blue	
  and	
  counted.	
  

	
  

Statistical	
  analysis	
  

Statistical	
  significance	
  was	
  analyzed	
  by	
  performing	
  two-­‐tailed,	
  unpaired	
  Student’s	
  t	
  

test	
  on	
  pairs	
  of	
  data,	
  using	
  the	
  statistical	
  functions	
  of	
  Microsoft	
  Excel.	
  Differences	
  

were	
  considered	
  significant	
  if	
  p	
  <	
  0.05.	
  

	
  

Results	
  

An	
  isolated	
  Alu	
  domain	
  competes	
  with	
  endogenous	
  7SL	
  for	
  packaging.	
  To	
  

determine	
  the	
  minimal	
  region	
  of	
  7SL	
  capable	
  of	
  mediating	
  specific	
  packaging,	
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Figure	
  3-­‐2.	
  The	
  Alu	
  domain	
  is	
  sufficient	
  for	
  packaging.	
  A)	
  Schematics	
  of	
  the	
  Alu	
  
domain	
  derivatives	
  used.	
  Alu114	
  corresponded	
  to	
  the	
  entire	
  Alu	
  domain,	
  and	
  Alu92	
  
and	
  Alu87	
  were	
  successively	
  shorter	
  truncations.	
  B)	
  Northern	
  blot	
  of	
  RNA	
  from	
  co-­‐
transfected	
  cells	
  and	
  HIVp	
  virus,	
  showing	
  the	
  expression	
  and	
  packaging	
  of	
  the	
  Alu	
  
domain	
  derivatives.	
  The	
  probe	
  used	
  was	
  against	
  the	
  Alu	
  domain	
  of	
  7SL.	
  The	
  multiple	
  
bands	
  observed	
  for	
  the	
  Alu	
  derivatives	
  likely	
  reflect	
  alternate	
  3’	
  end	
  modifications	
  
(52);	
  virion	
  encapsidation	
  of	
  subsets	
  of	
  Pol	
  III	
  processing	
  products	
  has	
  been	
  
described	
  previously	
  (104).	
  C)	
  Quantification	
  of	
  mutant	
  (light	
  gray)	
  and	
  endogenous	
  
(dark	
  gray)	
  7SL	
  RNA	
  from	
  northern	
  blots.	
  Column	
  numbers	
  correspond	
  to	
  the	
  lane	
  
numbers	
  in	
  panel	
  B.	
  The	
  mean	
  amount	
  of	
  total	
  7SL	
  is	
  shown;	
  endogenous	
  7SL	
  was	
  
set	
  to	
  100%	
  for	
  cells	
  and	
  virus.	
  D)	
  RPA	
  of	
  RNA	
  from	
  HIVp	
  virus.	
  Riboprobes	
  used	
  
were	
  against	
  the	
  S	
  domain	
  of	
  7SL	
  and	
  HIV	
  genomic	
  RNA	
  (gRNA).	
  E)	
  Quantification	
  of	
  
RPAs	
  of	
  HIVp	
  virus	
  RNA.	
  Column	
  numbers	
  correspond	
  to	
  the	
  lane	
  numbers	
  in	
  panel	
  
D;	
  gRNA	
  =	
  genomic	
  RNA.	
  The	
  mean	
  amount	
  of	
  endogenous	
  7SL	
  RNA	
  per	
  gRNA	
  is	
  
shown;	
  the	
  7SL/gRNA	
  value	
  of	
  the	
  HIVp-­‐only	
  sample	
  was	
  set	
  at	
  100%.	
  Error	
  bars,	
  
±S.D.;	
  **	
  =	
  p<0.01;	
  n=3	
  independent	
  experiments.	
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truncations	
  of	
  7SL	
  were	
  created	
  that	
  corresponded	
  to	
  successively	
  shorter	
  regions	
  

of	
  the	
  Alu	
  domain.	
  As	
  diagrammed	
  in	
  Fig.	
  3-­‐2a,	
  Alu114	
  contained	
  an	
  internal	
  

deletion	
  in	
  7SL	
  from	
  G82	
  to	
  C268,	
  thus	
  yielding	
  a	
  114	
  nt	
  RNA	
  that	
  corresponded	
  to	
  

the	
  entire	
  Alu	
  domain,	
  while	
  Alu92	
  and	
  Alu87	
  contained	
  larger	
  deletions	
  and	
  thus	
  

encoded	
  smaller	
  RNAs.	
  Alu114	
  corresponds	
  to	
  the	
  same	
  region	
  of	
  7SL	
  that	
  is	
  the	
  

ancestor	
  of	
  the	
  murine	
  7SL	
  derivative	
  B1,	
  which	
  is	
  packaged	
  by	
  MLV	
  (236),	
  and	
  of	
  

the	
  human	
  7SL	
  derivative	
  scAlu.	
  The	
  Alu	
  domain	
  derivatives	
  were	
  co-­‐transfected	
  

with	
  HIVpuro	
  ((176),	
  a	
  plasmid	
  that	
  expresses	
  HIV	
  virus-­‐like	
  particles	
  that	
  contain	
  

all	
  viral	
  proteins	
  except	
  Env,	
  Vif,	
  and	
  Vpr	
  and	
  will	
  henceforth	
  be	
  referred	
  to	
  as	
  

HIVp),	
  and	
  the	
  RNA	
  content	
  of	
  co-­‐transfected	
  cells	
  and	
  HIVp	
  virions	
  produced	
  from	
  

these	
  cells	
  was	
  examined	
  by	
  northern	
  blotting	
  (Fig.	
  3-­‐2b).	
  Although	
  expression	
  of	
  all	
  

three	
  Alu	
  domain	
  truncations	
  was	
  readily	
  detectable	
  in	
  co-­‐transfected	
  cells	
  (Fig.	
  3-­‐

2b,	
  lanes	
  1-­‐3),	
  only	
  Alu114	
  was	
  packaged	
  in	
  high	
  quantities	
  in	
  virions	
  (lane	
  8),	
  with	
  

Alu92	
  and	
  Alu87	
  packaged	
  less	
  well	
  (lanes	
  6	
  and	
  7).	
  Quantification	
  of	
  these	
  blots	
  

revealed	
  that	
  Alu114	
  comprised	
  approximately	
  50%	
  of	
  the	
  total	
  7SL	
  (endogenous	
  

7SL	
  and	
  Alu114)	
  in	
  HIVp	
  virions	
  from	
  co-­‐transfected	
  cells	
  (Fig.	
  3-­‐2c),	
  whereas	
  Alu92	
  

comprised	
  approximately	
  35%	
  and	
  Alu87	
  comprised	
  approximately	
  10%	
  of	
  the	
  

total	
  7SL.	
  The	
  amount	
  of	
  Alu114	
  and	
  Alu92	
  that	
  was	
  packaged	
  by	
  HIVp	
  virions	
  was	
  

significantly	
  different	
  (p<0.01).	
  Another	
  way	
  of	
  addressing	
  packaging	
  selectivity	
  is	
  

to	
  determine	
  how	
  enriched	
  specific	
  RNAs	
  are,	
  by	
  comparing	
  their	
  levels	
  in	
  virions	
  to	
  

their	
  levels	
  in	
  cells.	
  If	
  the	
  enrichment	
  factor	
  of	
  endogenous	
  7SL	
  was	
  set	
  to	
  1,	
  Alu114	
  

was	
  found	
  to	
  be	
  enriched	
  1.5-­‐fold	
  in	
  the	
  virus	
  over	
  its	
  concentration	
  in	
  the	
  cell.	
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   The	
  amount	
  of	
  endogenous	
  7SL	
  per	
  virion	
  was	
  subsequently	
  quantified	
  by	
  

performing	
  a	
  ribonuclease	
  protection	
  assay	
  (RPA)	
  using	
  two	
  riboprobes:	
  one	
  to	
  the	
  

7SL	
  S	
  domain	
  that	
  recognized	
  endogenous	
  7SL,	
  but	
  not	
  Alu114,	
  and	
  one	
  that	
  

recognized	
  viral	
  genomic	
  RNA	
  (Fig.	
  3-­‐2d).	
  Reverse	
  transcription	
  (RT)	
  assays	
  were	
  

performed	
  on	
  the	
  viral	
  samples	
  to	
  quantify	
  viral	
  proteins,	
  and	
  the	
  amount	
  of	
  

genomic	
  RNA	
  per	
  sample	
  was	
  found	
  to	
  be	
  proportional	
  to	
  RT	
  for	
  each	
  sample.	
  Thus,	
  

detection	
  of	
  genomic	
  RNA	
  allowed	
  for	
  normalization	
  to	
  the	
  number	
  of	
  virions.	
  

Comparing	
  the	
  endogenous	
  7SL	
  signal	
  for	
  the	
  HIVp-­‐only	
  virus	
  (lane	
  4)	
  to	
  that	
  for	
  the	
  

Alu114-­‐containing	
  virus	
  (lane	
  3)	
  showed	
  that	
  the	
  ratio	
  of	
  endogenous	
  7SL	
  to	
  gRNA	
  

in	
  virions	
  was	
  approximately	
  two-­‐fold	
  lower	
  in	
  HIVp	
  virions	
  produced	
  by	
  co-­‐

transfected	
  cells	
  in	
  which	
  ~40%	
  of	
  the	
  total	
  7SL-­‐type	
  RNA	
  was	
  Alu114	
  than	
  it	
  was	
  in	
  

virions	
  produced	
  in	
  the	
  absence	
  of	
  Alu114	
  (Fig.	
  3-­‐2e).	
  This	
  difference	
  in	
  endogenous	
  

7SL	
  packaging	
  was	
  statistically	
  significant	
  (p<0.01).	
  Similarly,	
  the	
  amount	
  of	
  

endogenous	
  7SL	
  was	
  reduced	
  approximately	
  35%	
  in	
  HIVp	
  virions	
  containing	
  Alu92,	
  

and	
  by	
  approximately	
  14%	
  in	
  HIVp	
  virions	
  containing	
  Alu87.	
  Paired	
  with	
  Fig.	
  3-­‐2c	
  

data,	
  these	
  findings	
  indicated	
  that	
  the	
  total	
  amount	
  of	
  7SL-­‐type	
  RNAs	
  (7SL	
  and	
  

Alu114,	
  Alu92,	
  or	
  Alu87)	
  in	
  virions	
  remained	
  constant,	
  implying	
  that	
  the	
  Alu	
  domain	
  

derivatives	
  competed	
  for	
  packaging	
  with	
  endogenous	
  7SL.	
  Based	
  on	
  previously	
  

determined	
  endogenous	
  7SL	
  levels	
  packaging	
  levels	
  (12-­‐14	
  copies),	
  these	
  data	
  

indicate	
  that	
  under	
  the	
  conditions	
  here,	
  6-­‐7	
  molecules	
  of	
  Alu114	
  replaced	
  the	
  

corresponding	
  number	
  of	
  endogenous	
  7SL	
  molecules	
  per	
  viral	
  particle,	
  or	
  

approximately	
  4	
  molecules	
  of	
  Alu92	
  or	
  1	
  molecule	
  of	
  Alu87	
  was	
  packaged	
  per	
  virion	
  

when	
  these	
  later	
  derivatives	
  were	
  co-­‐expressed.	
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Helix	
  5c,	
  but	
  not	
  binding	
  to	
  SRP9/14,	
  is	
  required	
  for	
  packaging	
  of	
  the	
  Alu	
  

domain.	
  Next,	
  the	
  difference	
  between	
  the	
  well-­‐packaged	
  Alu114	
  and	
  the	
  poorly	
  

packaged	
  truncations	
  was	
  dissected	
  to	
  define	
  the	
  packaging	
  signals	
  in	
  the	
  Alu	
  

domain.	
  The	
  primary	
  difference	
  between	
  these	
  RNAs	
  was	
  the	
  presence	
  of	
  helix	
  5c	
  

(H5c)	
  in	
  Alu114	
  (Fig.	
  3-­‐1	
  and	
  Fig.	
  3-­‐3a).	
  To	
  investigate	
  whether	
  the	
  length,	
  

secondary	
  structure,	
  flexibility,	
  or	
  sequence	
  of	
  H5c	
  accounted	
  for	
  the	
  increased	
  

packaging	
  of	
  Alu114,	
  H5c	
  of	
  Alu114	
  was	
  mutated	
  to	
  produce	
  Alu114	
  helix(+)	
  and	
  

Alu114	
  helix(-­‐)	
  (Fig.	
  3-­‐3a).	
  In	
  Alu114	
  helix(+),	
  the	
  sequence	
  of	
  H5c	
  was	
  mutated	
  in	
  a	
  

way	
  predicted	
  to	
  maintain	
  the	
  H5c	
  helix-­‐loop	
  conformation;	
  in	
  Alu114	
  helix(-­‐),	
  both	
  

the	
  sequence	
  and	
  the	
  predicted	
  secondary	
  structure	
  of	
  H5c	
  were	
  altered.	
  

	
   To	
  assess	
  the	
  effects	
  of	
  H5c	
  modification	
  on	
  RNA	
  packaging,	
  northern	
  

blotting	
  was	
  performed	
  on	
  RNA	
  from	
  cells	
  co-­‐transfected	
  with	
  HIVp	
  and	
  the	
  Alu	
  

domain	
  derivatives,	
  and	
  on	
  RNA	
  from	
  virions	
  produced	
  from	
  these	
  cells	
  (Fig.	
  3-­‐3b).	
  

Although	
  expression	
  of	
  both	
  constructs	
  was	
  detectable	
  in	
  cells	
  (lanes	
  3	
  and	
  4),	
  

neither	
  Alu	
  derivative	
  was	
  present	
  in	
  the	
  virus	
  above	
  the	
  threshold	
  of	
  detection.	
  By	
  

quantifying	
  the	
  background	
  signal	
  and	
  the	
  signal	
  of	
  packaged	
  Alu114,	
  we	
  

determined	
  that	
  both	
  helix(+)	
  and	
  helix(-­‐)	
  RNAs	
  were	
  packaged	
  at	
  least	
  6-­‐fold	
  less	
  

efficiently	
  than	
  Alu114	
  (compare	
  lane	
  7	
  to	
  lanes	
  9	
  and	
  10).	
  Quantification	
  of	
  these	
  

northern	
  data	
  is	
  presented	
  in	
  Fig.	
  3-­‐3c.	
  These	
  results	
  suggest	
  that	
  the	
  specific	
  

sequence	
  of	
  H5c,	
  rather	
  than	
  its	
  length	
  or	
  basic	
  features	
  of	
  its	
  secondary	
  structure,	
  

was	
  crucial	
  for	
  packaging.	
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Figure	
  3-­‐3.	
  Disruption	
  of	
  helix	
  5c,	
  but	
  not	
  interference	
  with	
  SRP9/14	
  binding,	
  
abrogates	
  packaging	
  of	
  the	
  Alu	
  domain.	
  A)	
  Schematics	
  of	
  mutants	
  of	
  the	
  Alu	
  
domain	
  derivative	
  Alu114.	
  The	
  mutated	
  regions	
  are	
  boxed.	
  B)	
  Northern	
  blot	
  of	
  RNA	
  
from	
  transfected	
  cells	
  and	
  HIVp	
  virus,	
  showing	
  the	
  expression	
  and	
  packaging	
  of	
  
Alu114	
  and	
  the	
  Alu	
  domain	
  mutants.	
  The	
  probe	
  used	
  recognized	
  the	
  Alu	
  domain.	
  C)	
  
Quantification	
  of	
  mutant	
  (light	
  gray)	
  and	
  endogenous	
  (dark	
  gray)	
  7SL	
  RNA	
  from	
  
northern	
  blots.	
  Column	
  numbers	
  correspond	
  to	
  the	
  lane	
  numbers	
  in	
  panel	
  B.	
  The	
  
mean	
  amount	
  of	
  total	
  7SL	
  is	
  shown;	
  endogenous	
  7SL	
  was	
  set	
  to	
  100%	
  for	
  cells	
  and	
  
virus.	
  E)	
  Quantification	
  of	
  RNA	
  from	
  HIVp	
  virus	
  based	
  on	
  RPAs	
  like	
  than	
  in	
  panel	
  D.	
  
Column	
  numbers	
  correspond	
  to	
  the	
  lane	
  numbers	
  in	
  panel	
  D.	
  The	
  mean	
  amount	
  of	
  
endogenous	
  7SL	
  RNA	
  per	
  genomic	
  RNA	
  is	
  shown;	
  the	
  value	
  of	
  endogenous	
  
7SL/gRNA	
  of	
  the	
  HIVp-­‐only	
  sample	
  was	
  set	
  at	
  100%.	
  Error	
  bars,	
  ±S.D.;	
  **	
  =	
  p<0.01;	
  
n=3	
  independent	
  experiments.	
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   To	
  further	
  address	
  Alu	
  packaging	
  determinants,	
  the	
  roles	
  of	
  this	
  RNA’s	
  

protein	
  binding	
  partners	
  were	
  assessed.	
  During	
  SRP	
  biogenesis,	
  the	
  first	
  proteins	
  

that	
  bind	
  nascent	
  7SL	
  are	
  the	
  protein	
  heterodimer	
  SRP9/14,	
  which	
  forms	
  a	
  complex	
  

with	
  the	
  Alu	
  domain	
  (52).	
  In	
  initial	
  work	
  not	
  shown,	
  the	
  SRP9/14	
  protein	
  content	
  of	
  

virions	
  was	
  examined	
  by	
  western	
  blotting	
  to	
  determine	
  whether	
  SRP9/14	
  was	
  

packaged	
  by	
  HIVp.	
  Although	
  the	
  results	
  indicated	
  that	
  the	
  SRP9/14	
  in	
  virions	
  was	
  at	
  

least	
  8-­‐fold	
  de-­‐enriched	
  compared	
  to	
  cells	
  when	
  normalized	
  to	
  7SL	
  content,	
  this	
  

sensitivity	
  was	
  not	
  high	
  enough	
  to	
  conclusively	
  exclude	
  SRP9/14	
  packaging	
  in	
  

virions	
  because	
  SRP9/14	
  exists	
  in	
  20-­‐fold	
  excess	
  over	
  7SL	
  in	
  the	
  cell	
  (30).	
  

	
   Therefore,	
  the	
  possible	
  role	
  of	
  SRP9/14	
  binding	
  was	
  examined	
  indirectly,	
  by	
  

creating	
  a	
  derivative	
  of	
  Alu114	
  in	
  which	
  the	
  binding	
  site	
  for	
  SRP9/14	
  was	
  abolished	
  

by	
  changing	
  the	
  nucleotides	
  G24	
  and	
  U25	
  to	
  A	
  and	
  C,	
  respectively	
  (Fig.	
  3-­‐3a,	
  

henceforth	
  referred	
  to	
  as	
  Alu	
  AC).	
  In	
  RNA/protein	
  co-­‐crystals,	
  G24	
  and	
  U25	
  are	
  the	
  

only	
  nucleotides	
  of	
  7SL	
  that	
  are	
  specifically	
  recognized	
  by	
  SRP9/14	
  (317),	
  and	
  

mutations	
  to	
  G24	
  and	
  U25	
  reduce	
  SRP9/14	
  binding	
  up	
  to	
  50-­‐fold	
  in	
  vitro	
  (47,	
  86).	
  

To	
  assess	
  the	
  influence	
  of	
  an	
  intact	
  SRP9/14	
  binding	
  site	
  on	
  the	
  packaging	
  of	
  

Alu114,	
  cells	
  were	
  co-­‐transfected	
  with	
  HIVp	
  and	
  the	
  Alu	
  AC	
  expression	
  construct,	
  

and	
  northern	
  blotting	
  was	
  performed	
  on	
  the	
  RNA	
  content	
  of	
  these	
  cells	
  and	
  the	
  

virions	
  produced	
  by	
  them	
  (Fig.	
  3-­‐3b).	
  Similar	
  to	
  observations	
  with	
  the	
  unmutated	
  

Alu114	
  derivative	
  (lanes	
  1	
  and	
  7),	
  the	
  Alu	
  AC	
  mutant	
  was	
  detectable	
  in	
  both	
  cells	
  

(lane	
  2)	
  and	
  virus	
  (lane	
  8).	
  These	
  results	
  are	
  quantified	
  in	
  Fig.	
  3-­‐3c.	
  The	
  relatively	
  

efficient	
  packaging	
  of	
  Alu	
  AC	
  suggested	
  that	
  the	
  binding	
  of	
  SRP9/14	
  was	
  not	
  

required	
  for	
  the	
  packaging	
  of	
  the	
  Alu	
  domain.	
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   We	
  subsequently	
  quantified	
  the	
  amount	
  of	
  endogenous	
  7SL	
  packaged	
  in	
  the	
  

presence	
  of	
  the	
  Alu	
  AC	
  mutant	
  by	
  RPA	
  (Fig.	
  3-­‐3d).	
  Unlike	
  the	
  significant	
  decrease	
  in	
  

endogenous	
  7SL	
  observed	
  in	
  virions	
  containing	
  Alu114	
  (lane	
  1),	
  the	
  endogenous	
  

7SL	
  signal	
  in	
  virions	
  containing	
  the	
  Alu	
  AC	
  mutant	
  remained	
  unchanged	
  compared	
  

to	
  gRNA	
  (compare	
  lane	
  2	
  to	
  lane	
  5).	
  Quantification	
  of	
  the	
  RPA	
  confirmed	
  that	
  the	
  

endogenous	
  7SL	
  to	
  gRNA	
  ratio	
  decreased	
  in	
  Alu114-­‐containing	
  virions,	
  but	
  not	
  in	
  

Alu	
  AC-­‐containing	
  virions	
  (Fig.	
  3-­‐3e).	
  The	
  difference	
  in	
  the	
  packaging	
  of	
  endogenous	
  

7SL	
  between	
  the	
  Alu114-­‐containing	
  virions	
  and	
  the	
  Alu	
  AC-­‐containing	
  virions	
  was	
  

statistically	
  significant	
  (p<0.01).	
  These	
  data	
  indicate	
  that	
  while	
  binding	
  to	
  SRP9/14	
  

was	
  not	
  required	
  for	
  packaging	
  of	
  the	
  Alu	
  domain,	
  the	
  mechanism	
  by	
  which	
  the	
  Alu	
  

domain	
  was	
  packaged	
  was	
  no	
  longer	
  competitive	
  with	
  endogenous	
  7SL	
  when	
  its	
  

interaction	
  with	
  SRP9/14	
  was	
  ablated.	
  

	
  

S	
  domain-­‐only	
  RNAs	
  are	
  packaged	
  in	
  addition	
  to	
  endogenous	
  7SL.	
  Truncations	
  

of	
  7SL	
  corresponding	
  to	
  isolated	
  S	
  domains	
  were	
  also	
  created	
  to	
  determine	
  the	
  

influence	
  of	
  the	
  S	
  domain	
  on	
  7SL	
  packaging.	
  The	
  S	
  domain	
  is	
  the	
  most	
  highly	
  

conserved	
  portion	
  of	
  SRP	
  RNAs,	
  and	
  orthologs	
  of	
  the	
  S	
  domain	
  RNA	
  are	
  found	
  in	
  all	
  

kingdoms	
  of	
  life	
  (66).	
  Because	
  the	
  7SL	
  promoter	
  contains	
  intragenic	
  promoter	
  

elements	
  within	
  the	
  Alu	
  domain	
  (87),	
  an	
  isolated	
  S	
  domain	
  could	
  not	
  be	
  expressed	
  

under	
  the	
  wild-­‐type	
  7SL	
  promoter.	
  Therefore,	
  the	
  S	
  domain	
  derivatives	
  S154	
  and	
  

S114	
  were	
  expressed	
  using	
  the	
  U6	
  promoter,	
  a	
  Pol	
  III	
  type	
  III	
  promoter	
  that	
  

contains	
  only	
  extragenic	
  promoter	
  elements	
  (244)	
  (Fig.	
  3-­‐4a).	
  S154	
  corresponded	
  to	
  

the	
  entirety	
  of	
  the	
  S	
  domain,	
  while	
  S114	
  corresponded	
  to	
  the	
  111	
  nt	
  fragment	
  of	
  the	
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Figure	
  3-­‐4.	
  The	
  S	
  domain	
  mediates	
  additive	
  packaging.	
  A)	
  Schematics	
  of	
  the	
  S	
  
domain	
  derivatives	
  used.	
  B)	
  Northern	
  blot	
  of	
  RNA	
  from	
  transfected	
  cells	
  and	
  HIVp	
  
virus,	
  showing	
  the	
  expression	
  and	
  packaging	
  of	
  the	
  S	
  domain	
  derivatives.	
  The	
  probe	
  
used	
  recognizes	
  the	
  S	
  domain.	
  C)	
  Quantification	
  of	
  mutant	
  (light	
  gray)	
  and	
  
endogenous	
  (dark	
  gray)	
  7SL	
  RNA	
  from	
  northern	
  blots.	
  Column	
  numbers	
  correspond	
  
to	
  the	
  lane	
  numbers	
  in	
  panel	
  B.	
  The	
  mean	
  amount	
  of	
  total	
  7SL	
  is	
  shown;	
  endogenous	
  
7SL	
  was	
  set	
  to	
  100%	
  for	
  cells	
  and	
  virus.	
  D)	
  RPA	
  of	
  RNA	
  from	
  HIVp	
  virus.	
  E)	
  
Quantification	
  of	
  RPAs	
  of	
  RNA	
  from	
  HIVp	
  virus.	
  Column	
  numbers	
  correspond	
  to	
  the	
  
lane	
  numbers	
  in	
  panel	
  D.	
  The	
  mean	
  amount	
  of	
  endogenous	
  7SL	
  RNA	
  per	
  genomic	
  
RNA	
  is	
  shown;	
  the	
  value	
  of	
  7SL/gRNA	
  of	
  the	
  HIVp-­‐only	
  sample	
  was	
  set	
  at	
  100%.	
  
Error	
  bars,	
  ±S.D.;	
  *	
  =	
  p<0.05;	
  **	
  =	
  p<0.01;	
  n=3	
  independent	
  experiments.	
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S	
  domain	
  that	
  is	
  retained	
  in	
  minimal	
  VLPs	
  (162).	
  To	
  exclude	
  the	
  possibility	
  that	
  any	
  

phenotypes	
  of	
  the	
  S	
  domain	
  RNAs	
  resulted	
  from	
  use	
  of	
  the	
  heterologous	
  U6	
  

promoter,	
  a	
  third	
  S	
  domain	
  derivative,	
  termed	
  Δlinker,	
  was	
  constructed	
  in	
  which	
  the	
  

S	
  domain	
  was	
  expressed	
  by	
  the	
  native	
  7SL	
  promoter.	
  The	
  Δlinker	
  mutant	
  contained	
  

two	
  deletions	
  in	
  7SL,	
  from	
  C61	
  to	
  A119	
  and	
  from	
  A231	
  to	
  G286,	
  which	
  removed	
  

the7SL	
  linker	
  region	
  RNA	
  stem	
  and	
  parts	
  of	
  the	
  Alu	
  and	
  S	
  domains	
  (Fig.	
  3-­‐4a).	
  The	
  

left-­‐hand	
  75	
  nt	
  of	
  Δlinker,	
  corresponding	
  to	
  part	
  of	
  the	
  Alu	
  domain	
  (helices	
  2,	
  3,	
  4,	
  

and	
  	
  

5a),	
  contained	
  the	
  intragenic	
  promoter	
  elements.	
  However,	
  as	
  determined	
  in	
  Fig.	
  3-­‐2	
  

and	
  data	
  not	
  shown,	
  this	
  portion	
  of	
  7SL	
  was	
  incapable	
  of	
  mediating	
  packaging	
  (Fig.	
  

3-­‐2).	
  The	
  right-­‐hand	
  111	
  nt	
  of	
  Δlinker	
  corresponded	
  to	
  the	
  S114	
  derivative	
  

described	
  above	
  (helices	
  5f,	
  6,	
  7,	
  and	
  8).	
  

	
   The	
  RNA	
  content	
  of	
  virions	
  produced	
  by	
  cells	
  co-­‐transfected	
  with	
  expression	
  

constructs	
  for	
  these	
  S	
  domain	
  derivatives	
  and	
  HIVp	
  was	
  examined	
  by	
  northern	
  

blotting	
  (Fig.	
  3-­‐4b).	
  S154	
  and	
  S114	
  were	
  detected	
  in	
  both	
  cells	
  (lanes	
  2	
  and	
  3)	
  and	
  

HIVp	
  virus	
  (lanes	
  7	
  and	
  8).	
  The	
  mutant	
  Δlinker	
  was	
  also	
  packaged	
  by	
  HIVp	
  (Fig.	
  3-­‐

4b,	
  lane	
  6),	
  confirming	
  that	
  the	
  S	
  domain	
  was	
  capable	
  of	
  mediating	
  packaging	
  

regardless	
  of	
  its	
  promoter.	
  These	
  results	
  are	
  quantified	
  in	
  Fig.	
  3-­‐4c.	
  If	
  the	
  

enrichment	
  factor	
  of	
  endogenous	
  7SL	
  was	
  set	
  to	
  1,	
  S114	
  was	
  found	
  to	
  be	
  enriched	
  

1.8-­‐fold	
  in	
  the	
  virus	
  over	
  its	
  concentration	
  in	
  the	
  cell,	
  S154	
  was	
  found	
  to	
  be	
  enriched	
  

1.5-­‐fold	
  in	
  the	
  virus	
  over	
  its	
  concentration	
  in	
  the	
  cell,	
  and	
  Δlinker	
  was	
  found	
  to	
  be	
  

enriched	
  1.6-­‐fold	
  in	
  the	
  virus	
  over	
  its	
  concentration	
  in	
  the	
  cell.	
  We	
  also	
  quantified	
  

the	
  total	
  7SL	
  RNA	
  content	
  (S	
  domain	
  derivatives	
  and	
  endogenous	
  7SL)	
  compared	
  to	
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Figure	
  3-­‐5.	
  Packaging	
  of	
  7SL	
  derivatives	
  does	
  not	
  have	
  detectable	
  effects	
  on	
  
viral	
  infectivity.	
  A)	
  Northern	
  blot	
  of	
  RNA	
  from	
  transfected	
  cells	
  and	
  HIV-­‐1	
  virus,	
  
showing	
  the	
  expression	
  and	
  packaging	
  of	
  7SL	
  derivatives,	
  visualized	
  with	
  an	
  Alu	
  
domain	
  probe.	
  B)	
  Titer	
  of	
  7SL	
  derivative-­‐containing	
  HIVpuro	
  virus,	
  normalized	
  for	
  
virion	
  content	
  by	
  an	
  RT	
  assay.	
  Error	
  bars,	
  ±S.D.;	
  n=3	
  independent	
  experiments.	
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the	
  genomic	
  RNA	
  content	
  of	
  the	
  HIVp	
  virions	
  by	
  an	
  RPA	
  (Fig.	
  4d).	
  Viral	
  protein	
  

quantification	
  by	
  RT	
  activity	
  confirmed	
  that	
  genomic	
  RNA	
  was	
  proportional	
  to	
  the	
  

number	
  of	
  virions	
  present	
  in	
  each	
  sample	
  (data	
  not	
  shown).	
  When	
  normalized	
  to	
  

encapsidated	
  gRNA,	
  the	
  total	
  7SL	
  signal	
  in	
  the	
  S	
  domain	
  derivative-­‐containing	
  

virions	
  was	
  2-­‐4-­‐fold	
  higher	
  than	
  that	
  for	
  the	
  HIVp-­‐only	
  virus	
  (compare	
  lanes	
  1-­‐3	
  to	
  

lane	
  4).	
  The	
  amount	
  of	
  total	
  7SL	
  packaged	
  in	
  the	
  S	
  domain	
  derivative-­‐containing	
  

virions	
  was	
  significantly	
  different	
  than	
  the	
  amount	
  of	
  total	
  7SL	
  packaged	
  in	
  the	
  

HIVp-­‐only	
  virions	
  (p<0.05).	
  Quantified	
  in	
  Fig.	
  4e,	
  these	
  results	
  confirm	
  that	
  the	
  S	
  

domain	
  derivatives	
  were	
  packaged	
  in	
  addition	
  to	
  endogenous	
  7SL.	
  Based	
  on	
  12-­‐14	
  

copies	
  of	
  endogenous	
  7SL	
  per	
  viral	
  particle,	
  these	
  data	
  indicate	
  that	
  there	
  were	
  ~40	
  

copies	
  of	
  Δlinker	
  per	
  viral	
  particle,	
  ~30	
  copies	
  of	
  S114	
  per	
  viral	
  particle,	
  or	
  ~10	
  

copies	
  of	
  S154	
  per	
  viral	
  particle	
  in	
  addition	
  to	
  the	
  endogenous	
  7SL.	
  

	
  

Packaging	
  of	
  exogenous	
  7SL,	
  or	
  Alu	
  or	
  S	
  domain	
  derivatives,	
  does	
  not	
  affect	
  

viral	
  infectivity	
  detectably.	
  Because	
  HIVp	
  genomic	
  RNAs	
  are	
  competent	
  for	
  

reverse	
  transcription	
  and	
  integration	
  and	
  contain	
  a	
  puromycin-­‐resistant	
  selectable	
  

marker,	
  HIVp	
  puromycin-­‐resistant	
  colony-­‐forming	
  titer	
  was	
  used	
  to	
  determine	
  

whether	
  incorporating	
  7SL	
  derivatives	
  was	
  detrimental	
  to	
  viral	
  infectivity	
  in	
  a	
  

single-­‐cycle	
  replication	
  assay.	
  HIVp	
  virions	
  that	
  packaged	
  Alu	
  domain	
  or	
  S	
  domain	
  	
  

derivatives	
  were	
  used	
  to	
  infect	
  target	
  cells,	
  and	
  the	
  puromycin-­‐resistant	
  titers	
  from	
  

a	
  single	
  round	
  of	
  replication	
  were	
  determined.	
  In	
  these	
  experiments,	
  virions	
  were	
  

pseudotyped	
  with	
  ecotropic	
  Env	
  and	
  titered	
  on	
  cells	
  that	
  constitutively	
  expressed	
  

the	
  ecotropic	
  receptor.	
  Producer	
  cells	
  were	
  co-­‐transfected	
  with	
  HIVp	
  and	
  the	
  Alu	
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domain	
  derivatives	
  Alu87	
  or	
  Alu114	
  or	
  the	
  S	
  domain	
  derivative	
  Δlinker.	
  Northern	
  

blotting	
  of	
  the	
  RNA	
  content	
  of	
  producer	
  cells	
  and	
  virus	
  was	
  performed	
  to	
  verify	
  

exogenous	
  7SL	
  derivative	
  expression	
  and	
  packaging	
  levels	
  (Fig.	
  3-­‐5a).	
  Under	
  the	
  

transfection	
  conditions	
  used	
  here,	
  these	
  virions	
  contained	
  either	
  50%	
  of	
  the	
  

endogenous	
  7SL	
  replaced	
  with	
  Alu114,	
  or	
  (in	
  the	
  Δlinker	
  S	
  domain-­‐containing	
  

virions)	
  additional	
  7SL	
  derivatives	
  in	
  1-­‐	
  to	
  1.5-­‐fold	
  molar	
  excess	
  of	
  the	
  encapsidated	
  

endogenous	
  7SL.	
  

	
   The	
  puromycin-­‐resistant	
  CFU	
  titers	
  of	
  these	
  viruses	
  are	
  presented	
  in	
  Fig.	
  3-­‐

6b.	
  When	
  normalized	
  to	
  input	
  virus	
  as	
  quantified	
  by	
  RT	
  activity,	
  no	
  significant	
  

difference	
  between	
  the	
  titer	
  of	
  virus	
  containing	
  Alu114	
  or	
  Δlinker	
  (Fig.	
  3-­‐5b,	
  

columns	
  2	
  and	
  3)	
  and	
  those	
  of	
  HIVpuro-­‐only	
  virus	
  (column	
  4)	
  was	
  detected	
  

(p>0.05).	
  Similarly,	
  the	
  expression	
  of	
  the	
  non-­‐packaged	
  7SL	
  derivative	
  Alu87	
  by	
  

producer	
  cells	
  had	
  no	
  effect	
  on	
  the	
  titer	
  of	
  HIVpuro	
  (column	
  1).	
  These	
  data	
  indicate	
  

that	
  the	
  packaging	
  of	
  exogenous	
  7SL	
  derivatives	
  did	
  not	
  detectably	
  affect	
  viral	
  

infectivity	
  under	
  the	
  conditions	
  tested	
  here.	
  

	
  

Discussion	
  

	
   We	
  examined	
  the	
  determinants	
  of	
  7SL	
  packaging	
  by	
  HIV-­‐1	
  by	
  establishing	
  

packaging	
  properties	
  of	
  overexpressed	
  7SL	
  truncations.	
  7SL	
  RNA	
  consists	
  of	
  three	
  

domains:	
  the	
  left-­‐hand	
  Alu	
  domain,	
  the	
  right-­‐hand	
  S	
  domain,	
  and	
  the	
  linker	
  region	
  

that	
  separates	
  the	
  two	
  (Fig.	
  3-­‐1).	
  The	
  results	
  here	
  demonstrated	
  that	
  both	
  the	
  Alu	
  

and	
  S	
  domains	
  were	
  capable	
  of	
  mediating	
  packaging	
  independently.	
  They	
  also	
  

showed	
  that	
  the	
  Alu	
  domain	
  competed	
  with	
  endogenous	
  7SL	
  for	
  packaging,	
  while	
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the	
  amount	
  of	
  endogenous	
  7SL	
  remained	
  unchanged	
  when	
  excess	
  S	
  domain	
  was	
  

packaged.	
  Some	
  7SL	
  derivatives	
  that	
  were	
  highly	
  expressed	
  were	
  not	
  packaged	
  at	
  

detectable	
  levels,	
  providing	
  information	
  on	
  the	
  determinants	
  of	
  7SL	
  packaging	
  and	
  

confirming	
  that	
  the	
  packaging	
  of	
  7SL	
  does	
  not	
  result	
  from	
  a	
  random	
  encapsidation	
  

of	
  cellular	
  RNAs.	
  These	
  data	
  indicate	
  that	
  there	
  are	
  two	
  mechanisms	
  by	
  which	
  7SL	
  

can	
  become	
  encapsidated:	
  a	
  “competitive”	
  pathway	
  and	
  an	
  “additive”	
  pathway.	
  

	
   A	
  truncation	
  of	
  7SL	
  corresponding	
  to	
  the	
  entire	
  Alu	
  domain,	
  called	
  Alu114,	
  

was	
  found	
  to	
  replace	
  some	
  of	
  the	
  endogenous	
  7SL	
  in	
  HIVp	
  particles.	
  This	
  

competition	
  for	
  packaging	
  between	
  Alu114	
  and	
  endogenous	
  7SL	
  implies	
  that	
  

endogenous	
  7SL	
  is	
  packaged	
  via	
  the	
  same	
  packaging	
  pathway	
  as	
  Alu114.	
  This	
  

competitive	
  pathway	
  is	
  therefore	
  likely	
  to	
  be	
  the	
  endogenous	
  pathway	
  by	
  which	
  

HIV-­‐1	
  recruits	
  7SL.	
  This	
  suggests	
  that	
  the	
  Gag-­‐proportionate	
  packaging	
  of	
  

endogenous	
  7SL	
  that	
  is	
  characteristic	
  of	
  several	
  retroviruses	
  (236,	
  237,	
  302)	
  

involves	
  an	
  interaction	
  of	
  7SL’s	
  Alu	
  domain	
  with	
  Gag.	
  Furthermore,	
  the	
  decreased	
  

packaging	
  of	
  the	
  shorter	
  Alu	
  domain	
  truncations,	
  Alu87	
  and	
  Alu92,	
  and	
  of	
  the	
  

Alu114	
  derivatives	
  in	
  which	
  helix	
  5c	
  was	
  mutated,	
  suggests	
  that	
  H5	
  of	
  the	
  Alu	
  

domain	
  is	
  crucial	
  in	
  the	
  endogenous	
  pathway.	
  The	
  competitive	
  packaging	
  of	
  Alu	
  

RNAs	
  that	
  lacked	
  the	
  S	
  domain	
  suggests	
  that	
  the	
  endogenous	
  pathway	
  does	
  not	
  

require	
  recognition	
  of	
  the	
  S	
  domain	
  by	
  Gag.	
  

	
   The	
  endogenous	
  pathway	
  appears	
  to	
  limit	
  the	
  number	
  of	
  7SL	
  molecules	
  

acquired.	
  Multiples	
  studies	
  have	
  shown	
  that	
  a	
  fixed	
  number	
  (12-­‐16)	
  of	
  7SL	
  

molecules	
  are	
  acquired	
  by	
  HIV-­‐1,	
  and	
  that	
  the	
  packaging	
  of	
  endogenous	
  7SL	
  occurs	
  

in	
  proportion	
  to	
  Gag	
  and	
  independent	
  of	
  the	
  packaging	
  of	
  gRNA	
  (237,	
  263,	
  302).	
  The	
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evidence	
  here	
  that	
  Alu	
  domain	
  derivatives	
  replaced	
  endogenous	
  7SL	
  in	
  the	
  virion	
  

implies	
  that	
  exogenously	
  expressed	
  Alu	
  domains	
  serve	
  as	
  substrates	
  in	
  the	
  

endogenous	
  pathway,	
  which	
  involves	
  a	
  counting	
  mechanism	
  by	
  which	
  an	
  

assembling	
  viral	
  particle	
  acquires	
  a	
  certain	
  number	
  of	
  7SL	
  molecules.	
  In	
  contrast	
  to	
  

this,	
  the	
  additive	
  pathway	
  does	
  not	
  appear	
  to	
  involve	
  a	
  counting	
  mechanism	
  

because	
  the	
  total	
  number	
  of	
  RNAs	
  in	
  the	
  virus	
  appeared	
  to	
  increase	
  when	
  additive	
  

7SL	
  derivatives	
  were	
  packaged.	
  

	
   The	
  change	
  in	
  phenotype	
  from	
  competitive	
  to	
  additive	
  packaging	
  when	
  the	
  

binding	
  site	
  of	
  SRP9/14	
  was	
  ablated	
  in	
  Alu114	
  AC	
  suggests	
  that	
  SRP9/14	
  binding	
  is	
  

involved	
  in	
  the	
  endogenous	
  7SL	
  packaging	
  pathway.	
  Binding	
  of	
  SRP9/14	
  to	
  7SL	
  

occurs	
  early	
  in	
  SRP	
  biogenesis	
  and	
  is	
  responsible	
  for	
  maintaining	
  7SL	
  in	
  the	
  

nucleolus	
  for	
  subsequent	
  steps	
  in	
  SRP	
  complex	
  formation	
  (52,	
  144).	
  Thus,	
  the	
  

evidence	
  here	
  that	
  7SL	
  derivatives	
  that	
  cannot	
  bind	
  SRP9/14	
  were	
  packaged	
  via	
  the	
  

additive	
  pathway	
  suggests	
  that	
  location	
  and	
  timing	
  are	
  crucial	
  to	
  the	
  mechanisms	
  of	
  

7SL	
  packaging.	
  

	
   The	
  data	
  that	
  SRP9/14	
  binding	
  capability	
  is	
  crucial	
  for	
  packaging	
  via	
  the	
  

endogenous	
  pathway	
  suggests	
  a	
  possible	
  model	
  for	
  7SL	
  packaging.	
  In	
  this	
  model,	
  the	
  

endogenous,	
  competitive	
  pathway	
  may	
  involve	
  acquisition	
  of	
  a	
  form	
  of	
  7SL	
  that	
  

ordinarily	
  exists	
  transiently,	
  early	
  in	
  its	
  biogenesis,	
  whereas	
  the	
  additive	
  pathway	
  

may	
  involve	
  acquisition	
  of	
  7SL	
  later	
  during	
  SRP	
  biogenesis	
  and	
  in	
  a	
  different	
  

location	
  in	
  the	
  cell.	
  This	
  model	
  suggests	
  that	
  the	
  regulated	
  trafficking	
  of	
  endogenous	
  

7SL	
  through	
  the	
  cell	
  may	
  prevent	
  the	
  packaging	
  of	
  endogenous	
  7SL	
  through	
  the	
  

additive	
  pathway.	
  Observations	
  with	
  the	
  SRP9/14	
  binding	
  site	
  mutant	
  suggested	
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that	
  the	
  binding	
  of	
  SRP9/14	
  may	
  transiently	
  produce	
  a	
  three-­‐dimensional	
  structure	
  

in	
  helix	
  5c	
  of	
  the	
  Alu	
  domain	
  that	
  is	
  recognized	
  by	
  Gag	
  but	
  that	
  is	
  altered	
  upon	
  

binding	
  of	
  the	
  remaining	
  SRP	
  proteins.	
  In	
  this	
  model,	
  Alu114	
  was	
  packaged	
  

exclusively	
  by	
  the	
  endogenous	
  pathway	
  because	
  it	
  could	
  not	
  bind	
  further	
  SRP	
  

proteins	
  and	
  therefore	
  was	
  locked	
  in	
  a	
  packaging-­‐competent	
  form,	
  while	
  Alu	
  AC	
  and	
  

the	
  S	
  domain	
  truncations	
  were	
  never	
  in	
  the	
  correct	
  conformation.	
  

	
   This	
  model	
  raises	
  the	
  possibility	
  that	
  HIV-­‐1	
  acquires	
  7SL	
  in	
  the	
  nucleus.	
  

Although	
  fluorescent	
  microscopy	
  visualization	
  of	
  Gag	
  during	
  HIV	
  assembly	
  and	
  

evidence	
  that	
  HIV-­‐1	
  replication	
  does	
  not	
  require	
  Crm1-­‐dependent	
  nuclear	
  

trafficking	
  appears	
  inconsistent	
  with	
  this	
  notion,	
  existing	
  work	
  does	
  not	
  rule	
  out	
  

Crm1-­‐independent	
  nuclear	
  trafficking,	
  or	
  the	
  possibility	
  that	
  a	
  small	
  subset	
  of	
  HIV-­‐1	
  

Gags	
  may	
  traffic	
  through	
  the	
  nucleus.	
  It	
  is	
  also	
  possible	
  that	
  HIV-­‐1	
  Gag	
  acquires	
  7SL	
  

in	
  the	
  cytoplasm	
  but	
  before	
  SRP54	
  has	
  bound	
  7SL,	
  that	
  expression	
  of	
  HIV-­‐1	
  changes	
  

the	
  subcellular	
  localization	
  of	
  7SL,	
  or	
  that	
  a	
  fraction	
  of	
  nuclear	
  SRP	
  assembly	
  

intermediates	
  intersect	
  with	
  retroviral	
  assembly	
  in	
  some	
  other	
  way.	
  

	
   The	
  effect	
  of	
  7SL	
  derivative	
  packaging	
  on	
  viral	
  titer	
  was	
  examined	
  to	
  

determine	
  whether	
  alterations	
  to	
  the	
  7SL	
  content	
  of	
  virions	
  affected	
  infectivity.	
  

Under	
  the	
  conditions	
  tested	
  here	
  –	
  that	
  is,	
  between	
  approximately	
  6	
  and	
  24	
  replaced	
  

or	
  additional	
  7SL-­‐type	
  molecules	
  per	
  virion	
  –	
  the	
  packaging	
  of	
  7SL	
  derivatives	
  had	
  

no	
  discernable	
  effect	
  on	
  titer.	
  This	
  was	
  true	
  whether	
  the	
  packaged	
  7SL	
  derivative	
  

was	
  acquired	
  via	
  the	
  endogenous	
  pathway	
  (Alu114)	
  or	
  the	
  additive	
  pathway	
  

(Δlinker).	
  These	
  findings	
  suggest	
  that	
  the	
  normal	
  complement	
  of	
  7SL	
  is	
  not	
  required	
  

for	
  HIV-­‐1	
  infectivity.	
  If	
  7SL	
  does	
  contribute	
  to	
  viral	
  replication,	
  the	
  lack	
  of	
  a	
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detectable	
  effect	
  on	
  infectivity	
  when	
  Alu114	
  replaced	
  some	
  of	
  the	
  endogenous	
  7SL	
  

implies	
  either	
  that	
  the	
  Alu	
  domain	
  alone	
  is	
  capable	
  of	
  fulfilling	
  any	
  7SL-­‐specific	
  

roles,	
  or	
  that	
  the	
  remaining	
  endogenous	
  7SL	
  is	
  capable	
  of	
  fulfilling	
  that	
  role.	
  

Similarly,	
  the	
  lack	
  of	
  a	
  detectable	
  effect	
  on	
  infectivity	
  when	
  Δlinker	
  was	
  packaged	
  

implies	
  that	
  the	
  packaging	
  of	
  extra	
  7SL	
  did	
  not	
  destabilize	
  the	
  virion	
  or	
  interfere	
  

with	
  viral	
  replication	
  cycle.	
  This	
  lack	
  of	
  evidence	
  for	
  a	
  role	
  of	
  7SL	
  in	
  the	
  viral	
  life	
  

cycle	
  may	
  instead	
  indicate	
  that	
  7SL	
  packaging	
  results	
  because	
  7SL	
  is	
  a	
  parasite	
  of	
  

retroviruses,	
  much	
  like	
  how	
  Alu	
  elements	
  parasitize	
  the	
  L1	
  retrotransposition	
  

machinery	
  (75).	
  However,	
  it	
  is	
  noteworthy	
  that	
  all	
  experiments	
  here	
  were	
  

performed	
  under	
  over-­‐expression	
  conditions	
  in	
  293T	
  cells:	
  conditions	
  known	
  to	
  

mask	
  some	
  forms	
  of	
  restriction	
  and	
  other	
  forms	
  of	
  virus-­‐host	
  interactions.	
  

Additionally,	
  we	
  did	
  not	
  produce	
  virions	
  that	
  completely	
  lacked	
  7SL	
  or	
  7SL	
  

derivatives	
  and	
  cannot	
  rule	
  out	
  a	
  role	
  for	
  7SL	
  in	
  viral	
  replication.	
  

	
   In	
  summary,	
  these	
  studies	
  establish	
  two	
  pathways	
  by	
  which	
  7SL	
  can	
  be	
  

acquired	
  by	
  HIV-­‐1:	
  the	
  endogenous	
  pathway,	
  which	
  involves	
  the	
  Alu	
  domain	
  and	
  

SRP9/14	
  binding,	
  and	
  an	
  additive	
  pathway,	
  which	
  occurs	
  in	
  the	
  absence	
  of	
  SRP9/14	
  

binding	
  and	
  which	
  may	
  be	
  dependent	
  on	
  alternative	
  trafficking	
  of	
  7SL.	
  The	
  additive	
  

pathway	
  can	
  result	
  in	
  the	
  packaging	
  of	
  additional	
  7SL	
  RNA,	
  and	
  the	
  studies	
  here	
  

provide	
  evidence	
  that	
  the	
  nature	
  of	
  these	
  additionally	
  packaged	
  RNAs	
  can	
  be	
  

artificially	
  manipulated.	
  Our	
  demonstrated	
  ability	
  to	
  manipulate	
  the	
  RNA	
  content	
  of	
  

retroviral	
  virions	
  has	
  potentially	
  far-­‐reaching	
  applications	
  as	
  a	
  delivery	
  mechanism	
  

for	
  modified	
  RNAs.	
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Chapter	
  Four	
  

Conclusions,	
  Implications,	
  and	
  Future	
  Directions	
  

	
  

	
   In	
  this	
  chapter,	
  I	
  will	
  discuss	
  the	
  data	
  described	
  in	
  Chapters	
  2	
  and	
  3.	
  I	
  will	
  

subsequently	
  discuss	
  the	
  implications	
  of	
  these	
  data,	
  and	
  describe	
  experiments	
  that	
  

could	
  be	
  performed	
  to	
  further	
  explore	
  the	
  information	
  obtained	
  from	
  the	
  data.	
  I	
  will	
  

also	
  discuss	
  some	
  preliminary	
  data	
  I	
  have	
  obtained	
  on	
  subjects	
  related	
  to	
  the	
  main	
  

body	
  of	
  my	
  work,	
  and	
  future	
  experiments	
  that	
  could	
  be	
  performed	
  to	
  answer	
  

questions	
  that	
  these	
  preliminary	
  data	
  raise.	
  

	
  

Discussion	
  

	
   In	
  this	
  thesis,	
  the	
  factors	
  involved	
  in	
  the	
  packaging	
  of	
  7SL	
  by	
  HIV-­‐1	
  were	
  

investigated.	
  Chapter	
  2	
  used	
  minimal	
  VLPs	
  to	
  probe	
  the	
  trans-­‐acting	
  packaging	
  

factors,	
  and	
  Chapter	
  3	
  examined	
  the	
  packaging	
  of	
  exogenously	
  expressed	
  7SL	
  

derivatives	
  to	
  explore	
  the	
  cis-­‐acting	
  packaging	
  factors.	
  

	
   The	
  initial	
  experiments	
  examined	
  the	
  packaging	
  of	
  7SL	
  in	
  minimal	
  VLPs.	
  It	
  

was	
  determined	
  that	
  7SL	
  was	
  retained	
  as	
  a	
  111	
  nt	
  fragment	
  corresponding	
  to	
  part	
  of	
  

the	
  S	
  domain	
  in	
  minimal	
  VLPs.	
  We	
  called	
  this	
  fragment	
  7SL	
  remnant,	
  or	
  7SLrem.	
  

7SLrem	
  was	
  found	
  in	
  minimal	
  VLPs	
  whose	
  only	
  difference	
  from	
  authentic	
  Gag-­‐only	
  

particles	
  was	
  that	
  they	
  lacked	
  the	
  NC	
  domain,	
  and	
  in	
  VLPs	
  whose	
  Gag	
  molecules
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retained	
  only	
  the	
  CTD	
  of	
  CA	
  and	
  sp1.	
  These	
  data	
  indicate	
  the	
  following:	
  1)	
  the	
  NC	
  

domain	
  is	
  involved	
  in	
  protecting	
  the	
  majority	
  of	
  7SL	
  from	
  processing;	
  and	
  2)	
  

acquisition	
  of	
  7SL	
  by	
  minimal	
  VLPs	
  involves	
  CA/sp1.	
  

	
   Furthermore,	
  the	
  precision	
  by	
  which	
  the	
  ends	
  of	
  7SLrem	
  are	
  cleaved,	
  coupled	
  

with	
  the	
  location	
  of	
  the	
  ends	
  in	
  an	
  unpaired	
  bulge	
  in	
  the	
  secondary	
  structure	
  of	
  7SL,	
  

implies	
  that	
  7SLrem	
  is	
  processed	
  from	
  intact	
  7SL	
  by	
  an	
  endonuclease.	
  Genomic	
  RNA	
  

is	
  often	
  found	
  nicked	
  when	
  released	
  from	
  virions,	
  and	
  the	
  endonuclease	
  that	
  is	
  

responsible	
  for	
  the	
  nicking	
  of	
  genome	
  may	
  also	
  be	
  responsible	
  for	
  the	
  processing	
  of	
  

7SL	
  to	
  7SLrem	
  in	
  ΔNC	
  VLPs.	
  The	
  identity	
  of	
  this	
  endonuclease	
  remains	
  unknown.	
  

	
   To	
  determine	
  the	
  cis-­‐acting	
  packaging	
  sequences	
  of	
  7SL,	
  the	
  packaging	
  of	
  

exogenously	
  expressed	
  7SL	
  derivatives	
  was	
  examined.	
  First,	
  truncations	
  of	
  7SL	
  were	
  

created	
  that	
  corresponded	
  to	
  the	
  complete	
  Alu	
  domain	
  (mutant	
  Alu114)	
  and	
  to	
  

successively	
  shorter	
  truncations	
  of	
  the	
  Alu	
  domain	
  (Alu92	
  and	
  Alu87).	
  It	
  was	
  

determined	
  that	
  the	
  HIV-­‐1	
  derivative	
  HIVpuro	
  (HIVp)	
  packaged	
  Alu114	
  robustly,	
  

but	
  packaged	
  the	
  successively	
  shorter	
  Alu	
  domain	
  truncations	
  successively	
  less	
  well.	
  

Furthermore,	
  mutation	
  of	
  helix	
  5c	
  prevented	
  the	
  packaging	
  of	
  Alu114.	
  Truncations	
  

of	
  7SL	
  were	
  subsequently	
  created	
  that	
  corresponded	
  to	
  the	
  complete	
  S	
  domain	
  

(S154)	
  or	
  to	
  7SLrem	
  (S114	
  and	
  Δlinker).	
  S154	
  and	
  S114	
  were	
  expressed	
  under	
  the	
  

U6	
  promoter,	
  while	
  Δlinker	
  was	
  expressed	
  under	
  the	
  wild-­‐type	
  7SL	
  promoter.	
  All	
  

three	
  S	
  domain	
  derivatives	
  were	
  packaged	
  robustly	
  by	
  HIVp.	
  Therefore,	
  we	
  

concluded	
  that	
  both	
  the	
  Alu	
  and	
  S	
  domains	
  are	
  capable	
  of	
  mediating	
  packaging.	
  

	
   Interestingly,	
  RNase	
  protection	
  assays	
  revealed	
  that	
  the	
  mechanism	
  of	
  

packaging	
  differed	
  between	
  the	
  Alu	
  and	
  S	
  domain	
  derivatives.	
  Namely,	
  the	
  Alu	
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domain	
  derivatives	
  competed	
  for	
  packaging	
  with	
  endogenous	
  7SL,	
  while	
  the	
  S	
  

domain	
  derivatives	
  were	
  packaged	
  in	
  addition	
  to	
  7SL.	
  This	
  suggests	
  that	
  there	
  are	
  

two	
  pathways	
  by	
  which	
  HIV-­‐1	
  can	
  acquire	
  7SL:	
  the	
  “competitive”	
  pathway	
  and	
  the	
  

“additive”	
  pathway.	
  The	
  competitive	
  pathway	
  appears	
  to	
  be	
  the	
  pathway	
  by	
  which	
  

endogenous	
  7SL	
  is	
  acquired,	
  and	
  is	
  therefore	
  also	
  the	
  “endogenous”	
  pathway.	
  The	
  

evidence	
  that	
  it	
  is	
  the	
  Alu	
  domain	
  derivatives	
  that	
  are	
  packaged	
  via	
  the	
  endogenous	
  

pathway	
  indicates	
  that	
  the	
  Alu	
  domain	
  is	
  involved	
  in	
  the	
  packaging	
  of	
  endogenous	
  

7SL.	
  The	
  observation	
  that	
  the	
  packaging	
  phenotype	
  of	
  Alu114	
  changes	
  when	
  its	
  

SRP9/14	
  binding	
  site	
  is	
  ablated	
  indicates	
  that	
  an	
  intact	
  SRP9/14	
  binding	
  site	
  may	
  be	
  

required	
  for	
  packaging	
  via	
  the	
  endogenous	
  pathway.	
  Because	
  SRP9/14	
  binds	
  7SL	
  

early	
  in	
  SRP	
  biogenesis	
  and	
  is	
  responsible	
  for	
  maintaining	
  7SL	
  in	
  the	
  nucleolus,	
  the	
  

additive	
  pathway	
  may	
  be	
  dependent	
  upon	
  the	
  misregulated	
  trafficking	
  of	
  7SL	
  

derivatives.	
  

	
  

Modeling	
  the	
  interactions	
  of	
  7SL	
  with	
  Gag	
  

Implications	
  

	
   The	
  minimal	
  VLP	
  data	
  suggest	
  that	
  Gag’s	
  NC	
  domain	
  interacts	
  with	
  7SL	
  RNA’s	
  

Alu	
  domain.	
  This	
  appears	
  consistent	
  with	
  recent	
  reports	
  that	
  both	
  Gag	
  and	
  NC	
  co-­‐

immunoprecipitate	
  with	
  SRP9	
  and	
  SRP14	
  in	
  HEK293	
  cells	
  (147).	
  (It	
  should	
  be	
  noted	
  

that	
  all	
  of	
  the	
  experiments	
  in	
  this	
  dissertation	
  were	
  performed	
  in	
  293T	
  cells,	
  an	
  

HEK293	
  derivative.)	
  These	
  data,	
  together	
  with	
  the	
  evidence	
  from	
  the	
  packaging	
  of	
  

exogenously	
  expressed	
  7SL	
  derivatives,	
  suggest	
  that	
  the	
  endogenous	
  packaging	
  

pathway	
  involves	
  an	
  interaction	
  (direct	
  or	
  indirect)	
  between	
  the	
  NC	
  domain	
  of	
  Gag	
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and	
  the	
  Alu	
  domain	
  of	
  7SL.	
  Further	
  evidence	
  to	
  support	
  this	
  model	
  comes	
  from	
  

Didierlaurent	
  et	
  al.,	
  who	
  found	
  that	
  mutations	
  in	
  the	
  ZF	
  motifs	
  of	
  NC	
  resulted	
  in	
  an	
  

increase	
  in	
  packaged	
  7SL	
  (77).	
  This	
  implies	
  that	
  an	
  intact	
  NC	
  domain	
  may	
  be	
  

required	
  for	
  the	
  “counting	
  mechanism”	
  that	
  is	
  characteristic	
  of	
  the	
  endogenous	
  

pathway.	
  

	
   This	
  model	
  would	
  require	
  that	
  the	
  acquisition	
  of	
  the	
  7SL	
  that	
  is	
  processed	
  

into	
  7SLrem	
  by	
  minimal	
  VLPs	
  –	
  acquisition	
  that	
  is	
  meditated	
  by	
  CA/sp1	
  –	
  must	
  be	
  

by	
  the	
  additive	
  pathway.	
  However,	
  the	
  data	
  collected	
  so	
  far	
  indicate	
  that	
  the	
  number	
  

of	
  7SLrem	
  molecules	
  per	
  minimal	
  VLP	
  corresponds	
  roughly	
  to	
  the	
  number	
  of	
  7SL	
  

molecules	
  per	
  authentic	
  virion.	
  This,	
  then,	
  would	
  indicate	
  that	
  the	
  “counting	
  

mechanism”	
  that	
  is	
  characteristic	
  of	
  the	
  endogenous	
  pathway	
  is	
  functioning	
  in	
  the	
  

acquisition	
  of	
  7SL	
  by	
  VLPs,	
  and	
  that	
  the	
  endogenous	
  pathway	
  can	
  therefore	
  not	
  

involve	
  NC	
  (and	
  must	
  involve	
  CA/s1).	
  To	
  resolve	
  this	
  discrepancy,	
  further	
  

experiments	
  must	
  be	
  performed.	
  

Future	
  Directions	
  

	
   Initial	
  experiments	
  to	
  determine	
  the	
  packaging	
  mechanism	
  that	
  generates	
  

7SLrem	
  would	
  involve	
  the	
  co-­‐transfection	
  of	
  7SL	
  derivatives	
  with	
  minimal	
  VLPs.	
  It	
  

has	
  been	
  established	
  that	
  certain	
  7SL	
  derivatives	
  such	
  as	
  S154,	
  as	
  well	
  as	
  the	
  full-­‐

length	
  7SL	
  mutant	
  7SL10	
  (data	
  not	
  shown),	
  are	
  packaged	
  by	
  the	
  additive	
  pathway.	
  

Thus,	
  if	
  these	
  constructs	
  were	
  to	
  produce	
  7SLrem	
  in	
  minimal	
  VLPs,	
  this	
  would	
  

indicate	
  that	
  7SLrem	
  is	
  (or	
  at	
  least	
  is	
  capable	
  of	
  being)	
  generated	
  from	
  RNAs	
  

packaged	
  by	
  the	
  additive	
  pathway.	
  Conversely,	
  if	
  7SLrem	
  is	
  generated	
  from	
  RNAs	
  

packaged	
  by	
  the	
  competitive	
  pathway,	
  the	
  co-­‐transfection	
  of	
  Alu114	
  with	
  minimal	
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VLPs	
  would	
  result	
  in	
  a	
  decrease	
  in	
  7SLrem	
  per	
  VLP,	
  as	
  Alu114	
  would	
  replace	
  some	
  

of	
  the	
  endogenous,	
  full-­‐length	
  7SL	
  in	
  the	
  VLP	
  and	
  is	
  itself	
  not	
  capable	
  of	
  generating	
  

7SLrem.	
  Accurate	
  quantification	
  of	
  the	
  amount	
  of	
  virus	
  present	
  would	
  be	
  necessary	
  

to	
  draw	
  conclusions,	
  however,	
  and	
  given	
  that	
  minimal	
  VLPs	
  cannot	
  be	
  quantified	
  

using	
  an	
  RT	
  assay	
  or	
  an	
  RPA	
  against	
  genomic	
  RNA,	
  the	
  experiments	
  should	
  be	
  

carried	
  out	
  using	
  the	
  VLP	
  constructs	
  ΔNCp1	
  or	
  Zwt,	
  both	
  of	
  which	
  are	
  recognized	
  by	
  

an	
  α-­‐p24	
  (capsid)	
  Western	
  antibody	
  source.	
  Examination	
  of	
  the	
  packaging	
  

phenotype	
  of	
  7SLrem	
  by	
  ΔNC	
  VLPs	
  in	
  the	
  presence	
  of	
  7SL	
  derivatives	
  would	
  

establish	
  the	
  packaging	
  pathway	
  of	
  7SLrem	
  and	
  thereby	
  establish	
  which	
  regions	
  of	
  

Gag	
  are	
  responsible	
  for	
  the	
  two	
  packaging	
  pathways.	
  

	
  

Putative	
  roles	
  for	
  7SL	
  in	
  retroviral	
  assembly	
  

Implications	
  

	
   At	
  the	
  very	
  least,	
  from	
  the	
  data	
  presented	
  here	
  it	
  can	
  be	
  concluded	
  that	
  more	
  

than	
  one	
  non-­‐overlapping	
  portion	
  of	
  7SL	
  (Alu	
  and	
  S)	
  are	
  interacting	
  with	
  Gag,	
  and	
  

different	
  domains	
  of	
  Gag	
  (NC	
  and	
  CA/sp1)	
  are	
  interacting	
  with	
  7SL.	
  This	
  allows	
  for	
  a	
  

possible	
  model	
  for	
  7SL’s	
  role	
  in	
  retroviral	
  assembly.	
  One	
  unanswered	
  question	
  in	
  

retroviral	
  assembly	
  is	
  how	
  ~2,000	
  Gags,	
  all	
  with	
  identical	
  primary	
  sequences,	
  form	
  

different	
  functional	
  subsets.	
  For	
  example,	
  although	
  all	
  NC	
  domains	
  of	
  Gag	
  are	
  

thought	
  to	
  bind	
  genomic	
  RNA,	
  in	
  MLV	
  only	
  around	
  12	
  form	
  high	
  affinity	
  interactions	
  

with	
  the	
  packaging	
  signal	
  of	
  genomic	
  RNA,	
  and	
  the	
  rest	
  form	
  low	
  affinity	
  

interactions	
  (212).	
  Similarly,	
  the	
  majority	
  of	
  CA	
  proteins	
  of	
  HIV-­‐1	
  form	
  hexamers	
  

upon	
  maturation,	
  but	
  about	
  12	
  pentamers	
  of	
  CA	
  are	
  formed	
  at	
  the	
  ends	
  of	
  the	
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conical	
  mature	
  core	
  (186).	
  Considering	
  the	
  ability	
  of	
  7SL	
  to	
  interact	
  with	
  different	
  

domains	
  of	
  Gag	
  and	
  the	
  striking	
  similarity	
  between	
  the	
  number	
  of	
  7SL	
  molecules	
  in	
  

HIV-­‐1	
  (~12/virion),	
  the	
  number	
  of	
  high	
  affinity	
  NC	
  interactions	
  with	
  genomic	
  RNA	
  

(~12/virion),	
  and	
  the	
  number	
  of	
  CA	
  pentamers	
  (~12/virion),	
  7SL	
  may	
  serve	
  as	
  a	
  

nucleating	
  agent	
  or	
  similar	
  trigger	
  and	
  cause	
  conformational	
  changes	
  in	
  subsets	
  of	
  

Gag.	
  

	
   Another	
  possible	
  role	
  for	
  7SL	
  during	
  assembly	
  is	
  as	
  a	
  chaperone	
  for	
  Gag.	
  As	
  

described	
  in	
  Chapter	
  1,	
  both	
  the	
  MA	
  and	
  NC	
  domains	
  of	
  Gag	
  are	
  capable	
  of	
  binding	
  

RNA,	
  although	
  the	
  MA	
  domain	
  has	
  a	
  greater	
  affinity	
  for	
  the	
  plasma	
  membrane-­‐

located	
  phosphoinositide	
  PI(4,5)P2.	
  It	
  is	
  hypothesized	
  that	
  Gag	
  adopts	
  a	
  “folded	
  

over”	
  conformation	
  during	
  the	
  journey	
  from	
  the	
  site	
  of	
  translation	
  to	
  the	
  site	
  of	
  

assembly,	
  with	
  both	
  the	
  MA	
  and	
  NC	
  domains	
  in	
  contact	
  with	
  RNA,	
  and	
  that	
  the	
  

chaperoning	
  by	
  RNA	
  prevents	
  nonspecific	
  membrane	
  targeting	
  (57,	
  243).	
  Current	
  

models	
  propose	
  that	
  genomic	
  RNA	
  is	
  the	
  nucleic	
  acid	
  that	
  chaperones	
  folded-­‐over	
  

Gag	
  to	
  the	
  plasma	
  membrane.	
  However,	
  the	
  majority	
  of	
  Gag	
  molecules	
  appear	
  to	
  

arrive	
  at	
  the	
  plasma	
  membrane	
  without	
  genomic	
  RNA	
  (155).	
  It	
  is	
  possible	
  that	
  a	
  

cellular	
  RNA	
  such	
  as	
  7SL	
  acts	
  as	
  the	
  chaperone	
  for	
  the	
  majority	
  of	
  Gag.	
  A	
  brief	
  

comparison	
  of	
  the	
  sizes	
  of	
  7SL	
  and	
  Gag	
  in	
  its	
  extended	
  and	
  folded-­‐over	
  

conformation	
  reveals	
  that	
  7SL	
  is	
  large	
  enough	
  to	
  provide	
  a	
  binding	
  site	
  for	
  both	
  

ends	
  of	
  Gag	
  in	
  its	
  folded	
  conformation	
  (Fig.	
  4-­‐1).	
  Because	
  there	
  are	
  only	
  12-­‐16	
  

molecules	
  of	
  7SL	
  in	
  a	
  virion	
  compared	
  to	
  the	
  ~2,000	
  molecules	
  of	
  Gag,	
  this	
  model	
  

would	
  necessitate	
  the	
  majority	
  of	
  Gag	
  releasing	
  7SL	
  during	
  assembly,	
  presumably	
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Figure	
  4-­‐1.	
  Comparison	
  of	
  the	
  sizes	
  of	
  7SL	
  and	
  Gag.	
  Scale,	
  at	
  top,	
  is	
  in	
  nm.	
  All	
  
drawings	
  are	
  to	
  scale.	
  The	
  schematics	
  of	
  the	
  authentic	
  and	
  lipid(-­‐)	
  particles,	
  at	
  
bottom,	
  are	
  of	
  the	
  radius,	
  that	
  is,	
  ½	
  the	
  complete	
  particle.	
   	
  

5 10 15 20 25 30 4035 50 6045 6555

Alu + linker S 28 nm
16 nm 12 nm

7SL in solution
bound to SRP proteins

7SL bound to ribosome

S

Alu + linker

12 nm

16 nm

Gag
extended in virion
20-25 nm

Radius of authentic particle
60 nm

1/2 “core” of authentic particle -- 35 nmextended Gag -- 25 nm

folded-over Gag
in solution, bound to RNA only, or in “small” VLPs
8-10 nm

MA

NC & CA

folded-over Gag
8 nm

1/2 “core” of VLP
14 nm

Radius of lipid(-), RNA(+) VLP
30 nm

nm



89	
  

upon	
  binding	
  to	
  gRNA	
  and	
  PI(4,5)P2.	
  This	
  model	
  would	
  not	
  preclude	
  the	
  retention	
  of	
  

7SL	
  by	
  a	
  subset	
  of	
  Gags,	
  and	
  so	
  is	
  compatible	
  with	
  the	
  above	
  model	
  in	
  which	
  7SL	
  

nucleates	
  conformational	
  changes	
  in	
  a	
  subset	
  of	
  Gag.	
  

	
   However,	
  the	
  data	
  presented	
  in	
  this	
  thesis	
  do	
  not	
  establish	
  whether	
  7SL	
  

performs	
  any	
  role	
  in	
  retroviral	
  replication,	
  including	
  a	
  role	
  in	
  assembly.	
  Titer	
  data	
  

(Fig.	
  3-­‐5)	
  revealed	
  that	
  the	
  packaging	
  of	
  excess	
  7SL	
  derivatives	
  (in	
  the	
  form	
  of	
  the	
  

Δlinker	
  mutant)	
  did	
  not	
  affect	
  viral	
  infectivity,	
  indicating	
  that	
  the	
  7SL	
  derivative	
  did	
  

not	
  destabilize	
  the	
  viral	
  particle	
  or	
  interfere	
  with	
  entry	
  or	
  subsequent	
  steps	
  in	
  the	
  

viral	
  life	
  cycle.	
  Similarly,	
  the	
  replacement	
  of	
  ~50%	
  of	
  the	
  endogenous,	
  full-­‐length	
  

7SL	
  in	
  virions	
  with	
  the	
  Alu	
  domain	
  derivative	
  Alu114	
  did	
  not	
  affect	
  titer,	
  indicating	
  

that	
  either	
  a)	
  7SL	
  has	
  no	
  role	
  in	
  the	
  viral	
  life	
  cycle;	
  b)	
  the	
  role	
  of	
  7SL	
  in	
  the	
  viral	
  life	
  

cycle	
  can	
  be	
  carried	
  out	
  by	
  Alu114;	
  or	
  c)	
  the	
  role	
  of	
  7SL	
  in	
  the	
  viral	
  life	
  cycle	
  can	
  be	
  

carried	
  out	
  by	
  the	
  remaining	
  full-­‐length	
  7SL.	
  It	
  should	
  be	
  noted	
  that	
  the	
  assays	
  

employed	
  in	
  this	
  dissertation	
  looked	
  at	
  the	
  population	
  of	
  virions	
  as	
  a	
  whole,	
  and	
  it	
  is	
  

estimated	
  that	
  only	
  around	
  1	
  in	
  8	
  or	
  fewer	
  virions	
  that	
  enters	
  a	
  cell	
  results	
  in	
  a	
  

successful	
  infection	
  (defined	
  as	
  integration	
  of	
  an	
  intact	
  provirus)	
  (78,	
  177,	
  301).	
  It	
  is	
  

therefore	
  possible	
  that	
  7SL	
  is	
  contained	
  only	
  in	
  non-­‐infectious	
  particles,	
  or	
  even	
  that	
  

the	
  packaging	
  of	
  7SL	
  itself	
  confers	
  non-­‐infectivity	
  upon	
  a	
  virus.	
  

	
  

Preliminary	
  data	
  

	
   To	
  address	
  the	
  putative	
  role(s)	
  of	
  7SL	
  in	
  retroviral	
  replication,	
  7SL	
  could	
  be	
  

visualized	
  during	
  HIV	
  replication	
  by	
  fluorescence	
  microscopy.	
  Although	
  this	
  would	
  

not	
  provide	
  definitive	
  evidence	
  for	
  the	
  putative	
  role(s)	
  of	
  7SL	
  in	
  retroviral	
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replication,	
  fluorescence	
  microscopy	
  would	
  provide	
  clues	
  as	
  to	
  when	
  and	
  where	
  7SL	
  

is	
  acquired	
  during	
  HIV-­‐1	
  assembly,	
  which	
  would	
  help	
  rule	
  in	
  or	
  out	
  various	
  theories	
  

as	
  to	
  7SL’s	
  potential	
  role	
  in	
  HIV-­‐1	
  replication.	
  Fluorescence-­‐based	
  imaging	
  has	
  been	
  

widely	
  used	
  to	
  visualize	
  proteins,	
  as	
  the	
  majority	
  of	
  proteins	
  can	
  be	
  tagged	
  with	
  a	
  

fluorescent	
  motif	
  such	
  as	
  GFP	
  without	
  appreciable	
  loss	
  of	
  function.	
  However,	
  

labeling	
  specific	
  RNAs	
  with	
  fluorescence	
  has	
  proven	
  to	
  be	
  considerably	
  more	
  

challenging.	
  The	
  most	
  commonly	
  used	
  technique	
  for	
  fluorescently	
  labeling	
  RNA	
  

involves	
  inserting	
  multimerized	
  MS2	
  protein	
  binding	
  sequences	
  into	
  the	
  RNA	
  of	
  

interest	
  (22).	
  The	
  MS2	
  binding	
  sequence	
  recognizes	
  the	
  MS2	
  bacteriophage	
  coat	
  

protein,	
  which	
  can	
  be	
  tagged	
  with	
  GFP	
  for	
  fluorescence	
  microscopy.	
  The	
  RNA	
  of	
  

interest	
  is	
  therefore	
  labeled	
  by	
  association	
  with	
  the	
  tagged	
  MS2	
  protein	
  rather	
  than	
  

being	
  directly	
  labeled	
  itself.	
  

	
   However,	
  this	
  technique	
  is	
  more	
  difficult	
  to	
  perform	
  successfully	
  than	
  it	
  

sounds.	
  While	
  this	
  technique	
  has	
  proved	
  useful	
  for	
  labeling	
  mRNAs,	
  which	
  are	
  long,	
  

flexible,	
  and	
  relatively	
  unstructured,	
  it	
  may	
  be	
  more	
  difficult	
  to	
  adapt	
  this	
  technique	
  

for	
  small,	
  highly	
  structured	
  RNAs	
  such	
  as	
  7SL.	
  Although	
  the	
  MS2	
  binding	
  sequence	
  is	
  

small	
  (19	
  nt),	
  it	
  must	
  be	
  in	
  a	
  readily	
  available	
  conformation	
  to	
  enable	
  binding	
  of	
  the	
  

tagged	
  MS2	
  protein.	
  The	
  highly	
  structured	
  character	
  of	
  7SL	
  and/or	
  its	
  tight	
  

interactions	
  with	
  the	
  SRP	
  proteins	
  may	
  preclude	
  this,	
  as	
  our	
  attempts	
  to	
  produce	
  

modified	
  7SL	
  that	
  can	
  be	
  recognized	
  by	
  GFP-­‐tagged	
  MS2	
  have	
  not	
  been	
  successful	
  

(data	
  not	
  shown;	
  performed	
  by	
  Steve	
  King	
  and	
  Eric	
  Garcia).	
  However,	
  our	
  group	
  has	
  

not	
  yet	
  successfully	
  imaged	
  mRNAs	
  that	
  contained	
  the	
  MS2	
  binding	
  sequence,	
  so	
  it	
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may	
  become	
  possible	
  to	
  recognize	
  7SL	
  by	
  GFP-­‐tagged	
  MS2	
  binding	
  once	
  conditions	
  

are	
  optimized.	
  

	
   Fluorescence	
  in	
  situ	
  hybridization,	
  or	
  FISH,	
  is	
  an	
  alternative	
  mechanism	
  of	
  

RNA	
  visualization	
  (256).	
  FISH	
  involves	
  fixing	
  and	
  permeabilizing	
  cells,	
  then	
  

exposing	
  them	
  to	
  an	
  oligonucleotide	
  that	
  is	
  complementary	
  to	
  the	
  RNA	
  of	
  interest	
  

and	
  that	
  is	
  either	
  tagged	
  with	
  a	
  fluorescent	
  molecule	
  or	
  contains	
  fluorescent	
  

nucleotide	
  analogues.	
  I	
  attempted	
  this	
  technique	
  in	
  293T	
  cells	
  using	
  digoxigenin-­‐

labeled	
  oligonucleotides.	
  Although	
  an	
  anti-­‐polyA	
  oligo	
  successfully	
  produced	
  a	
  high	
  

signal	
  in	
  the	
  cytoplasm,	
  likely	
  corresponding	
  with	
  mRNA,	
  oligos	
  specific	
  to	
  various	
  

portions	
  of	
  7SL	
  did	
  not	
  produce	
  fluorescent	
  signals	
  higher	
  than	
  background	
  (data	
  

not	
  shown).	
  This	
  result	
  probably	
  occurred	
  because	
  FISH	
  requires	
  that	
  the	
  region	
  of	
  

RNA	
  that	
  is	
  recognized	
  by	
  the	
  labeled	
  oligonucleotide	
  be	
  accessible	
  to	
  the	
  probe	
  and	
  

not	
  base-­‐paired.	
  As	
  there	
  is	
  no	
  region	
  of	
  7SL	
  longer	
  than	
  ~5	
  nt	
  that	
  is	
  unpaired	
  in	
  

unmodified	
  7SL,	
  it	
  is	
  unlikely	
  that	
  FISH	
  against	
  wild-­‐type	
  7SL	
  will	
  be	
  successful.	
  

Future	
  directions	
  

	
   Were	
  I	
  to	
  pursue	
  7SL	
  visualization	
  further,	
  I	
  would	
  attempt	
  two	
  alternative	
  

techniques	
  for	
  fluorescence-­‐based	
  imaging:	
  (a)	
  FISH	
  against	
  a	
  modified	
  7SL,	
  and	
  (b)	
  

engineering	
  7SL	
  to	
  bind	
  a	
  fluorophore.	
  FISH	
  may	
  succeed	
  if	
  7SL	
  is	
  modified	
  to	
  

introduce	
  an	
  unpaired	
  region	
  into	
  a	
  section	
  of	
  the	
  RNA	
  that	
  is	
  not	
  bound	
  by	
  SRP	
  

proteins,	
  such	
  as	
  the	
  linker	
  region.	
  If	
  the	
  unstructured	
  character	
  of	
  this	
  modification	
  

can	
  be	
  maintained,	
  it	
  may	
  be	
  recognized	
  by	
  a	
  labeled	
  oligonucleotide.	
  The	
  sequence	
  

chosen	
  could	
  be	
  complementary	
  to	
  an	
  oligonucleotide	
  known	
  to	
  function	
  well	
  under	
  

FISH	
  conditions,	
  thus	
  improving	
  the	
  chance	
  of	
  successfully	
  producing	
  a	
  visible	
  signal	
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(280).	
  Success	
  with	
  approach	
  (b)	
  would	
  involve	
  certain	
  RNA	
  sequences	
  that	
  have	
  

been	
  shown	
  to	
  induce	
  fluorescence	
  when	
  bound	
  to	
  selective	
  fluorophores	
  such	
  as	
  

malachite	
  green	
  or	
  Patent	
  Blue	
  V	
  (9).	
  Modifying	
  7SL	
  to	
  contain	
  these	
  sequences	
  may	
  

enable	
  the	
  visualization	
  of	
  7SL	
  without	
  relying	
  on	
  labeled	
  probes.	
  An	
  advantage	
  of	
  

fluorophore-­‐binding	
  sequences	
  is	
  that	
  they	
  can	
  be	
  used	
  in	
  living	
  cells,	
  without	
  the	
  

fixing	
  and	
  staining	
  required	
  for	
  FISH.	
  

	
   Once	
  a	
  protocol	
  for	
  visualizing	
  7SL	
  has	
  been	
  established,	
  fluorescent	
  

microscopy	
  can	
  be	
  used	
  to	
  examine	
  the	
  role	
  of	
  7SL	
  in	
  the	
  HIV	
  life	
  cycle.	
  For	
  this,	
  

single-­‐particle	
  imaging	
  techniques	
  such	
  as	
  stochastic	
  optical	
  reconstruction	
  

microscopy	
  (STORM)	
  could	
  enable	
  tracking	
  single	
  molecules	
  of	
  7SL	
  and	
  prove	
  

particularly	
  useful	
  (129,	
  303),	
  although	
  such	
  techniques	
  are	
  technically	
  challenging.	
  

The	
  timing	
  and	
  location	
  of	
  7SL	
  acquisition	
  by	
  HIV	
  could	
  be	
  examined	
  by	
  co-­‐

expressing	
  fluorescently	
  labeled	
  7SL	
  and	
  GFP-­‐tagged	
  Gag.	
  The	
  location	
  in	
  the	
  cell	
  

where	
  7SL	
  and	
  Gag	
  first	
  co-­‐localize,	
  and	
  any	
  subsequent	
  movement	
  the	
  two	
  

molecules	
  may	
  undergo	
  together,	
  would	
  provide	
  information	
  on	
  the	
  step	
  of	
  

assembly	
  at	
  which	
  7SL	
  is	
  acquired.	
  The	
  expression	
  of	
  labeled	
  7SL	
  derivatives	
  that	
  

are	
  not	
  packaged	
  by	
  HIV,	
  such	
  as	
  Alu87,	
  would	
  serve	
  as	
  a	
  negative	
  control.	
  

	
   The	
  fluorescent	
  tagging	
  of	
  genomic	
  RNA,	
  such	
  as	
  by	
  GFP-­‐tagged	
  MS2	
  proteins	
  

as	
  performed	
  by	
  Jouvenet	
  et	
  al.	
  (155),	
  would	
  provide	
  further	
  information	
  on	
  the	
  role	
  

of	
  7SL	
  during	
  HIV	
  assembly.	
  For	
  example,	
  if	
  7SL,	
  Gag,	
  and	
  gRNA	
  all	
  co-­‐localize	
  in	
  the	
  

cytoplasm	
  early	
  in	
  assembly,	
  this	
  result	
  may	
  indicate	
  that	
  7SL	
  serves	
  to	
  nucleate	
  the	
  

specific	
  interactions	
  that	
  a	
  subset	
  of	
  Gag	
  undergoes	
  with	
  gRNA.	
  Alternatively,	
  if	
  7SL	
  

co-­‐localizes	
  with	
  a	
  large	
  number	
  of	
  Gag	
  molecules	
  in	
  the	
  cytoplasm	
  but	
  7SL	
  is	
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released	
  upon	
  reaching	
  the	
  plasma	
  membrane,	
  this	
  result	
  may	
  indicate	
  that	
  7SL	
  acts	
  

as	
  a	
  nucleic	
  acid	
  chaperone	
  for	
  Gag	
  during	
  its	
  journey	
  to	
  the	
  plasma	
  membrane.	
  

	
   Similarly,	
  viruses	
  released	
  from	
  cells	
  expressing	
  fluorescently	
  tagged	
  7SL	
  and	
  

Gag	
  can	
  be	
  examined	
  to	
  determine	
  if	
  7SL	
  derivatives	
  are	
  distributed	
  evenly	
  

throughout	
  the	
  viral	
  population.	
  A	
  similar	
  protocol	
  has	
  been	
  successfully	
  performed	
  

on	
  HIV-­‐1	
  virions	
  to	
  determine	
  the	
  percentage	
  of	
  virions	
  that	
  contain	
  genomic	
  RNA	
  

by	
  tagging	
  Gag	
  with	
  YFP	
  and	
  gRNA	
  with	
  a	
  GFP-­‐tagged	
  MS2	
  protein	
  (51).	
  To	
  

determine	
  whether	
  viral	
  particles	
  containing	
  7SL	
  are	
  infectious,	
  viral	
  particles	
  

containing	
  tagged	
  7SL	
  and	
  a	
  selectable	
  marker	
  can	
  be	
  used	
  to	
  infect	
  cells	
  at	
  a	
  ratio	
  of	
  

approximately	
  one	
  viral	
  particle	
  per	
  cell.	
  During	
  infection,	
  the	
  cells	
  can	
  be	
  examined	
  

by	
  fluorescence	
  microscopy	
  to	
  establish	
  which	
  cells	
  receive	
  viral	
  particles	
  

containing	
  7SL.	
  These	
  cells	
  can	
  then	
  undergo	
  selection	
  to	
  determine	
  if	
  they	
  were	
  

productively	
  infected,	
  and	
  productive	
  infections	
  can	
  be	
  correlated	
  with	
  the	
  presence	
  

or	
  absence	
  of	
  7SL	
  in	
  the	
  viral	
  particle.	
  

	
  

Promoter	
  bias	
  

Background	
  

	
   Three	
  different	
  DNA-­‐dependent	
  RNA	
  polymerases	
  generate	
  cellular	
  RNAs:	
  

RNA	
  Polymerase	
  I	
  (Pol	
  I),	
  RNA	
  Polymerase	
  II	
  (Pol	
  II),	
  and	
  RNA	
  Polymerase	
  III	
  (Pol	
  

III).	
  Each	
  polymerase	
  recognizes	
  promoters	
  with	
  distinct	
  characteristics,	
  so	
  that	
  

promoters	
  can	
  be	
  classified	
  as	
  Pol	
  I,	
  Pol	
  II,	
  or	
  Pol	
  III	
  promoters.	
  mRNAs	
  (that	
  is,	
  

genes	
  coding	
  for	
  proteins)	
  are	
  under	
  the	
  control	
  of	
  Pol	
  II	
  promoters,	
  while	
  the	
  major	
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Figure	
  4-­‐2.	
  (A)	
  The	
  internal	
  promoter	
  elements	
  of	
  7SL,	
  A	
  box	
  and	
  B	
  box,	
  are	
  boxed.	
  
(B)	
  Northern	
  blot	
  of	
  cells	
  co-­‐transfected	
  with	
  Alu	
  domain	
  derivatives	
  and	
  HIVpuro	
  
and	
  virions	
  produced	
  from	
  these	
  cells.	
  A	
  probe	
  that	
  recognized	
  the	
  Alu	
  domain	
  was	
  
used.	
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ribosomal	
  RNA	
  genes	
  are	
  expressed	
  by	
  Pol	
  I	
  promoters,	
  and	
  functional,	
  non-­‐coding	
  

RNAs,	
  such	
  as	
  7SL	
  and	
  U6,	
  are	
  expressed	
  by	
  Pol	
  III	
  promoters.	
  

	
   Pol	
  III	
  promoters	
  are	
  further	
  classified	
  as	
  four	
  types:	
  type	
  I,	
  II,	
  III,	
  and	
  IV	
  

(244).	
  All	
  Pol	
  III	
  promoters	
  except	
  type	
  III	
  contain	
  both	
  extragenic	
  and	
  intragenic	
  

promoter	
  regions,	
  prohibiting	
  the	
  kind	
  of	
  “cut-­‐and-­‐paste”	
  molecular	
  biology	
  

techniques	
  that	
  are	
  often	
  used	
  for	
  protein-­‐coding	
  Pol	
  II	
  genes.	
  As	
  described	
  in	
  

Chapter	
  3,	
  the	
  7SL	
  promoter	
  is	
  a	
  type	
  IV	
  Pol	
  III	
  promoter	
  and	
  contains	
  two	
  

intragenic	
  promoter	
  elements	
  located	
  in	
  the	
  Alu	
  domain,	
  the	
  A	
  box	
  and	
  the	
  B	
  box	
  

(Fig.	
  4-­‐2a)	
  (87).	
  Therefore,	
  truncations	
  of	
  7SL	
  that	
  remove	
  the	
  Alu	
  domain	
  or	
  

mutations	
  to	
  the	
  promoter	
  sequences	
  within	
  the	
  Alu	
  domain	
  cannot	
  be	
  expressed	
  

under	
  the	
  7SL	
  promoter.	
  However,	
  type	
  III	
  Pol	
  III	
  promoters	
  such	
  as	
  the	
  U6	
  

promoter	
  are	
  composed	
  only	
  of	
  extragenic	
  sequences	
  upstream	
  of	
  the	
  transcription	
  

start	
  site	
  and	
  thus	
  can	
  be	
  used	
  to	
  express	
  any	
  Pol	
  III	
  RNA.	
  

Preliminary	
  data	
  

	
   Derivatives	
  of	
  7SL	
  from	
  which	
  the	
  Alu	
  domain	
  was	
  removed,	
  such	
  as	
  the	
  S	
  

domain	
  derivatives	
  S154	
  and	
  S114	
  in	
  Chapter	
  3,	
  as	
  well	
  as	
  derivatives	
  in	
  which	
  the	
  

A	
  box	
  and	
  B	
  box	
  7SL	
  internal	
  promoter	
  elements	
  were	
  mutated	
  or	
  removed,	
  were	
  

expressed	
  using	
  the	
  U6	
  promoter.	
  Surprisingly,	
  the	
  results	
  indicated	
  that	
  the	
  nature	
  

of	
  the	
  promoter	
  used	
  influenced	
  the	
  packaging	
  efficiency	
  of	
  the	
  RNA.	
  For	
  example,	
  

the	
  Alu	
  domain	
  truncation	
  Alu75	
  was	
  well-­‐packaged	
  by	
  HIVp	
  when	
  it	
  was	
  expressed	
  

by	
  the	
  U6	
  promoter,	
  but	
  was	
  not	
  packaged	
  when	
  expressed	
  by	
  the	
  7SL	
  promoter	
  

(Fig.	
  4-­‐2b,	
  compare	
  lanes	
  11	
  and	
  12).	
  This	
  suggests	
  that	
  there	
  exists	
  promoter	
  bias	
  

in	
  the	
  population	
  of	
  RNA	
  that	
  is	
  selectively	
  packaged	
  by	
  HIV-­‐1.	
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Figure	
  4-­‐3.	
  (A)	
  2-­‐dimensional	
  schematic	
  of	
  114r.	
  (B)	
  Northern	
  blot	
  of	
  cells	
  co-­‐
transfected	
  with	
  114r	
  and	
  HIVpuro	
  and	
  virions	
  produced	
  from	
  these	
  cells.	
  Probes	
  
that	
  recognized	
  the	
  Alu	
  domain	
  of	
  7SL	
  and	
  114r	
  were	
  used.	
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   To	
  determine	
  whether	
  expression	
  by	
  the	
  U6	
  promoter	
  conferred	
  packaging	
  

selectivity	
  on	
  RNA,	
  a	
  random	
  nucleotide	
  sequence	
  was	
  generated,	
  using	
  an	
  online	
  

random	
  nucleotide	
  sequence	
  generator	
  

(http://www.faculty.ucr.edu/~mmaduro/random.htm),	
  and	
  placed	
  under	
  the	
  U6	
  

promoter.	
  This	
  sequence,	
  called	
  114random	
  or	
  114r,	
  was	
  114	
  nt	
  in	
  length,	
  had	
  the	
  

same	
  GC	
  content	
  as	
  7SL,	
  and	
  was	
  predicted	
  to	
  fold	
  into	
  a	
  shape	
  that	
  was	
  dissimilar	
  

to	
  7SL	
  or	
  7SL	
  derivatives	
  by	
  the	
  software	
  Mfold	
  

(http://mfold.rna.albany.edu/?q=mfold/)	
  (Fig.	
  4-­‐3a).	
  114r	
  was	
  both	
  expressed	
  in	
  

cells	
  co-­‐transfected	
  with	
  HIVp	
  and	
  packaged	
  in	
  HIVp	
  virions,	
  indicating	
  that	
  

expression	
  under	
  the	
  U6	
  promoter	
  confers	
  packaging	
  selectivity	
  on	
  Pol	
  III-­‐promoted	
  

RNAs	
  (Fig.	
  4-­‐2b).	
  Because	
  of	
  these	
  observations,	
  we	
  felt	
  that	
  the	
  packaging	
  of	
  the	
  S	
  

domain	
  constructs	
  S154	
  and	
  S114,	
  designed	
  to	
  examine	
  the	
  influence	
  of	
  the	
  S	
  

domain	
  on	
  7SL	
  packaging,	
  might	
  be	
  influenced	
  by	
  their	
  expression	
  by	
  the	
  U6	
  

promoter.	
  Therefore,	
  we	
  designed	
  the	
  7SL	
  derivative	
  Δlinker,	
  which	
  was	
  expressed	
  

by	
  the	
  7SL	
  promoter,	
  to	
  ensure	
  that	
  the	
  conclusions	
  drawn	
  from	
  the	
  packaging	
  of	
  

the	
  S	
  domain	
  constructs	
  were	
  not	
  due	
  to	
  promoter	
  bias.	
  Furthermore,	
  the	
  ability	
  of	
  

HIV	
  to	
  package	
  artificially	
  designed	
  RNAs	
  expressed	
  by	
  the	
  U6	
  promoter	
  has	
  far-­‐

reaching	
  applications	
  that	
  will	
  be	
  discussed	
  below.	
  

Future	
  directions	
  

	
   The	
  apparent	
  selectivity	
  in	
  packaging	
  by	
  HIV	
  toward	
  RNA	
  expressed	
  by	
  a	
  

certain	
  promoter	
  should	
  be	
  examined	
  to	
  further	
  establish	
  the	
  characteristics	
  

necessary	
  for	
  selective	
  packaging	
  of	
  RNAs	
  by	
  HIV.	
  Previous	
  work	
  in	
  MLV	
  identified	
  

an	
  apparent	
  bias	
  in	
  packaging	
  toward	
  Pol	
  III	
  over	
  Pol	
  II	
  and	
  Pol	
  I	
  products	
  (236).	
  It	
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is	
  unclear	
  whether	
  this	
  packaging	
  bias	
  is	
  due	
  to	
  the	
  identity	
  of	
  the	
  RNAs	
  that	
  are	
  

selectively	
  packaged	
  or	
  a	
  shared	
  feature	
  of	
  Pol	
  III	
  transcription	
  –	
  for	
  example,	
  the	
  5’	
  

triphosphate	
  of	
  Pol	
  III	
  transcripts	
  or	
  a	
  shared	
  trafficking	
  pathway.	
  To	
  address	
  this,	
  

small	
  Pol	
  II	
  transcripts	
  could	
  be	
  placed	
  under	
  a	
  Pol	
  III	
  promoter,	
  and	
  a	
  packaged	
  Pol	
  

III	
  product	
  such	
  as	
  7SL	
  could	
  be	
  placed	
  under	
  a	
  Pol	
  II	
  promoter,	
  and	
  their	
  packaging	
  

phenotype	
  examined.	
  Ideally,	
  these	
  RNAs	
  could	
  also	
  be	
  fluorescently	
  tagged	
  (see	
  

above)	
  so	
  their	
  trafficking	
  could	
  be	
  examined.	
  

LysRS	
  and	
  7SL	
  acquisition	
  

Implications	
  and	
  background	
  

	
   The	
  data	
  presented	
  in	
  Chapter	
  2	
  on	
  the	
  presence	
  of	
  7SLrem	
  in	
  minimal	
  VLPs	
  

suggest	
  that	
  CA/sp1	
  is	
  involved	
  in	
  the	
  acquisition	
  of	
  7SL.	
  This	
  result	
  was	
  surprising	
  

because	
  the	
  CA-­‐CTD	
  and	
  sp1	
  do	
  not	
  contain	
  known	
  RNA	
  binding	
  motifs,	
  nor	
  has	
  

CA/sp1	
  been	
  shown	
  to	
  interact	
  with	
  RNA	
  in	
  vitro	
  or	
  in	
  vivo.	
  This	
  suggests	
  that	
  the	
  

interaction	
  between	
  CA/sp1	
  and	
  7SL	
  may	
  be	
  indirect:	
  that	
  is,	
  that	
  7SL	
  may	
  interact	
  

with	
  CA/sp1	
  via	
  a	
  protein	
  intermediate.	
  One	
  possible	
  candidate	
  for	
  such	
  a	
  role	
  is	
  the	
  

SRP	
  heterodimer	
  SRP9/14.	
  However,	
  recent	
  evidence	
  suggests	
  that	
  SRP9/14	
  

interacts	
  with	
  NC,	
  although	
  this	
  evidence	
  does	
  not	
  rule	
  out	
  interactions	
  between	
  

SRP9/14	
  and	
  CA	
  (147).	
  Furthermore,	
  SRP9/14	
  binds	
  the	
  Alu	
  domain	
  of	
  7SL,	
  and	
  it	
  is	
  

the	
  Alu	
  domain	
  that	
  is	
  degraded	
  in	
  ΔNC	
  VLPs.	
  This	
  may	
  be	
  evidence	
  that	
  the	
  Alu	
  

domain	
  of	
  7SL	
  interacts	
  with	
  the	
  NC	
  domain	
  of	
  Gag,	
  which	
  would	
  suggest	
  that	
  

SRP9/14,	
  as	
  the	
  Alu	
  domain-­‐binding	
  heterodimer,	
  also	
  interacts	
  with	
  NC.	
  

	
   Another	
  candidate	
  for	
  a	
  possible	
  protein	
  intermediary	
  between	
  7SL	
  and	
  Gag	
  

is	
  the	
  lysyl-­‐tRNA	
  synthetase,	
  LysRS.	
  As	
  described	
  in	
  the	
  introduction,	
  LysRS	
  is	
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packaged	
  by	
  HIV	
  as	
  part	
  of	
  the	
  mechanism	
  by	
  which	
  HIV	
  acquires	
  its	
  primer	
  tRNA,	
  

tRNALys,3	
  (146,	
  199).	
  LysRS	
  encapsidation	
  is	
  dependent	
  upon	
  the	
  CTD	
  of	
  CA,	
  making	
  

it	
  an	
  attractive	
  candidate	
  for	
  the	
  role	
  of	
  putative	
  protein	
  bridge	
  between	
  7SL	
  and	
  

CA-­‐CTD	
  (167,	
  168).	
  Furthermore,	
  when	
  the	
  amount	
  of	
  LysRS	
  in	
  HIV-­‐producing	
  cells	
  

is	
  decreased	
  by	
  RNAi	
  or	
  increased	
  by	
  overexpression,	
  the	
  amount	
  of	
  LysRS	
  in	
  the	
  

virion	
  decreases	
  or	
  increases	
  accordingly	
  (98,	
  119).	
  This	
  result	
  provides	
  a	
  simple	
  

way	
  to	
  test	
  whether	
  or	
  not	
  LysRS	
  influences	
  the	
  packaging	
  of	
  7SL:	
  namely,	
  

manipulate	
  the	
  LysRS	
  content	
  of	
  the	
  virion	
  –	
  either	
  by	
  knocking	
  down	
  or	
  

overexpressing	
  LysRS	
  in	
  the	
  virus-­‐producing	
  cell	
  –	
  and	
  determine	
  whether	
  the	
  7SL	
  

content	
  of	
  the	
  virion	
  changes	
  proportionally.	
  

Future	
  directions	
  

	
   To	
  perform	
  these	
  experiments,	
  a	
  plasmid	
  expressing	
  His-­‐tagged	
  LysRS	
  and	
  

verified	
  siRNAs	
  against	
  LysRS	
  were	
  obtained	
  (98,	
  119).	
  However,	
  neither	
  

knockdown	
  nor	
  overexpression	
  were	
  successfully	
  achieved	
  under	
  the	
  tested	
  

conditions.	
  The	
  overexpression	
  and	
  knockdown	
  of	
  LysRS	
  should	
  be	
  optimized	
  so	
  

that	
  the	
  amount	
  of	
  7SL	
  can	
  be	
  determined	
  in	
  virions	
  that	
  contain	
  more	
  or	
  fewer	
  

LysRS	
  molecules.	
  In	
  addition	
  to	
  examining	
  the	
  effect	
  of	
  LysRS	
  packaging	
  on	
  7SL	
  

encapsidation,	
  the	
  interactions	
  between	
  7SL	
  and	
  viral	
  and/or	
  cellular	
  proteins	
  can	
  

be	
  examined	
  by	
  crosslinking.	
  The	
  technique	
  of	
  crosslinking	
  and	
  

immunoprecipitation	
  (CLIP)	
  has	
  been	
  effectively	
  used	
  to	
  probe	
  interactions	
  

between	
  proteins	
  and	
  RNA	
  (70,	
  107).	
  To	
  perform	
  protein/RNA	
  CLIP,	
  a	
  sample	
  is	
  

subjected	
  to	
  crosslinking	
  by	
  chemical	
  reagents	
  or	
  UV	
  light,	
  and	
  the	
  protein	
  of	
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interest	
  is	
  immunoprecipitated	
  by	
  an	
  antibody.	
  The	
  identity	
  of	
  the	
  substrate’s	
  

binding	
  partners	
  can	
  be	
  identified	
  by	
  blotting,	
  RT-­‐PCR,	
  or	
  sequencing.	
  

	
   To	
  use	
  CLIP	
  to	
  examine	
  interactions	
  between	
  7SL	
  and	
  viral	
  and/or	
  cellular	
  

proteins,	
  both	
  virions	
  and	
  cells	
  that	
  are	
  producing	
  HIV	
  virions	
  can	
  be	
  subjected	
  to	
  

CLIP.	
  Because	
  7SL	
  is	
  ultimately	
  recruited	
  by	
  Gag,	
  an	
  anti-­‐Gag	
  antibody	
  can	
  be	
  used	
  

for	
  the	
  initial	
  immunoprecipitation.	
  Mass	
  spectrometry	
  can	
  then	
  be	
  used	
  to	
  identify	
  

any	
  other	
  proteins	
  in	
  the	
  immunoprecipitated	
  complex.	
  Although	
  careful	
  

optimization	
  would	
  be	
  necessary,	
  CLIP	
  is	
  a	
  promising	
  technique	
  for	
  directly	
  

studying	
  the	
  interactions	
  of	
  7SL	
  and	
  viral	
  and	
  cellular	
  proteins	
  during	
  and	
  after	
  

assembly,	
  and	
  could	
  be	
  used	
  to	
  determine	
  the	
  identity	
  of	
  the	
  putative	
  protein	
  that	
  

mediates	
  the	
  interaction	
  between	
  7SL	
  and	
  Gag.	
  

	
  

Y	
  RNA	
  packaging	
  

Background	
  

	
   One	
  such	
  difference	
  in	
  the	
  small	
  RNA	
  profile	
  of	
  HIV	
  and	
  MLV	
  is	
  the	
  selective	
  

packaging	
  of	
  Y	
  RNAs:	
  while	
  MLV	
  packages	
  the	
  murine	
  Y	
  RNAs	
  mY1	
  and	
  mY3	
  at	
  

levels	
  of	
  enrichment	
  comparable	
  to	
  7SL	
  (236)	
  and	
  acquires	
  Y	
  RNAs	
  early	
  in	
  their	
  

biogenesis	
  (104),	
  wild-­‐type	
  HIV	
  does	
  not	
  package	
  hY1	
  or	
  hY3	
  at	
  appreciable	
  

amounts	
  (302,	
  309).	
  Two	
  models	
  that	
  can	
  be	
  proposed	
  to	
  explain	
  these	
  differences	
  

are	
  1)	
  HIV	
  successfully	
  excludes	
  Y	
  RNAs,	
  or	
  2)	
  MLV	
  selectively	
  acquires	
  Y	
  RNAs.	
  We	
  

sought	
  to	
  distinguish	
  between	
  these	
  models	
  by	
  examining	
  the	
  interactions	
  between	
  

HIV	
  and	
  Y	
  RNAs.	
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Preliminary	
  data	
  

	
   To	
  determine	
  the	
  effect	
  of	
  genomic	
  RNA	
  packaging	
  on	
  Y	
  RNA	
  packaging,	
  we	
  

examined	
  the	
  packaging	
  of	
  hY1	
  in	
  HIV	
  VLPs	
  that	
  lacked	
  gRNA.	
  Previously,	
  Khan	
  et	
  al.	
  

(163)	
  discovered	
  that	
  hY1	
  and	
  hY3	
  were	
  packaged	
  by	
  a	
  genome(-­‐)	
  HIV	
  VLP	
  

generated	
  by	
  expression	
  of	
  a	
  provirus	
  construct	
  with	
  mutations	
  in	
  Ψ,	
  but	
  that	
  hY1	
  

and	
  hY3	
  were	
  not	
  packaged	
  by	
  a	
  genome(-­‐)	
  VLP	
  generated	
  by	
  expression	
  of	
  a	
  

provirus	
  with	
  mutations	
  in	
  the	
  zinc	
  finger	
  motifs	
  of	
  Gag.	
  From	
  this,	
  the	
  authors	
  

concluded	
  that	
  Y	
  RNA	
  packaging	
  is	
  mediated	
  by	
  the	
  same	
  regions	
  of	
  NC	
  as	
  gRNA,	
  but	
  

that	
  Y	
  RNAs	
  are	
  excluded	
  from	
  Ψ(+)	
  HIV	
  particles	
  because	
  NC	
  has	
  a	
  higher	
  affinity	
  

for	
  gRNA	
  (163).	
  However,	
  when	
  we	
  revisited	
  this	
  question	
  using	
  a	
  similar	
  HIV-­‐1	
  Ψ(-­‐

)	
  construct,	
  ΔR8.2,	
  we	
  found	
  that	
  this	
  genome(-­‐)	
  VLP	
  did	
  not	
  contain	
  detectable	
  

amounts	
  of	
  hY1	
  (Fig.	
  4-­‐4a,	
  lane	
  2).	
  ΔNC	
  and	
  ΔMA	
  VLPS	
  also	
  did	
  not	
  package	
  hY1	
  

(Fig.	
  4-­‐4a,	
  lanes	
  9	
  and	
  10).	
  Strikingly,	
  however,	
  the	
  Gag-­‐only	
  construct	
  hGag	
  did	
  

package	
  hY1	
  robustly	
  (Fig.	
  4-­‐4a,	
  lane	
  7).	
  

	
   hGag	
  is	
  a	
  codon-­‐optimized	
  Gag-­‐only	
  construct	
  that	
  produces	
  Gag-­‐only	
  VLPs	
  

(that	
  is,	
  they	
  lack	
  GagPol)	
  (138).	
  hGag	
  also	
  does	
  not	
  encode	
  any	
  of	
  HIV’s	
  accessory	
  

factors.	
  As	
  MLV	
  also	
  does	
  not	
  encode	
  accessory	
  factors,	
  we	
  hypothesized	
  that	
  an	
  

accessory	
  factor	
  of	
  HIV	
  might	
  be	
  excluding	
  the	
  Y	
  RNAs	
  from	
  encapsidation.	
  

Seemingly	
  consistent	
  with	
  this	
  hypothesis,	
  the	
  Ψ(-­‐)	
  construct	
  employed	
  by	
  Khan	
  et	
  

al.	
  is	
  ΔNef,	
  whereas	
  our	
  Ψ(-­‐)	
  construct,	
  ΔR8.2,	
  expressed	
  Nef.	
  We	
  therefore	
  

hypothesized	
  that	
  Nef	
  might	
  function	
  as	
  an	
  exclusion	
  factor	
  for	
  Y	
  RNAs	
  during	
  HIV	
  

assembly.	
  To	
  test	
  this	
  hypothesis,	
  we	
  examined	
  the	
  Y	
  RNA	
  packaging	
  phenotype	
  of	
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Figure	
  4-­‐4.	
  Northern	
  blots	
  of	
  transfected	
  cells	
  and	
  VLPs	
  produced	
  from	
  these	
  cells.	
  
(B)	
  HIV	
  viruses;	
  (C)	
  MLV	
  viruses.	
  Probes	
  that	
  recognized	
  the	
  Alu	
  domain	
  of	
  7SL	
  and	
  
hY1	
  were	
  used.	
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several	
  ΔNef	
  HIV	
  constructs	
  obtained	
  from	
  the	
  NIH	
  AIDS	
  Research	
  and	
  Reference	
  

Reagent	
  Program	
  (https://www.aidsreagent.org/index.cfm)	
  as	
  well	
  as	
  the	
  Y	
  RNA	
  

packaging	
  phenotype	
  of	
  MLV	
  produced	
  by	
  cells	
  co-­‐transfected	
  with	
  a	
  Nef-­‐producing	
  

plasmid.	
  Northern	
  blotting	
  revealed	
  that	
  hY1	
  was	
  not	
  packaged	
  to	
  detectable	
  levels	
  

by	
  ΔR8.91,	
  a	
  Ψ(-­‐)	
  ΔNef	
  HIV	
  VLP	
  (342),	
  suggesting	
  that	
  Nef	
  does	
  not	
  prevent	
  the	
  

packaging	
  of	
  hY1	
  (Fig.	
  4-­‐4b).	
  Similarly,	
  hY1	
  was	
  packaged	
  by	
  hGag	
  produced	
  in	
  the	
  

presence	
  of	
  exogenous	
  Nef	
  (102)	
  (Fig.	
  4-­‐4b)	
  and	
  by	
  MLV	
  produced	
  in	
  the	
  presence	
  

of	
  exogenous	
  Nef	
  (Fig.	
  4-­‐4c).	
  We	
  therefore	
  concluded	
  that	
  Nef	
  does	
  not	
  influence	
  the	
  

packaging	
  of	
  Y	
  RNAs	
  by	
  retroviruses.	
  

	
   Surprisingly,	
  we	
  discovered	
  that,	
  in	
  contrast	
  to	
  hGag,	
  gag-­‐opt,	
  another	
  Gag-­‐

only	
  particle	
  (102),	
  did	
  not	
  package	
  hY1	
  (Fig.	
  4-­‐4b).	
  Because	
  both	
  hGag	
  and	
  gag-­‐opt	
  

are	
  Gag-­‐only	
  constructs,	
  we	
  concluded	
  that	
  accessory	
  factors	
  have	
  no	
  influence	
  on	
  Y	
  

RNA	
  packaging.	
  Instead,	
  the	
  differences	
  in	
  Y	
  RNA	
  packaging	
  must	
  be	
  due	
  to	
  a	
  

difference	
  between	
  the	
  RNA	
  and/or	
  the	
  protein	
  of	
  hGag	
  and	
  gag-­‐opt.	
  hGag	
  and	
  gag-­‐

opt	
  are	
  both	
  Rev-­‐independent,	
  codon-­‐optimized	
  Gag-­‐only	
  constructs.	
  However,	
  their	
  

amino	
  acid	
  sequences	
  are	
  only	
  about	
  80%	
  similar,	
  and	
  their	
  RNA	
  sequences	
  are	
  

about	
  60%	
  similar.	
  Furthermore,	
  while	
  both	
  are	
  expressed	
  under	
  the	
  CMV	
  

promoter,	
  the	
  hGag	
  plasmid	
  contains	
  an	
  intron	
  between	
  the	
  promoter	
  and	
  the	
  hGag	
  

coding	
  region,	
  and	
  the	
  5’	
  and	
  3’	
  UTRs	
  of	
  both	
  constructs	
  have	
  no	
  homology.	
  

Interestingly,	
  hGag	
  is	
  HIV	
  subtype	
  B,	
  the	
  same	
  subtype	
  as	
  the	
  typical	
  laboratory	
  

strains	
  of	
  HIV,	
  while	
  gag-­‐opt	
  is	
  subtype	
  C	
  (102,	
  138).	
  Yet,	
  it	
  is	
  gag-­‐opt	
  that	
  exhibits	
  

the	
  same	
  packaging	
  phenotype	
  as	
  the	
  other	
  laboratory	
  strains,	
  and	
  hGag	
  that	
  does	
  

not.	
  This	
  suggests	
  that	
  the	
  difference	
  in	
  packaging	
  may	
  be	
  due	
  to	
  differences	
  in	
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trafficking,	
  rather	
  than	
  the	
  sequence	
  of	
  the	
  protein.	
  Although	
  both	
  hGag	
  and	
  gag-­‐opt	
  

are	
  Rev-­‐independent,	
  the	
  pathway	
  by	
  which	
  they	
  exit	
  the	
  nucleus	
  has	
  not	
  been	
  

established,	
  and	
  it	
  is	
  possible	
  that	
  they	
  are	
  trafficked	
  through	
  different	
  pathways.	
  

	
   Because	
  RNA	
  trafficking	
  pathways	
  can	
  influence	
  viral	
  assembly	
  (149,	
  150,	
  

293),	
  we	
  first	
  sought	
  to	
  determine	
  if	
  the	
  Y	
  RNA	
  packaging	
  phenotype	
  mapped	
  to	
  the	
  

5’	
  UTR,	
  the	
  3’	
  UTR,	
  or	
  the	
  protein	
  coding	
  region.	
  We	
  created	
  5’	
  and	
  3’	
  UTR	
  swaps,	
  

detailed	
  in	
  Fig.	
  4-­‐5a.	
  Northern	
  blotting	
  of	
  the	
  RNA	
  content	
  of	
  the	
  virions	
  produced	
  

by	
  these	
  constructs	
  revealed	
  that	
  the	
  packaging	
  of	
  hY1	
  mapped	
  to	
  the	
  protein	
  

coding	
  region	
  (Fig.	
  4-­‐5b,	
  see	
  particularly	
  lane	
  11).	
  

Future	
  Directions	
  

	
   The	
  creation	
  of	
  chimeras	
  of	
  the	
  protein	
  coding	
  regions	
  of	
  hGag	
  and	
  gag-­‐opt	
  

should	
  be	
  performed	
  to	
  further	
  narrow	
  down	
  the	
  region	
  of	
  the	
  RNA	
  and/or	
  protein	
  

that	
  is	
  responsible	
  for	
  the	
  difference	
  in	
  Y	
  RNA	
  packaging	
  phenotype.	
  There	
  are	
  only	
  

ten	
  amino	
  acid	
  differences	
  between	
  hGag	
  and	
  the	
  Gag	
  of	
  ΔR8.2,	
  the	
  Ψ(-­‐)	
  construct	
  

that	
  does	
  not	
  package	
  hY1	
  (in	
  CA,	
  sp1,	
  and	
  NC),	
  approximately	
  a	
  2%	
  difference.	
  This	
  

suggests	
  that	
  the	
  difference	
  in	
  Y	
  RNA	
  packaging	
  between	
  hGag	
  and	
  other	
  type	
  B	
  HIV	
  

strains,	
  or	
  between	
  hGag	
  and	
  gag-­‐opt,	
  is	
  not	
  due	
  to	
  the	
  sequence	
  of	
  the	
  protein,	
  

although	
  it	
  may	
  be	
  due	
  to	
  a	
  difference	
  in	
  the	
  trafficking	
  of	
  the	
  protein.	
  The	
  

trafficking	
  of	
  the	
  RNA	
  may	
  also	
  play	
  a	
  role	
  in	
  the	
  difference	
  in	
  Y	
  RNA	
  packaging	
  

between	
  hGag	
  and	
  ΔR8.2,	
  as	
  hGag	
  is	
  Rev-­‐independent,	
  while	
  ΔR8.2	
  is	
  Rev-­‐

dependent.	
  Similarly,	
  the	
  trafficking	
  pathways	
  of	
  the	
  RNAs	
  may	
  play	
  a	
  role	
  in	
  the	
  

different	
  phenotypes	
  of	
  hGag	
  and	
  gag-­‐opt.	
  Therefore,	
  live-­‐cell	
  imaging	
  of	
  the	
  

proteins	
  (by	
  creating	
  GFP	
  fusion	
  proteins)	
  and	
  RNA	
  (by	
  the	
  addition	
  of	
  MS2	
  binding	
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Figure	
  4-­‐5.	
  (A)	
  Schematic	
  of	
  the	
  hGag	
  and	
  gag-­‐opt	
  UTR	
  swaps.	
  (B)	
  Northern	
  blot	
  of	
  
cells	
  transfected	
  with	
  the	
  UTR	
  swaps	
  and	
  VLPs	
  produced	
  from	
  these	
  cells.	
  Probes	
  
that	
  recognized	
  the	
  Alu	
  domain	
  of	
  7SL	
  and	
  hY1	
  were	
  used.	
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sequences)	
  during	
  assembly	
  should	
  be	
  undertaken	
  to	
  provide	
  evidence	
  of	
  possible	
  

differences	
  in	
  trafficking	
  pathways	
  between	
  the	
  two	
  constructs.	
  

	
  

IFN	
  stimulation	
  by	
  Pol	
  III	
  RNA	
  

Background	
  

	
   The	
  discovery	
  that	
  the	
  Gag-­‐only	
  VLP	
  hGag	
  packages	
  hY1	
  leads	
  to	
  the	
  

formation	
  of	
  a	
  hypothesis	
  involving	
  packaged	
  cellular	
  RNAs	
  and	
  the	
  innate	
  immune	
  

response	
  to	
  HIV.	
  As	
  described	
  in	
  the	
  Introduction,	
  HIV	
  does	
  not	
  usually	
  provoke	
  a	
  

strong	
  IFN	
  response.	
  However,	
  the	
  original	
  paper	
  on	
  hGag	
  described	
  the	
  construct	
  

as	
  highly	
  immunogenic	
  when	
  DNA	
  plasmids	
  coding	
  for	
  hGag	
  were	
  injected	
  into	
  mice	
  

(138).	
  The	
  packaging	
  of	
  Y	
  RNAs	
  by	
  hGag	
  provides	
  a	
  possible	
  explanation	
  for	
  how	
  

this	
  could	
  be	
  achieved:	
  Y	
  RNAs	
  contain	
  the	
  5’	
  triphosphate	
  motif	
  recognized	
  by	
  the	
  

cytoplasmic	
  innate	
  immune	
  sensor	
  RIG-­‐I,	
  and	
  the	
  highly	
  ordered	
  three-­‐dimensional	
  

structure	
  recognized	
  by	
  the	
  related	
  sensor	
  MDA5.	
  Coupled	
  with	
  the	
  absence	
  of	
  the	
  

anti-­‐IFN	
  accessory	
  factors	
  Vif	
  and	
  Vpr	
  (46,	
  80),	
  recognition	
  of	
  unbound	
  Y	
  RNAs	
  after	
  

uncoating	
  via	
  RIG-­‐I	
  and/or	
  MDA5	
  may	
  explain	
  the	
  increased	
  immune	
  response	
  to	
  

hGag.	
  

Future	
  Directions	
  

	
   Our	
  demonstrated	
  ability	
  to	
  manipulate	
  the	
  RNA	
  content	
  of	
  HIV	
  virions	
  

provides	
  a	
  useful	
  tool	
  to	
  test	
  this	
  hypothesis.	
  HIV	
  virions	
  can	
  be	
  produced	
  under	
  

such	
  conditions	
  that	
  they	
  package	
  excess	
  small,	
  highly	
  structured,	
  Pol	
  III-­‐produced	
  

(and	
  thus	
  5’-­‐triphosphorylated)	
  RNAs.	
  These	
  virions	
  can	
  be	
  used	
  to	
  infect	
  a	
  cell	
  line	
  

known	
  to	
  produce	
  IFN	
  in	
  response	
  to	
  the	
  stimulation	
  of	
  RIG-­‐I	
  and	
  MDA5	
  such	
  as	
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dendritic	
  cells	
  (159,	
  160),	
  and	
  the	
  amount	
  of	
  IFN	
  produced	
  can	
  be	
  measured	
  by	
  

ELISA	
  assay.	
  These	
  experiments	
  have	
  the	
  potential	
  to	
  further	
  clarify	
  the	
  role	
  of	
  the	
  

innate	
  immune	
  system	
  in	
  the	
  immune	
  response	
  to	
  HIV.	
  

	
  

The	
  influence	
  of	
  7SL	
  on	
  APOBEC3G	
  packaging	
  

Background	
  

	
   As	
  described	
  in	
  Chapter	
  1,	
  opinion	
  is	
  currently	
  divided	
  over	
  whether	
  the	
  

packaging	
  of	
  the	
  innate	
  antiviral	
  protein	
  APOBEC3G	
  is	
  mediated	
  by	
  7SL	
  or	
  genomic	
  

RNA.	
  Some	
  studies	
  have	
  found	
  that	
  A3G	
  is	
  not	
  packaged	
  in	
  genome(-­‐)	
  particles	
  (163,	
  

164),	
  while	
  other	
  studies	
  have	
  found	
  that	
  A3G	
  is	
  packaged	
  in	
  genome(-­‐)	
  particles	
  

(310).	
  Similarly,	
  some	
  studies	
  have	
  found	
  that	
  decreasing	
  the	
  amount	
  of	
  7SL	
  in	
  HIV	
  

particles	
  results	
  in	
  a	
  proportional	
  decrease	
  in	
  A3G	
  packaging	
  (309,	
  310),	
  while	
  other	
  

studies	
  have	
  failed	
  to	
  replicate	
  these	
  results	
  (10,	
  163).	
  Interestingly,	
  one	
  study	
  has	
  

determined	
  that	
  the	
  average	
  number	
  of	
  A3G	
  molecules	
  in	
  ΔVif	
  HIV-­‐1	
  particles	
  

expressed	
  in	
  primary	
  peripheral	
  blood	
  mononuclear	
  cells	
  is	
  7	
  (329).	
  The	
  rough	
  

similarity	
  of	
  this	
  number	
  to	
  the	
  average	
  number	
  of	
  7SL	
  molecules	
  per	
  HIV-­‐1	
  particle	
  

(12-­‐16)	
  is	
  provocative.	
  Increasing	
  the	
  expression	
  of	
  A3G	
  has	
  been	
  shown	
  to	
  increase	
  

its	
  packaging	
  (306);	
  whether	
  such	
  an	
  increase	
  in	
  A3G	
  packaging	
  affects	
  the	
  number	
  

of	
  7SL	
  molecules	
  packaged	
  remains	
  to	
  be	
  determined.	
  	
  

Future	
  directions	
  

	
   The	
  packaging	
  of	
  exogenous	
  7SL	
  by	
  HIV	
  virions	
  can	
  be	
  used	
  to	
  explore	
  the	
  

packaging	
  of	
  APOBEC3G.	
  If	
  co-­‐transfections	
  are	
  carried	
  out	
  in	
  an	
  A3G(+)	
  cell	
  type,	
  

virions	
  containing	
  exogenously	
  expressed	
  7SL	
  derivatives	
  (for	
  example,	
  Alu114,	
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S154,	
  or	
  the	
  full-­‐length	
  7SL	
  derivative	
  7SL10)	
  can	
  be	
  examined	
  for	
  A3G	
  

encapsidation.	
  If	
  7SL	
  mediates	
  the	
  packaging	
  of	
  A3G,	
  it	
  would	
  be	
  expected	
  that	
  the	
  

amount	
  of	
  A3G	
  packaged	
  by	
  HIV-­‐1	
  would	
  increase	
  when	
  extra	
  exogenous	
  7SL	
  

derivatives	
  are	
  packaged.	
  These	
  data	
  may	
  help	
  to	
  resolve	
  the	
  discrepancy	
  between	
  

studies	
  that	
  sought	
  to	
  determine	
  the	
  RNAs	
  involved	
  in	
  packaging	
  A3G.	
  

	
  	
  

Aptamer	
  delivery	
  

Background	
  

	
   The	
  ability	
  to	
  manipulate	
  the	
  RNA	
  content	
  of	
  retroviral	
  virions	
  has	
  potential	
  

applications	
  for	
  a	
  virus-­‐based	
  drug	
  delivery	
  mechanism.	
  Virus-­‐like	
  particles	
  (VLPs)	
  

are	
  ideal	
  drug	
  delivery	
  vehicles	
  because	
  viruses	
  have	
  evolved	
  to	
  deliver	
  biological	
  

molecules	
  to	
  the	
  cytosol	
  of	
  cells	
  (327).	
  VLPs	
  retain	
  this	
  functionality	
  but,	
  because	
  of	
  

the	
  absence	
  of	
  genome	
  in	
  the	
  VLP,	
  are	
  no	
  longer	
  replication	
  competent	
  and	
  will	
  not	
  

produce	
  an	
  infection.	
  Furthermore,	
  by	
  carefully	
  selecting	
  the	
  envelope	
  protein(s)	
  of	
  

the	
  VLP,	
  VLPs	
  used	
  as	
  delivery	
  vehicles	
  can	
  be	
  targeted	
  to	
  specific	
  cell	
  types	
  (273,	
  

333).	
  

	
   One	
  class	
  of	
  drugs	
  ideally	
  suited	
  for	
  viral	
  delivery	
  are	
  aptamers.	
  Aptamers	
  

are	
  small	
  nucleic	
  acids,	
  usually	
  RNA	
  or	
  modified	
  RNA,	
  that	
  bind	
  to	
  a	
  specific	
  ligand.	
  

Aptamers	
  are	
  designed	
  through	
  a	
  process	
  of	
  in	
  vitro	
  forced	
  evolution	
  called	
  

“systematic	
  evolution	
  of	
  ligands	
  by	
  exponential	
  enrichment”	
  (SELEX)	
  (85,	
  287,	
  304).	
  

A	
  primary	
  advantage	
  of	
  aptamers	
  over	
  traditional	
  small	
  molecule	
  drugs	
  is	
  their	
  ease	
  

of	
  synthesis:	
  as	
  nucleic	
  acids,	
  they	
  can	
  be	
  coded	
  into	
  DNA	
  and	
  produced	
  by	
  standard	
  

in	
  vitro	
  transcription	
  reactions.	
  An	
  aptamer	
  used	
  for	
  the	
  treatment	
  of	
  macular	
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degeneration	
  (brand	
  name	
  Mucagen)	
  has	
  already	
  met	
  with	
  FDA	
  approval,	
  and	
  

aptamers	
  designed	
  to	
  treat	
  blood	
  clotting,	
  diabetes	
  and	
  cancer	
  are	
  in	
  clinical	
  trials	
  

(36,	
  230).	
  Aptamers	
  have	
  even	
  shown	
  promise	
  as	
  anti-­‐retrovirals	
  (127).	
  Virus-­‐

derived	
  delivery	
  vehicles	
  are	
  perfectly	
  suited	
  for	
  aptamer	
  deliver	
  because	
  viruses	
  

have	
  evolved	
  to	
  encapsidate	
  nucleic	
  acid	
  and	
  deliver	
  that	
  nucleic	
  acid	
  to	
  cells.	
  

Preliminary	
  data	
  

	
   To	
  determine	
  if	
  HIV	
  VLPs	
  could	
  package	
  an	
  exogenously	
  expressed	
  aptamer,	
  

we	
  examined	
  the	
  packaging	
  of	
  the	
  54-­‐base	
  aptamer	
  SRB2m.	
  The	
  SRB2m	
  aptamer	
  

has	
  been	
  shown	
  to	
  bind	
  the	
  dye	
  Patent	
  Blue	
  V	
  and	
  induce	
  fluorescence,	
  thus	
  making	
  

the	
  aptamer	
  easily	
  assayable	
  (9,	
  132,	
  320).	
  We	
  designed	
  two	
  constructs	
  that	
  express	
  

the	
  SRB2m	
  aptamer	
  (Fig.	
  4-­‐6a).	
  For	
  the	
  construct	
  “SRB2m”,	
  the	
  SRB2m	
  sequence	
  

was	
  placed	
  directly	
  under	
  the	
  control	
  of	
  the	
  U6	
  promoter,	
  and	
  five	
  Ts	
  were	
  added	
  

immediately	
  3’	
  of	
  the	
  SRB2m	
  coding	
  region	
  to	
  terminate	
  transcription.	
  For	
  the	
  

construct	
  “S154/SRB2m”,	
  the	
  SRB2m	
  sequence	
  replaced	
  helices	
  6,	
  7,	
  and	
  8	
  of	
  the	
  

7SL	
  derivative	
  S154.	
  S154/SRB2m	
  was	
  also	
  under	
  the	
  control	
  of	
  the	
  U6	
  promoter.	
  

	
   The	
  SRB2m	
  constructs	
  were	
  co-­‐transfected	
  into	
  293T	
  cells	
  with	
  plasmids	
  

that	
  produced	
  either	
  authentic	
  HIV	
  (HIVpuro)	
  or	
  Gag-­‐only	
  VLPs	
  (Gag/h).	
  The	
  RNA	
  

content	
  of	
  the	
  co-­‐transfected	
  cells	
  and	
  the	
  virions	
  produced	
  from	
  these	
  cells	
  was	
  

examined	
  by	
  northern	
  blotting	
  (Fig.	
  4-­‐6b).	
  The	
  SRB2m	
  aptamer	
  itself	
  was	
  not	
  

detectable	
  in	
  virions,	
  but	
  the	
  S154/SRB2m	
  RNA	
  was	
  robustly	
  packaged,	
  possibly	
  

due	
  to	
  its	
  increased	
  length	
  (Fig.	
  4-­‐6b).	
  U6-­‐promoted	
  RNAs	
  of	
  around	
  50	
  nt,	
  such	
  as	
  

Alu49,	
  have	
  also	
  been	
  seen	
  to	
  be	
  packaged	
  at	
  reduced	
  levels	
  by	
  HIVp	
  (data	
  not	
  

shown).	
  This	
  indicates	
  that	
  HIV	
  VLPs	
  can	
  package	
  exogenously	
  expressed	
  aptamers.	
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Figure	
  4-­‐6.	
  (A)	
  2-­‐D	
  schematics	
  of	
  SRB2m	
  and	
  S154/SRB2m.	
  (B)	
  Northern	
  blot	
  of	
  
cells	
  co-­‐transfected	
  with	
  SRB2m	
  constructs	
  and	
  virus	
  constructs,	
  and	
  virions	
  
produced	
  from	
  these	
  cells.	
  Probes	
  against	
  the	
  Alu	
  domain	
  of	
  7SL	
  and	
  SRB2m	
  were	
  
used.	
   	
  

h
G
a
g

H
IV
p
u
ro

6
Z
w
t

h
G
a
g

H
IV
p
u
ro

6
Z
w
t

h
G
a
g

H
IV
p
u
ro

6
Z
w
t

h
G
a
g

H
IV
p
u
ro

6
Z
w
t

h
G
a
g

H
IV
p
u
ro

6
Z
w
t

h
G
a
g

H
IV
p
u
ro

6
Z
w
t

SRB2m

S154/

SRB2m SRB2m

S154/

SRB2m

cell virus

300

250

200

150

100

400

50 SRB2m

7SL

S154/

SRB2m

b)

SRB2m

S154/SRB2m

a)



111	
  

Future	
  directions	
  

	
   Further	
  experiments	
  are	
  necessary	
  to	
  establish	
  whether	
  virions	
  containing	
  

aptamers	
  can	
  deliver	
  the	
  aptamers	
  into	
  target	
  cells,	
  and	
  whether	
  those	
  aptamers	
  

retain	
  their	
  functionality	
  after	
  delivery.	
  Because	
  the	
  SRB2m	
  aptamer	
  induces	
  

fluorescence	
  when	
  bound	
  to	
  the	
  dye	
  Patent	
  Blue	
  V,	
  the	
  successful	
  delivery	
  of	
  the	
  

SRB2m-­‐containing	
  7SL	
  derivative	
  could	
  be	
  measured	
  by	
  fluorescence	
  microscopy.	
  

	
  

Influence	
  of	
  genome	
  on	
  packaging	
  

	
   To	
  further	
  establish	
  conditions	
  under	
  which	
  exogenously	
  expressed	
  cellular	
  

RNAs	
  could	
  be	
  packaged,	
  we	
  examined	
  the	
  packaging	
  of	
  7SL	
  derivatives	
  by	
  

genome(-­‐)	
  particles.	
  We	
  discovered	
  that	
  the	
  Ψ(-­‐)	
  construct	
  ΔR8.2	
  packaged	
  7SL	
  

derivatives	
  that	
  were	
  not	
  packaged	
  by	
  the	
  Ψ(+)	
  construct	
  HIVpuro.	
  For	
  example,	
  the	
  

shorter	
  Alu	
  domain	
  truncations	
  Alu87	
  and	
  Alu92	
  were	
  packaged	
  by	
  ΔR8.2,	
  whereas	
  

they	
  were	
  not	
  packaged	
  by	
  HIVpuro	
  (Fig.	
  4-­‐7a,	
  compare	
  lanes	
  8	
  and	
  9	
  to	
  lanes	
  20	
  

and	
  21).	
  ΔR8.2	
  also	
  packaged	
  higher	
  amounts	
  of	
  the	
  U6-­‐promoted	
  constructs	
  S154	
  

and	
  S114	
  than	
  HIVpuro	
  (Fig.	
  4-­‐7b,	
  compare	
  lanes	
  5	
  and	
  6	
  to	
  13	
  and	
  14):	
  around	
  

80%	
  of	
  the	
  total	
  7SL	
  RNA	
  (mutant	
  and	
  endogenous)	
  in	
  ΔR8.2	
  virions	
  was	
  the	
  S	
  

domain	
  derivatives,	
  whereas	
  around	
  50%	
  of	
  the	
  total	
  RNA	
  in	
  HIVpuro	
  virions	
  was	
  

the	
  S	
  domain	
  derivatives.	
  The	
  constructs	
  ΔR8.2	
  and	
  HIVpuro	
  are	
  similar	
  enough	
  that	
  

the	
  primary	
  difference	
  between	
  them	
  is	
  the	
  presence	
  or	
  absence	
  of	
  genome.	
  This	
  

suggests	
  that	
  some	
  small	
  cellular	
  RNAs	
  are	
  packaged	
  in	
  competition	
  with	
  genome.	
  

	
   	
  



112	
  

	
  
	
  
	
  
	
  
	
  

Figure	
  4-­‐7.	
  Northern	
  blots	
  of	
  cells	
  co-­‐transfected	
  with	
  7SL	
  derivatives	
  and	
  the	
  Ψ(-­‐)	
  
construct	
  ΔR8.2	
  and	
  the	
  Ψ(+)	
  construct	
  HIVpuro	
  and	
  virions	
  produced	
  from	
  these	
  
cells.	
  Probes	
  used	
  were	
  against	
  the	
  Alu	
  domain	
  of	
  7SL	
  (A)	
  or	
  the	
  S	
  domain	
  of	
  7SL	
  (B).	
  
	
   	
  

A
lu

7
5

A
lu

8
7

A
lu

9
2

H
IV

p
u
ro

A
lu

1
1
4

m
o
c
k

A
lu

7
5

A
lu

8
7

A
lu

9
2

A
lu

1
1
4

H
IV

p
u
ro

m
o
c
k

+HIVpuro +HIVpuro

cell virus

A
lu

7
5

A
lu

8
7

A
lu

9
2

6
R

8
.2

A
lu

1
1

4

m
o

c
k

A
lu

7
5

A
lu

8
7

A
lu

9
2

A
lu

1
1

4

6
R

8
.2

m
o

c
k

+6R8.2 +6R8.2

cell virus

300

250

200

150

100

400

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

a)

b)

S
1
5
4

6
R

8
.2

S
1
1

4

m
o
c
k

S
1
5
4

6
R

8
.2

S
1
1

4

m
o
c
k

S
1
5
4

6
R

8
.2

S
1
1

4

m
o
c
k

S
1
5
4

6
R

8
.2

S
1
1

4

m
o
c
k

cell virus cell virus

+6R8.2 +6R8.2 +HIVpuro +HIVpuro

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

300

250

200

150

100

400

0% 

20% 

40% 

60% 

80% 

100% 

S154 S114 

HIVpuro

6R8.2100

80

60

40

20%
 o

f 
to

ta
l 
7
S

L
 t
h

a
t 
is

 m
u

ta
n

t

S154 S114



113	
  

References	
  

1.	
   Accola,	
  M.	
  A.,	
  B.	
  Strack,	
  and	
  H.	
  G.	
  Gottlinger.	
  2000.	
  Efficient	
  particle	
  
production	
  by	
  minimal	
  Gag	
  constructs	
  which	
  retain	
  the	
  carboxy-­‐
terminal	
  domain	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  capsid-­‐p2	
  
and	
  a	
  late	
  assembly	
  domain.	
  J.	
  Virol.	
  74:5395–5402.	
  

2.	
   Ahn,	
  J.,	
  C.	
  Hao,	
  J.	
  Yan,	
  M.	
  DeLucia,	
  J.	
  Meherns,	
  C.	
  Wang,	
  A.	
  M.	
  
Gronenborn,	
  and	
  J.	
  Skowronski.	
  2012.	
  HIV/SIV	
  accessory	
  virulence	
  
factor	
  Vpx	
  loads	
  the	
  host	
  cell	
  restriction	
  factor	
  SAMHD1	
  onto	
  the	
  E3	
  
ubiquitin	
  ligase	
  complex	
  CRL4DCAF1.	
  J.	
  Biol.	
  Chem.	
  

3.	
   Aldovini,	
  A.,	
  and	
  R.	
  A.	
  Young.	
  1990.	
  Mutations	
  of	
  RNA	
  and	
  protein	
  
sequences	
  involved	
  in	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  packaging	
  
result	
  in	
  production	
  of	
  noninfectious	
  virus.	
  J.	
  Virol.	
  64:1920–1926.	
  

4.	
   Anderson,	
  J.	
  L.,	
  and	
  T.	
  J.	
  Hope.	
  2004.	
  HIV	
  accessory	
  proteins	
  and	
  
surviving	
  the	
  host	
  cell.	
  Curr	
  HIV/AIDS	
  Rep	
  1:47–53.	
  

5.	
   Arhel,	
  N.	
  2010.	
  Revisiting	
  HIV-­‐1	
  uncoating.	
  Retrovirology	
  7:96.	
  
6.	
   Arhel,	
  N.	
  J.,	
  and	
  F.	
  Kirchhoff.	
  2009.	
  Implications	
  of	
  Nef:	
  Host	
  Cell	
  

Interactions	
  in	
  Viral	
  Persistence	
  and	
  Progression	
  to	
  AIDS.	
  Springer	
  
Berlin	
  Heidelberg,	
  Berlin,	
  Heidelberg.	
  

7.	
   Arts,	
  E.	
  J.,	
  and	
  S.	
  F.	
  Le	
  Grice.	
  1998.	
  Interaction	
  of	
  retroviral	
  reverse	
  
transcriptase	
  with	
  template-­‐primer	
  duplexes	
  during	
  replication.	
  Prog.	
  
Nucleic	
  Acid	
  Res.	
  Mol.	
  Biol.	
  58:339–393.	
  

8.	
   Asaoka,	
  K.,	
  K.	
  Ikeda,	
  T.	
  Hishinuma,	
  K.	
  Horie-­‐Inoue,	
  S.	
  Takeda,	
  and	
  S.	
  
Inoue.	
  2005.	
  A	
  retrovirus	
  restriction	
  factor	
  TRIM5α	
  is	
  transcriptionally	
  
regulated	
  by	
  interferons.	
  Biochemical	
  and	
  Biophysical	
  Research	
  
Communications	
  338:1950–1956.	
  

9.	
   Babendure,	
  J.	
  R.,	
  S.	
  R.	
  Adams,	
  and	
  R.	
  Y.	
  Tsien.	
  2003.	
  Aptamers	
  Switch	
  
on	
  Fluorescence	
  of	
  Triphenylmethane	
  Dyes.	
  J.	
  Am.	
  Chem.	
  Soc.	
  
125:14716–14717.	
  

10.	
   Bach,	
  D.,	
  S.	
  Peddi,	
  B.	
  Mangeat,	
  A.	
  Lakkaraju,	
  K.	
  Strub,	
  and	
  D.	
  Trono.	
  
2008.	
  Characterization	
  of	
  APOBEC3G	
  binding	
  to	
  7SL	
  RNA.	
  Retrovirology	
  
5:54.	
  

11.	
   Bachand,	
  F.,	
  X.	
  J.	
  Yao,	
  M.	
  Hrimech,	
  N.	
  Rougeau,	
  and	
  E.	
  A.	
  Cohen.	
  1999.	
  
Incorporation	
  of	
  Vpr	
  into	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  
requires	
  a	
  direct	
  interaction	
  with	
  the	
  p6	
  domain	
  of	
  the	
  p55	
  gag	
  
precursor.	
  J.	
  Biol.	
  Chem.	
  274:9083–9091.	
  

12.	
   Bachelerie,	
  F.,	
  J.	
  Alcami,	
  F.	
  Arenzana-­‐Seisdedos,	
  and	
  J.	
  L.	
  Virelizier.	
  
1991.	
  HIV	
  enhancer	
  activity	
  perpetuated	
  by	
  NF-­‐kappa	
  B	
  induction	
  on	
  
infection	
  of	
  monocytes.	
  Nature	
  350:709–712.	
  

13.	
   Balasubramaniam,	
  M.,	
  and	
  E.	
  O.	
  Freed.	
  2011.	
  New	
  insights	
  into	
  HIV	
  
assembly	
  and	
  trafficking.	
  Physiology	
  (Bethesda)	
  26:236–251.	
  

14.	
   Basu,	
  V.	
  P.,	
  M.	
  Song,	
  L.	
  Gao,	
  S.	
  T.	
  Rigby,	
  M.	
  N.	
  Hanson,	
  and	
  R.	
  A.	
  
Bambara.	
  2008.	
  Strand	
  transfer	
  events	
  during	
  HIV-­‐1	
  reverse	
  
transcription.	
  Virus	
  Res.	
  134:19–38.	
  

15.	
   Batzer,	
  M.	
  A.,	
  and	
  P.	
  L.	
  Deininger.	
  2002.	
  Alu	
  repeats	
  and	
  human	
  
genomic	
  diversity.	
  Nat.	
  Rev.	
  Genet.	
  3:370–379.	
  



114	
  

16.	
   Ben-­‐Artzi,	
  H.,	
  J.	
  Shemesh,	
  E.	
  Zeelon,	
  B.	
  Amit,	
  L.	
  Kleiman,	
  M.	
  Gorecki,	
  
and	
  A.	
  Panet.	
  1996.	
  Molecular	
  analysis	
  of	
  the	
  second	
  template	
  switch	
  
during	
  reverse	
  transcription	
  of	
  the	
  HIV	
  RNA	
  template.	
  Biochemistry	
  
35:10549–10557.	
  

17.	
   Bennett,	
  E.	
  A.,	
  H.	
  Keller,	
  R.	
  E.	
  Mills,	
  S.	
  Schmidt,	
  J.	
  V.	
  Moran,	
  O.	
  
Weichenrieder,	
  and	
  S.	
  E.	
  Devine.	
  2008.	
  Active	
  Alu	
  retrotransposons	
  in	
  
the	
  human	
  genome.	
  Genome	
  Res.	
  18:1875–1883.	
  

18.	
   Berg,	
  R.	
  K.,	
  J.	
  Melchjorsen,	
  J.	
  Rintahaka,	
  E.	
  Diget,	
  S.	
  Søby,	
  K.	
  A.	
  Horan,	
  
R.	
  J.	
  Gorelick,	
  S.	
  Matikainen,	
  C.	
  S.	
  Larsen,	
  L.	
  Ostergaard,	
  S.	
  R.	
  
Paludan,	
  and	
  T.	
  H.	
  Mogensen.	
  2012.	
  Genomic	
  HIV	
  RNA	
  Induces	
  Innate	
  
Immune	
  Responses	
  through	
  RIG-­‐I-­‐Dependent	
  Sensing	
  of	
  Secondary-­‐
Structured	
  RNA.	
  PLoS	
  ONE	
  7:e29291.	
  

19.	
   Berger,	
  E.	
  A.	
  1998.	
  Introduction:	
  HIV	
  co-­‐receptors	
  solve	
  old	
  questions	
  
and	
  raise	
  many	
  new	
  ones.	
  Semin.	
  Immunol.	
  10:165–168.	
  

20.	
   Berkowitz,	
  R.	
  D.,	
  A.	
  Ohagen,	
  S.	
  Hoglund,	
  and	
  S.	
  P.	
  Goff.	
  1995.	
  
Retroviral	
  nucleocapsid	
  domains	
  mediate	
  the	
  specific	
  recognition	
  of	
  
genomic	
  viral	
  RNAs	
  by	
  chimeric	
  Gag	
  polyproteins	
  during	
  RNA	
  packaging	
  
in	
  vivo.	
  J.	
  Virol.	
  69:6445–6456.	
  

21.	
   Berkowitz,	
  R.,	
  J.	
  Fisher,	
  and	
  S.	
  P.	
  Goff.	
  1996.	
  RNA	
  packaging.	
  Curr.	
  Top.	
  
Microbiol.	
  Immunol.,	
  1996th	
  ed.	
  214:177–218.	
  

22.	
   Bertrand,	
  E.,	
  P.	
  Chartrand,	
  M.	
  Schaefer,	
  S.	
  M.	
  Shenoy,	
  R.	
  H.	
  Singer,	
  
and	
  R.	
  M.	
  Long.	
  1998.	
  Localization	
  of	
  ASH1	
  mRNA	
  particles	
  in	
  living	
  
yeast.	
  Mol.	
  Cell	
  2:437–445.	
  

23.	
   Bishop,	
  J.	
  M.,	
  W.	
  E.	
  Levinson,	
  N.	
  Quintrell,	
  D.	
  Sullivan,	
  L.	
  Fanshier,	
  
and	
  J.	
  Jackson.	
  1970.	
  The	
  low	
  molecular	
  weight	
  RNAs	
  of	
  Rous	
  sarcoma	
  
virus.	
  I.	
  The	
  4	
  S	
  RNA.	
  Virology,	
  1970th	
  ed.	
  42:182–195.	
  

24.	
   Bishop,	
  J.	
  M.,	
  W.	
  E.	
  Levinson,	
  D.	
  Sullivan,	
  L.	
  Fanshier,	
  N.	
  Quintrell,	
  
and	
  J.	
  Jackson.	
  1970.	
  The	
  low	
  molecular	
  weight	
  RNAs	
  of	
  Rous	
  sarcoma	
  
virus.	
  II.	
  The	
  7	
  S	
  RNA.	
  Virology,	
  1970th	
  ed.	
  42:927–937.	
  

25.	
   Bishop,	
  K.	
  N.,	
  R.	
  K.	
  Holmes,	
  and	
  M.	
  H.	
  Malim.	
  2006.	
  Antiviral	
  Potency	
  
of	
  APOBEC	
  Proteins	
  Does	
  Not	
  Correlate	
  with	
  Cytidine	
  Deamination.	
  J.	
  
Virol.	
  80:8450–8458.	
  

26.	
   Bogerd,	
  H.	
  P.,	
  and	
  B.	
  R.	
  Cullen.	
  2008.	
  Single-­‐stranded	
  RNA	
  facilitates	
  
nucleocapsid:	
  APOBEC3G	
  complex	
  formation.	
  RNA	
  14:1228–1236.	
  

27.	
   Bolinger,	
  C.,	
  and	
  K.	
  Boris-­‐Lawrie.	
  2009.	
  Mechanisms	
  employed	
  by	
  
retroviruses	
  to	
  exploit	
  host	
  factors	
  for	
  translational	
  control	
  of	
  a	
  
complicated	
  proteome.	
  Retrovirology	
  6:8.	
  

28.	
   Borsetti,	
  A.,	
  A.	
  Ohagen,	
  and	
  H.	
  G.	
  Gottlinger.	
  1998.	
  The	
  C-­‐terminal	
  half	
  
of	
  the	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  Gag	
  precursor	
  is	
  sufficient	
  
for	
  efficient	
  particle	
  assembly.	
  J.	
  Virol.	
  72:9313–9317.	
  

29.	
   Bour,	
  S.,	
  and	
  K.	
  Strebel.	
  2003.	
  The	
  HIV-­‐1	
  Vpu	
  protein:	
  a	
  multifunctional	
  
enhancer	
  of	
  viral	
  particle	
  release.	
  Microbes	
  Infect.	
  5:1029–1039.	
  

30.	
   Bovia,	
  F.,	
  M.	
  Fornallaz,	
  H.	
  Leffers,	
  and	
  K.	
  Strub.	
  1995.	
  The	
  SRP9/14	
  
subunit	
  of	
  the	
  signal	
  recognition	
  particle	
  (SRP)	
  is	
  present	
  in	
  more	
  than	
  
20-­‐fold	
  excess	
  over	
  SRP	
  in	
  primate	
  cells	
  and	
  exists	
  primarily	
  free	
  but	
  
also	
  in	
  complex	
  with	
  small	
  cytoplasmic	
  Alu	
  RNAs.	
  Mol.	
  Biol.	
  Cell	
  6:471–



115	
  

484.	
  
31.	
   Brian,	
  D.	
  A.,	
  A.	
  R.	
  Thomason,	
  F.	
  M.	
  Rottman,	
  and	
  L.	
  F.	
  Velicer.	
  1975.	
  

Properties	
  of	
  feline	
  leukemia	
  virus.	
  III.	
  Analysis	
  of	
  the	
  RNA.	
  J.	
  Virol.	
  
16:535–545.	
  

32.	
   Brierley,	
  I.,	
  and	
  F.	
  J.	
  Dos	
  Ramos.	
  2006.	
  Programmed	
  ribosomal	
  
frameshifting	
  in	
  HIV-­‐1	
  and	
  the	
  SARS-­‐CoV.	
  Virus	
  Res.	
  119:29–42.	
  

33.	
   Briggs,	
  J.	
  A.	
  G.,	
  J.	
  D.	
  Riches,	
  B.	
  Glass,	
  V.	
  Bartonova,	
  G.	
  Zanetti,	
  and	
  H.	
  
G.	
  Kräusslich.	
  2009.	
  Structure	
  and	
  assembly	
  of	
  immature	
  HIV.	
  Proc.	
  
Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  106:11090–11095.	
  

34.	
   Browne,	
  E.	
  P.,	
  C.	
  Allers,	
  and	
  N.	
  R.	
  Landau.	
  2009.	
  Restriction	
  of	
  HIV-­‐1	
  by	
  
APOBEC3G	
  is	
  cytidine	
  deaminase-­‐dependent.	
  Virology	
  387:313–321.	
  

35.	
   Bukrinsky,	
  M.	
  I.,	
  N.	
  Sharova,	
  M.	
  P.	
  Dempsey,	
  T.	
  L.	
  Stanwick,	
  A.	
  G.	
  
Bukrinskaya,	
  S.	
  Haggerty,	
  and	
  M.	
  Stevenson.	
  1992.	
  Active	
  nuclear	
  
import	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  preintegration	
  
complexes.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  89:6580–6584.	
  

36.	
   Bunka,	
  D.	
  H.	
  J.,	
  O.	
  Platonova,	
  and	
  P.	
  G.	
  Stockley.	
  2010.	
  Development	
  of	
  
aptamer	
  therapeutics.	
  Curr	
  Opin	
  Pharmacol	
  10:557–562.	
  

37.	
   Burnett,	
  A.,	
  and	
  P.	
  Spearman.	
  2007.	
  APOBEC3G	
  multimers	
  are	
  
recruited	
  to	
  the	
  plasma	
  membrane	
  for	
  packaging	
  into	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  virus-­‐like	
  particles	
  in	
  an	
  RNA-­‐dependent	
  
process	
  requiring	
  the	
  NC	
  basic	
  linker.	
  J.	
  Virol.	
  81:5000–5013.	
  

38.	
   Buskiewicz,	
  I.	
  A.,	
  J.	
  Jockel,	
  M.	
  V.	
  Rodnina,	
  and	
  W.	
  Wintermeyer.	
  2009.	
  
Conformation	
  of	
  the	
  signal	
  recognition	
  particle	
  in	
  ribosomal	
  targeting	
  
complexes.	
  RNA	
  15:44–54.	
  

39.	
   Campbell,	
  S.,	
  R.	
  J.	
  Fisher,	
  E.	
  M.	
  Towler,	
  S.	
  Fox,	
  H.	
  J.	
  Issaq,	
  T.	
  Wolfe,	
  L.	
  
R.	
  Phillips,	
  and	
  A.	
  Rein.	
  2001.	
  Modulation	
  of	
  HIV-­‐like	
  particle	
  assembly	
  
in	
  vitro	
  by	
  inositol	
  phosphates.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  98:10875–
10879.	
  

40.	
   Campbell,	
  S.,	
  and	
  A.	
  Rein.	
  1999.	
  In	
  vitro	
  assembly	
  properties	
  of	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  Gag	
  protein	
  lacking	
  the	
  p6	
  domain.	
  J.	
  
Virol.,	
  1999th	
  ed.	
  73:2270–2279.	
  

41.	
   Campbell,	
  S.,	
  and	
  V.	
  M.	
  Vogt.	
  1995.	
  Self-­‐assembly	
  in	
  vitro	
  of	
  purified	
  
CA-­‐NC	
  proteins	
  from	
  Rous	
  sarcoma	
  virus	
  and	
  human	
  immunodeficiency	
  
virus	
  type	
  1.	
  J.	
  Virol.	
  69:6487–6497.	
  

42.	
   Camus,	
  G.,	
  C.	
  Segura-­‐Morales,	
  D.	
  Molle,	
  S.	
  Lopez-­‐Vergès,	
  C.	
  Begon-­‐
Pescia,	
  C.	
  Cazevieille,	
  P.	
  Schu,	
  E.	
  Bertrand,	
  C.	
  Berlioz-­‐Torrent,	
  and	
  E.	
  
Basyuk.	
  2007.	
  The	
  clathrin	
  adaptor	
  complex	
  AP-­‐1	
  binds	
  HIV-­‐1	
  and	
  MLV	
  
Gag	
  and	
  facilitates	
  their	
  budding.	
  Mol.	
  Biol.	
  Cell	
  18:3193–3203.	
  

43.	
   Carl,	
  S.,	
  T.	
  C.	
  Greenough,	
  M.	
  Krumbiegel,	
  M.	
  Greenberg,	
  J.	
  
Skowronski,	
  J.	
  L.	
  Sullivan,	
  and	
  F.	
  Kirchhoff.	
  2001.	
  Modulation	
  of	
  
different	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  Nef	
  functions	
  during	
  
progression	
  to	
  AIDS.	
  J.	
  Virol.	
  75:3657–3665.	
  

44.	
   Carthagena,	
  L.,	
  M.	
  C.	
  Parise,	
  M.	
  Ringeard,	
  M.	
  K.	
  Chelbi-­‐Alix,	
  U.	
  Hazan,	
  
and	
  S.	
  Nisole.	
  2008.	
  Implication	
  of	
  TRIMalpha	
  and	
  TRIMCyp	
  in	
  
interferon-­‐induced	
  anti-­‐retroviral	
  restriction	
  activities.	
  Retrovirology	
  
5:59.	
  



116	
  

45.	
   Cen,	
  S.,	
  A.	
  Khorchid,	
  H.	
  Javanbakht,	
  J.	
  Gabor,	
  T.	
  Stello,	
  K.	
  Shiba,	
  K.	
  
Musier-­‐Forsyth,	
  and	
  L.	
  Kleiman.	
  2001.	
  Incorporation	
  of	
  lysyl-­‐tRNA	
  
synthetase	
  into	
  human	
  immunodeficiency	
  virus	
  type	
  1.	
  J.	
  Virol.,	
  2001st	
  
ed.	
  75:5043–5048.	
  

46.	
   Chan,	
  J.	
  K.	
  L.,	
  and	
  W.	
  C.	
  Greene.	
  2011.	
  NF-­‐κB/Rel:	
  agonist	
  and	
  
antagonist	
  roles	
  in	
  HIV-­‐1	
  latency.	
  Curr	
  Opin	
  HIV	
  AIDS	
  6:12–18.	
  

47.	
   Chang,	
  D.	
  Y.,	
  J.	
  A.	
  Newitt,	
  K.	
  Hsu,	
  H.	
  D.	
  Bernstein,	
  and	
  R.	
  J.	
  Maraia.	
  
1997.	
  A	
  highly	
  conserved	
  nucleotide	
  in	
  the	
  Alu	
  domain	
  of	
  SRP	
  RNA	
  
mediates	
  translation	
  arrest	
  through	
  high	
  affinity	
  binding	
  to	
  SRP9/14.	
  
Nucleic	
  Acids	
  Res.	
  25:1117–1122.	
  

48.	
   Charneau,	
  P.,	
  M.	
  Alizon,	
  and	
  F.	
  Clavel.	
  1992.	
  A	
  second	
  origin	
  of	
  DNA	
  
plus-­‐strand	
  synthesis	
  is	
  required	
  for	
  optimal	
  human	
  immunodeficiency	
  
virus	
  replication.	
  J.	
  Virol.	
  66:2814–2820.	
  

49.	
   Charneau,	
  P.,	
  and	
  F.	
  Clavel.	
  1991.	
  A	
  single-­‐stranded	
  gap	
  in	
  human	
  
immunodeficiency	
  virus	
  unintegrated	
  linear	
  DNA	
  defined	
  by	
  a	
  central	
  
copy	
  of	
  the	
  polypurine	
  tract.	
  J.	
  Virol.	
  65:2415–2421.	
  

50.	
   Cheevers,	
  W.	
  P.,	
  B.	
  G.	
  Archer,	
  and	
  T.	
  B.	
  Crawford.	
  1977.	
  
Characterization	
  of	
  RNA	
  from	
  equine	
  infectious	
  anemia	
  virus.	
  J.	
  Virol.	
  
24:489–497.	
  

51.	
   Chen,	
  J.,	
  O.	
  Nikolaitchik,	
  J.	
  Singh,	
  A.	
  Wright,	
  C.	
  E.	
  Bencsics,	
  J.	
  M.	
  Coffin,	
  
N.	
  Ni,	
  S.	
  Lockett,	
  V.	
  K.	
  Pathak,	
  and	
  W.-­‐S.	
  Hu.	
  2009.	
  High	
  efficiency	
  of	
  
HIV-­‐1	
  genomic	
  RNA	
  packaging	
  and	
  heterozygote	
  formation	
  revealed	
  by	
  
single	
  virion	
  analysis.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  106:13535–13540.	
  

52.	
   Chen,	
  Y.,	
  K.	
  Sinha,	
  K.	
  Perumal,	
  J.	
  Gu,	
  and	
  R.	
  Reddy.	
  1998.	
  Accurate	
  3'	
  
end	
  processing	
  and	
  adenylation	
  of	
  human	
  signal	
  recognition	
  particle	
  
RNA	
  and	
  alu	
  RNA	
  in	
  vitro.	
  J.	
  Biol.	
  Chem.,	
  1998th	
  ed.	
  273:35023–35031.	
  

53.	
   Cherepanov,	
  P.,	
  G.	
  N.	
  Maertens,	
  and	
  S.	
  Hare.	
  2011.	
  Structural	
  insights	
  
into	
  the	
  retroviral	
  DNA	
  integration	
  apparatus.	
  Current	
  Opinion	
  in	
  
Structural	
  Biology	
  21:249–256.	
  

54.	
   Chiu,	
  Y.-­‐L.,	
  H.	
  E.	
  Witkowska,	
  S.	
  C.	
  Hall,	
  M.	
  Santiago,	
  V.	
  B.	
  Soros,	
  C.	
  
Esnault,	
  T.	
  Heidmann,	
  and	
  W.	
  C.	
  Greene.	
  2006.	
  High-­‐molecular-­‐mass	
  
APOBEC3G	
  complexes	
  restrict	
  Alu	
  retrotransposition.	
  Proc.	
  Natl.	
  Acad.	
  
Sci.	
  U.S.A.	
  103:15588–15593.	
  

55.	
   Chu,	
  H.,	
  J.-­‐J.	
  Wang,	
  and	
  P.	
  Spearman.	
  2009.	
  HIV-­‐1	
  Gag	
  and	
  Host	
  
Vesicular	
  Trafficking	
  Pathways.	
  Springer	
  Berlin	
  Heidelberg,	
  Berlin,	
  
Heidelberg.	
  

56.	
   Chukkapalli,	
  V.,	
  I.	
  B.	
  Hogue,	
  V.	
  Boyko,	
  W.	
  S.	
  Hu,	
  and	
  A.	
  Ono.	
  2008.	
  
Interaction	
  between	
  the	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  Gag	
  
matrix	
  domain	
  and	
  phosphatidylinositol-­‐(4,5)-­‐bisphosphate	
  is	
  essential	
  
for	
  efficient	
  gag	
  membrane	
  binding.	
  J.	
  Virol.,	
  2007th	
  ed.	
  82:2405–2417.	
  

57.	
   Chukkapalli,	
  V.,	
  S.	
  J.	
  Oh,	
  and	
  A.	
  Ono.	
  2010.	
  Opposing	
  mechanisms	
  
involving	
  RNA	
  and	
  lipids	
  regulate	
  HIV-­‐1	
  Gag	
  membrane	
  binding	
  through	
  
the	
  highly	
  basic	
  region	
  of	
  the	
  matrix	
  domain.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  
107:1600–1605.	
  

58.	
   Cimarelli,	
  A.,	
  S.	
  Sandin,	
  S.	
  Hoglund,	
  and	
  J.	
  Luban.	
  2000.	
  Basic	
  residues	
  
in	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  nucleocapsid	
  promote	
  virion	
  



117	
  

assembly	
  via	
  interaction	
  with	
  RNA.	
  J.	
  Virol.	
  74:3046–3057.	
  
59.	
   Ciuffi,	
  A.,	
  M.	
  Llano,	
  E.	
  Poeschla,	
  C.	
  Hoffmann,	
  J.	
  Leipzig,	
  P.	
  Shinn,	
  J.	
  R.	
  

Ecker,	
  and	
  F.	
  Bushman.	
  2005.	
  A	
  role	
  for	
  LEDGF/p75	
  in	
  targeting	
  HIV	
  
DNA	
  integration.	
  Nat.	
  Med.	
  11:1287–1289.	
  

60.	
   Coffin,	
  J.	
  M.	
  1979.	
  Structure,	
  replication,	
  and	
  recombination	
  of	
  
retrovirus	
  genomes:	
  some	
  unifying	
  hypotheses.	
  J	
  Gen	
  Virol,	
  1979th	
  ed.	
  
42:1–26.	
  

61.	
   Coffin,	
  J.	
  M.,	
  S.	
  H.	
  Hughes,	
  and	
  H.	
  E.	
  Varmus.	
  1997.	
  Retroviruses.	
  Cold	
  
Spring	
  Harbor	
  Laboratory	
  Press,	
  Cold	
  Spring	
  Harbor	
  (NY).	
  

62.	
   Cohen,	
  G.	
  B.,	
  R.	
  T.	
  Gandhi,	
  D.	
  M.	
  Davis,	
  O.	
  Mandelboim,	
  B.	
  K.	
  Chen,	
  J.	
  L.	
  
Strominger,	
  and	
  D.	
  Baltimore.	
  1999.	
  The	
  selective	
  downregulation	
  of	
  
class	
  I	
  major	
  histocompatibility	
  complex	
  proteins	
  by	
  HIV-­‐1	
  protects	
  HIV-­‐
infected	
  cells	
  from	
  NK	
  cells.	
  Immunity	
  10:661–671.	
  

63.	
   Cordaux,	
  R.,	
  and	
  M.	
  A.	
  Batzer.	
  2009.	
  The	
  impact	
  of	
  retrotransposons	
  on	
  
human	
  genome	
  evolution.	
  Nat.	
  Rev.	
  Genet.	
  10:691–703.	
  

64.	
   Cordaux,	
  R.,	
  D.	
  J.	
  Hedges,	
  S.	
  W.	
  Herke,	
  and	
  M.	
  A.	
  Batzer.	
  2006.	
  
Estimating	
  the	
  retrotransposition	
  rate	
  of	
  human	
  Alu	
  elements.	
  Gene	
  
373:134–137.	
  

65.	
   Crist,	
  R.	
  M.,	
  S.	
  A.	
  Datta,	
  A.	
  G.	
  Stephen,	
  F.	
  Soheilian,	
  J.	
  Mirro,	
  R.	
  J.	
  
Fisher,	
  K.	
  Nagashima,	
  and	
  A.	
  Rein.	
  2009.	
  Assembly	
  properties	
  of	
  
human	
  immunodeficiency	
  virus	
  type	
  1	
  Gag-­‐leucine	
  zipper	
  chimeras:	
  
implications	
  for	
  retrovirus	
  assembly.	
  J.	
  Virol.	
  83:2216–2225.	
  

66.	
   Cross,	
  B.	
  C.,	
  I.	
  Sinning,	
  J.	
  Luirink,	
  and	
  S.	
  High.	
  2009.	
  Delivering	
  
proteins	
  for	
  export	
  from	
  the	
  cytosol.	
  Nat.	
  Rev.	
  Mol.	
  Cell	
  Biol.	
  10:255–
264.	
  

67.	
   D'Souza,	
  V.,	
  and	
  M.	
  F.	
  Summers.	
  2005.	
  How	
  retroviruses	
  select	
  their	
  
genomes.	
  Nat	
  Rev	
  Micro	
  3:643–655.	
  

68.	
   D'Souza-­‐Schorey,	
  C.,	
  and	
  P.	
  Chavrier.	
  2006.	
  ARF	
  proteins:	
  roles	
  in	
  
membrane	
  traffic	
  and	
  beyond.	
  Nat.	
  Rev.	
  Mol.	
  Cell	
  Biol.	
  7:347–358.	
  

69.	
   Daly,	
  T.	
  J.,	
  K.	
  S.	
  Cook,	
  G.	
  S.	
  Gray,	
  T.	
  E.	
  Maione,	
  and	
  J.	
  R.	
  Rusche.	
  1989.	
  
Specific	
  binding	
  of	
  HIV-­‐1	
  recombinant	
  Rev	
  protein	
  to	
  the	
  Rev-­‐responsive	
  
element	
  in	
  vitro.	
  Nature	
  342:816–819.	
  

70.	
   Darnell,	
  R.	
  B.	
  2010.	
  HITS-­‐CLIP:	
  panoramic	
  views	
  of	
  protein-­‐RNA	
  
regulation	
  in	
  living	
  cells.	
  Wiley	
  Interdiscip	
  Rev	
  RNA	
  1:266–286.	
  

71.	
   Datta,	
  S.	
  A.	
  K.,	
  J.	
  E.	
  Curtis,	
  W.	
  Ratcliff,	
  P.	
  K.	
  Clark,	
  R.	
  M.	
  Crist,	
  J.	
  
Lebowitz,	
  S.	
  Krueger,	
  and	
  A.	
  Rein.	
  2007.	
  Conformation	
  of	
  the	
  HIV-­‐1	
  
Gag	
  protein	
  in	
  solution.	
  J.	
  Mol.	
  Biol.	
  365:812–824.	
  

72.	
   de	
  Marco,	
  A.,	
  N.	
  E.	
  Davey,	
  P.	
  Ulbrich,	
  J.	
  M.	
  Phillips,	
  V.	
  Lux,	
  J.	
  D.	
  Riches,	
  
T.	
  Fuzik,	
  T.	
  Ruml,	
  H.-­‐G.	
  Kräusslich,	
  V.	
  M.	
  Vogt,	
  and	
  J.	
  A.	
  G.	
  Briggs.	
  
2010.	
  Conserved	
  and	
  variable	
  features	
  of	
  Gag	
  structure	
  and	
  
arrangement	
  in	
  immature	
  retrovirus	
  particles.	
  J.	
  Virol.	
  84:11729–11736.	
  

73.	
   Demirov,	
  D.	
  G.,	
  and	
  E.	
  O.	
  Freed.	
  2004.	
  Retrovirus	
  budding.	
  Virus	
  Res.	
  
106:87–102.	
  

74.	
   Deneka,	
  M.,	
  A.	
  Pelchen-­‐Matthews,	
  R.	
  Byland,	
  E.	
  Ruiz-­‐Mateos,	
  and	
  M.	
  
Marsh.	
  2007.	
  In	
  macrophages,	
  HIV-­‐1	
  assembles	
  into	
  an	
  intracellular	
  
plasma	
  membrane	
  domain	
  containing	
  the	
  tetraspanins	
  CD81,	
  CD9,	
  and	
  



118	
  

CD53.	
  J.	
  Cell	
  Biol.	
  177:329–341.	
  
75.	
   Dewannieux,	
  M.,	
  C.	
  Esnault,	
  and	
  T.	
  Heidmann.	
  2003.	
  LINE-­‐mediated	
  

retrotransposition	
  of	
  marked	
  Alu	
  sequences.	
  Nat.	
  Genet.	
  35:41–48.	
  
76.	
   Diaz-­‐Griffero,	
  F.,	
  X.	
  Li,	
  H.	
  Javanbakht,	
  B.	
  Song,	
  S.	
  Welikala,	
  M.	
  

Stremlau,	
  and	
  J.	
  Sodroski.	
  2006.	
  Rapid	
  turnover	
  and	
  polyubiquitylation	
  
of	
  the	
  retroviral	
  restriction	
  factor	
  TRIM5.	
  Virology	
  349:300–315.	
  

77.	
   Didierlaurent,	
  L.,	
  P.	
  J.	
  Racine,	
  L.	
  Houzet,	
  C.	
  Chamontin,	
  B.	
  Berkhout,	
  
and	
  M.	
  Mougel.	
  2011.	
  Role	
  of	
  HIV-­‐1	
  RNA	
  and	
  protein	
  determinants	
  for	
  
the	
  selective	
  packaging	
  of	
  spliced	
  and	
  unspliced	
  viral	
  RNA	
  and	
  host	
  U6	
  
and	
  7SL	
  RNA	
  in	
  virus	
  particles.	
  Nucleic	
  Acids	
  Res.	
  39:8915–8927.	
  

78.	
   Dimitrov,	
  D.	
  S.,	
  R.	
  L.	
  Willey,	
  H.	
  Sato,	
  L.	
  J.	
  Chang,	
  R.	
  Blumenthal,	
  and	
  
M.	
  A.	
  Martin.	
  1993.	
  Quantitation	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  
1	
  infection	
  kinetics.	
  J.	
  Virol.	
  67:2182–2190.	
  

79.	
   Dingwall,	
  C.,	
  I.	
  Ernberg,	
  M.	
  J.	
  Gait,	
  S.	
  M.	
  Green,	
  S.	
  Heaphy,	
  J.	
  Karn,	
  A.	
  
D.	
  Lowe,	
  M.	
  Singh,	
  and	
  M.	
  A.	
  Skinner.	
  1990.	
  HIV-­‐1	
  tat	
  protein	
  
stimulates	
  transcription	
  by	
  binding	
  to	
  a	
  U-­‐rich	
  bulge	
  in	
  the	
  stem	
  of	
  the	
  
TAR	
  RNA	
  structure.	
  EMBO	
  J.	
  9:4145–4153.	
  

80.	
   Doehle,	
  B.	
  P.,	
  F.	
  Hladik,	
  J.	
  P.	
  McNevin,	
  M.	
  J.	
  McElrath,	
  and	
  M.	
  Gale.	
  
2009.	
  Human	
  Immunodeficiency	
  Virus	
  Type	
  1	
  Mediates	
  Global	
  
Disruption	
  of	
  Innate	
  Antiviral	
  Signaling	
  and	
  Immune	
  Defenses	
  within	
  
Infected	
  Cells.	
  J.	
  Virol.	
  83:10395–10405.	
  

81.	
   Dong,	
  X.,	
  H.	
  Li,	
  A.	
  Derdowski,	
  L.	
  Ding,	
  A.	
  Burnett,	
  X.	
  Chen,	
  T.	
  R.	
  Peters,	
  
T.	
  S.	
  Dermody,	
  E.	
  Woodruff,	
  J.-­‐J.	
  Wang,	
  and	
  P.	
  Spearman.	
  2005.	
  AP-­‐3	
  
directs	
  the	
  intracellular	
  trafficking	
  of	
  HIV-­‐1	
  Gag	
  and	
  plays	
  a	
  key	
  role	
  in	
  
particle	
  assembly.	
  Cell	
  120:663–674.	
  

82.	
   Dorfman,	
  T.,	
  A.	
  Bukovsky,	
  A.	
  Ohagen,	
  S.	
  Hoglund,	
  and	
  H.	
  G.	
  
Gottlinger.	
  1994.	
  Functional	
  domains	
  of	
  the	
  capsid	
  protein	
  of	
  human	
  
immunodeficiency	
  virus	
  type	
  1.	
  J.	
  Virol.	
  68:8180–8187.	
  

83.	
   Duesberg,	
  P.	
  H.,	
  and	
  W.	
  S.	
  Robinson.	
  1966.	
  Nucleic	
  acid	
  and	
  proteins	
  
isolated	
  from	
  the	
  Rauscher	
  mouse	
  leukemia	
  virus	
  (MLV).	
  Proc.	
  Natl.	
  
Acad.	
  Sci.	
  U.S.A.	
  55:219–227.	
  

84.	
   Dvorin,	
  J.	
  D.,	
  P.	
  Bell,	
  G.	
  G.	
  Maul,	
  M.	
  Yamashita,	
  M.	
  Emerman,	
  and	
  M.	
  H.	
  
Malim.	
  2002.	
  Reassessment	
  of	
  the	
  roles	
  of	
  integrase	
  and	
  the	
  central	
  
DNA	
  flap	
  in	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  nuclear	
  import.	
  J.	
  
Virol.	
  76:12087–12096.	
  

85.	
   Ellington,	
  A.	
  D.,	
  and	
  J.	
  W.	
  Szostak.	
  1990.	
  In	
  vitro	
  selection	
  of	
  RNA	
  
molecules	
  that	
  bind	
  specific	
  ligands.	
  Nature	
  346:818–822.	
  

86.	
   Emde,	
  G.,	
  A.	
  Frontzek,	
  and	
  B.	
  J.	
  Benecke.	
  1997.	
  Secondary	
  structure	
  of	
  
the	
  nascent	
  7S	
  L	
  RNA	
  mediates	
  efficient	
  transcription	
  by	
  RNA	
  
polymerase	
  III.	
  RNA,	
  1997th	
  ed.	
  3:538–549.	
  

87.	
   Englert,	
  M.,	
  M.	
  Felis,	
  V.	
  Junker,	
  and	
  H.	
  Beier.	
  2004.	
  Novel	
  upstream	
  
and	
  intragenic	
  control	
  elements	
  for	
  the	
  RNA	
  polymerase	
  III-­‐dependent	
  
transcription	
  of	
  human	
  7SL	
  RNA	
  genes.	
  Biochimie	
  86:867–874.	
  

88.	
   Fackler,	
  O.	
  T.,	
  and	
  H.-­‐G.	
  Kräusslich.	
  2006.	
  Interactions	
  of	
  human	
  
retroviruses	
  with	
  the	
  host	
  cell	
  cytoskeleton.	
  Curr.	
  Opin.	
  Microbiol.	
  
9:409–415.	
  



119	
  

89.	
   Faras,	
  A.	
  J.,	
  A.	
  C.	
  Garapin,	
  W.	
  E.	
  Levinson,	
  J.	
  M.	
  Bishop,	
  and	
  H.	
  M.	
  
Goodman.	
  1973.	
  Characterization	
  of	
  the	
  low-­‐molecular-­‐weight	
  RNAs	
  
associated	
  with	
  the	
  70S	
  RNA	
  of	
  Rous	
  sarcoma	
  virus.	
  J.	
  Virol.	
  12:334–342.	
  

90.	
   Farnet,	
  C.	
  M.,	
  and	
  W.	
  A.	
  Haseltine.	
  1990.	
  Integration	
  of	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  DNA	
  in	
  vitro.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  
87:4164–4168.	
  

91.	
   Feldman,	
  S.,	
  D.	
  Stein,	
  S.	
  Amrute,	
  T.	
  Denny,	
  Z.	
  Garcia,	
  P.	
  Kloser,	
  Y.	
  Sun,	
  
N.	
  Megjugorac,	
  and	
  P.	
  Fitzgerald-­‐Bocarsly.	
  2001.	
  Decreased	
  
interferon-­‐alpha	
  production	
  in	
  HIV-­‐infected	
  patients	
  correlates	
  with	
  
numerical	
  and	
  functional	
  deficiencies	
  in	
  circulating	
  type	
  2	
  dendritic	
  cell	
  
precursors.	
  Clin.	
  Immunol.	
  101:201–210.	
  

92.	
   Fernandes,	
  J.,	
  B.	
  Jayaraman,	
  and	
  A.	
  Frankel.	
  2012.	
  The	
  HIV-­‐1	
  rev	
  
response	
  element:	
  An	
  RNA	
  scaffold	
  that	
  directs	
  the	
  cooperative	
  
assembly	
  of	
  a	
  homo-­‐oligomeric	
  ribonucleoprotein	
  complex.	
  RNA	
  Biol	
  
9:4–9.	
  

93.	
   Flynn,	
  J.	
  A.,	
  W.	
  An,	
  S.	
  R.	
  King,	
  and	
  A.	
  Telesnitsky.	
  2004.	
  Nonrandom	
  
dimerization	
  of	
  murine	
  leukemia	
  virus	
  genomic	
  RNAs.	
  J.	
  Virol.,	
  2004th	
  
ed.	
  78:12129–12139.	
  

94.	
   Flynn,	
  J.	
  A.,	
  and	
  A.	
  Telesnitsky.	
  2006.	
  Two	
  distinct	
  Moloney	
  murine	
  
leukemia	
  virus	
  RNAs	
  produced	
  from	
  a	
  single	
  locus	
  dimerize	
  at	
  random.	
  
Virology,	
  2005th	
  ed.	
  344:391–400.	
  

95.	
   Freed,	
  E.	
  O.	
  2002.	
  Viral	
  late	
  domains.	
  J.	
  Virol.,	
  2002nd	
  ed.	
  76:4679–
4687.	
  

96.	
   Freed,	
  E.	
  O.,	
  J.	
  M.	
  Orenstein,	
  A.	
  J.	
  Buckler-­‐White,	
  and	
  M.	
  A.	
  Martin.	
  
1994.	
  Single	
  amino	
  acid	
  changes	
  in	
  the	
  human	
  immunodeficiency	
  virus	
  
type	
  1	
  matrix	
  protein	
  block	
  virus	
  particle	
  production.	
  J.	
  Virol.	
  68:5311–
5320.	
  

97.	
   Friew,	
  Y.	
  N.,	
  V.	
  Boyko,	
  W.-­‐S.	
  Hu,	
  and	
  V.	
  K.	
  Pathak.	
  2009.	
  Intracellular	
  
interactions	
  between	
  APOBEC3G,	
  RNA,	
  and	
  HIV-­‐1	
  Gag:	
  APOBEC3G	
  
multimerization	
  is	
  dependent	
  on	
  its	
  association	
  with	
  RNA.	
  Retrovirology	
  
6:56.	
  

98.	
   Gabor,	
  J.,	
  S.	
  Cen,	
  H.	
  Javanbakht,	
  M.	
  Niu,	
  and	
  L.	
  Kleiman.	
  2002.	
  Effect	
  of	
  
altering	
  the	
  tRNA(Lys)(3)	
  concentration	
  in	
  human	
  immunodeficiency	
  
virus	
  type	
  1	
  upon	
  its	
  annealing	
  to	
  viral	
  RNA,	
  GagPol	
  incorporation,	
  and	
  
viral	
  infectivity.	
  J.	
  Virol.,	
  2002nd	
  ed.	
  76:9096–9102.	
  

99.	
   Gallois-­‐Montbrun,	
  S.,	
  R.	
  K.	
  Holmes,	
  C.	
  M.	
  Swanson,	
  M.	
  Fernandez-­‐
Ocana,	
  H.	
  L.	
  Byers,	
  M.	
  A.	
  Ward,	
  and	
  M.	
  H.	
  Malim.	
  2008.	
  Comparison	
  of	
  
cellular	
  ribonucleoprotein	
  complexes	
  associated	
  with	
  the	
  APOBEC3F	
  
and	
  APOBEC3G	
  antiviral	
  proteins.	
  J.	
  Virol.,	
  2008th	
  ed.	
  82:5636–5642.	
  

100.	
   Ganser-­‐Pornillos,	
  B.	
  K.,	
  M.	
  Yeager,	
  and	
  W.	
  I.	
  Sundquist.	
  2008.	
  The	
  
structural	
  biology	
  of	
  HIV	
  assembly.	
  Curr	
  Opin	
  Struct	
  Biol	
  18:203–217.	
  

101.	
   Ganser-­‐Pornillos,	
  B.	
  K.,	
  M.	
  Yeager,	
  and	
  O.	
  Pornillos.	
  2012.	
  Assembly	
  
and	
  Architecture	
  of	
  HIV.	
  Adv.	
  Exp.	
  Med.	
  Biol.	
  726:441–465.	
  

102.	
   Gao,	
  F.,	
  Y.	
  Li,	
  J.	
  M.	
  Decker,	
  F.	
  W.	
  Peyerl,	
  F.	
  Bibollet-­‐Ruche,	
  C.	
  M.	
  
Rodenburg,	
  Y.	
  Chen,	
  D.	
  R.	
  Shaw,	
  S.	
  Allen,	
  R.	
  Musonda,	
  G.	
  M.	
  Shaw,	
  A.	
  J.	
  
Zajac,	
  N.	
  Letvin,	
  and	
  B.	
  H.	
  Hahn.	
  2003.	
  Codon	
  usage	
  optimization	
  of	
  



120	
  

HIV	
  type	
  1	
  subtype	
  C	
  gag,	
  pol,	
  env,	
  and	
  nef	
  genes:	
  in	
  vitro	
  expression	
  and	
  
immune	
  responses	
  in	
  DNA-­‐vaccinated	
  mice.	
  AIDS	
  Res.	
  Hum.	
  
Retroviruses	
  19:817–823.	
  

103.	
   Garcia,	
  E.,	
  D.	
  S.	
  Nikolic,	
  and	
  V.	
  Piguet.	
  2008.	
  HIV-­‐1	
  replication	
  in	
  
dendritic	
  cells	
  occurs	
  through	
  a	
  tetraspanin-­‐containing	
  compartment	
  
enriched	
  in	
  AP-­‐3.	
  Traffic	
  9:200–214.	
  

104.	
   Garcia,	
  E.	
  L.,	
  A.	
  Onafuwa-­‐Nuga,	
  S.	
  Sim,	
  S.	
  R.	
  King,	
  S.	
  L.	
  Wolin,	
  and	
  A.	
  
Telesnitsky.	
  2009.	
  Packaging	
  of	
  host	
  mY	
  RNAs	
  by	
  murine	
  leukemia	
  
virus	
  may	
  occur	
  early	
  in	
  Y	
  RNA	
  biogenesis.	
  J.	
  Virol.	
  83:12526–12534.	
  

105.	
   Gelais,	
  C.	
  S.,	
  and	
  L.	
  Wu.	
  2011.	
  SAMHD1:	
  a	
  new	
  insight	
  into	
  HIV-­‐1	
  
restriction	
  in	
  myeloid	
  cells.	
  Retrovirology	
  8:55.	
  

106.	
   Gheysen,	
  D.,	
  E.	
  Jacobs,	
  F.	
  de	
  Foresta,	
  C.	
  Thiriart,	
  M.	
  Francotte,	
  D.	
  
Thines,	
  and	
  M.	
  De	
  Wilde.	
  1989.	
  Assembly	
  and	
  release	
  of	
  HIV-­‐1	
  
precursor	
  Pr55gag	
  virus-­‐like	
  particles	
  from	
  recombinant	
  baculovirus-­‐
infected	
  insect	
  cells.	
  Cell	
  59:103–112.	
  

107.	
   Gilbert,	
  C.,	
  A.	
  Kristjuhan,	
  G.	
  S.	
  Winkler,	
  and	
  J.	
  Q.	
  Svejstrup.	
  2004.	
  
Elongator	
  interactions	
  with	
  nascent	
  mRNA	
  revealed	
  by	
  RNA	
  
immunoprecipitation.	
  Mol.	
  Cell	
  14:457–464.	
  

108.	
   Gilboa,	
  E.,	
  S.	
  W.	
  Mitra,	
  S.	
  Goff,	
  and	
  D.	
  Baltimore.	
  1979.	
  A	
  detailed	
  
model	
  of	
  reverse	
  transcription	
  and	
  tests	
  of	
  crucial	
  aspects.	
  Cell	
  18:93–
100.	
  

109.	
   Gillingham,	
  A.	
  K.,	
  and	
  S.	
  Munro.	
  2007.	
  The	
  small	
  G	
  proteins	
  of	
  the	
  Arf	
  
family	
  and	
  their	
  regulators.	
  Annu.	
  Rev.	
  Cell	
  Dev.	
  Biol.	
  23:579–611.	
  

110.	
   Gladnikoff,	
  M.,	
  E.	
  Shimoni,	
  N.	
  S.	
  Gov,	
  and	
  I.	
  Rousso.	
  2009.	
  Retroviral	
  
assembly	
  and	
  budding	
  occur	
  through	
  an	
  actin-­‐driven	
  mechanism.	
  
Biophys.	
  J.	
  97:2419–2428.	
  

111.	
   Goffinet,	
  C.,	
  I.	
  Allespach,	
  S.	
  Homann,	
  H.-­‐M.	
  Tervo,	
  A.	
  Habermann,	
  D.	
  
Rupp,	
  L.	
  Oberbremer,	
  C.	
  Kern,	
  N.	
  Tibroni,	
  S.	
  Welsch,	
  J.	
  Krijnse-­‐
Locker,	
  G.	
  Banting,	
  H.-­‐G.	
  Kräusslich,	
  O.	
  T.	
  Fackler,	
  and	
  O.	
  T.	
  Keppler.	
  
2009.	
  HIV-­‐1	
  Antagonism	
  of	
  CD317	
  Is	
  Species	
  Specific	
  and	
  Involves	
  Vpu-­‐
Mediated	
  Proteasomal	
  Degradation	
  of	
  the	
  Restriction	
  Factor.	
  Cell	
  Host	
  
Microbe	
  5:285–297.	
  

112.	
   Gottlinger,	
  H.	
  G.,	
  J.	
  G.	
  Sodroski,	
  and	
  W.	
  A.	
  Haseltine.	
  1989.	
  Role	
  of	
  
capsid	
  precursor	
  processing	
  and	
  myristoylation	
  in	
  morphogenesis	
  and	
  
infectivity	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  1.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  
U.S.A.	
  86:5781–5785.	
  

113.	
   Gowda,	
  K.,	
  K.	
  Chittenden,	
  and	
  C.	
  Zwieb.	
  1997.	
  Binding	
  site	
  of	
  the	
  M-­‐
domain	
  of	
  human	
  protein	
  SRP54	
  determined	
  by	
  systematic	
  site-­‐directed	
  
mutagenesis	
  of	
  signal	
  recognition	
  particle	
  RNA.	
  Nucleic	
  Acids	
  Res.	
  
25:388–394.	
  

114.	
   Gramberg,	
  T.,	
  N.	
  Sunseri,	
  and	
  N.	
  R.	
  Landau.	
  2009.	
  Accessories	
  to	
  the	
  
crime:	
  recent	
  advances	
  in	
  HIV	
  accessory	
  protein	
  biology.	
  Curr	
  HIV/AIDS	
  
Rep	
  6:36–42.	
  

115.	
   Green,	
  J.	
  M.,	
  and	
  K.	
  Struhl.	
  1992.	
  S1	
  Analysis	
  of	
  Messenger	
  RNA	
  using	
  
Single-­‐Stranded	
  DNA	
  Probes,	
  pp.	
  4–14.	
  In	
  F.M.	
  Ausubel,	
  R.	
  Brent,	
  R.E.	
  
Kingston,	
  D.D.	
  Moore,	
  J.G.	
  Seidman,	
  J.A.	
  Smith,	
  and	
  K.	
  Struhl	
  (eds.),	
  Short	
  



121	
  

Protocols	
  in	
  Molecular	
  BiologySecond	
  Edition.	
  Greene	
  Publishing	
  
Associates	
  and	
  John	
  Wiley	
  and	
  Sons,	
  New	
  York.	
  

116.	
   Grigorov,	
  B.,	
  D.	
  Decimo,	
  F.	
  Smagulova,	
  C.	
  Pechoux,	
  M.	
  Mougel,	
  D.	
  
Muriaux,	
  and	
  J.	
  L.	
  Darlix.	
  2007.	
  Intracellular	
  HIV-­‐1	
  Gag	
  localization	
  is	
  
impaired	
  by	
  mutations	
  in	
  the	
  nucleocapsid	
  zinc	
  fingers.	
  Retrovirology,	
  
2007th	
  ed.	
  4:54.	
  

117.	
   Gringhuis,	
  S.	
  I.,	
  M.	
  van	
  der	
  Vlist,	
  L.	
  M.	
  van	
  den	
  Berg,	
  J.	
  den	
  Dunnen,	
  
M.	
  Litjens,	
  and	
  T.	
  B.	
  H.	
  Geijtenbeek.	
  2010.	
  HIV-­‐1	
  exploits	
  innate	
  
signaling	
  by	
  TLR8	
  and	
  DC-­‐SIGN	
  for	
  productive	
  infection	
  of	
  dendritic	
  
cells.	
  Nature	
  Publishing	
  Group	
  11:419–426.	
  

118.	
   Grosshans,	
  H.,	
  K.	
  Deinert,	
  E.	
  Hurt,	
  and	
  G.	
  Simos.	
  2001.	
  Biogenesis	
  of	
  
the	
  signal	
  recognition	
  particle	
  (SRP)	
  involves	
  import	
  of	
  SRP	
  proteins	
  
into	
  the	
  nucleolus,	
  assembly	
  with	
  the	
  SRP-­‐RNA,	
  and	
  Xpo1p-­‐mediated	
  
export.	
  J.	
  Cell	
  Biol.,	
  2001st	
  ed.	
  153:745–762.	
  

119.	
   Guo,	
  F.,	
  S.	
  Cen,	
  M.	
  Niu,	
  H.	
  Javanbakht,	
  and	
  L.	
  Kleiman.	
  2003.	
  Specific	
  
inhibition	
  of	
  the	
  synthesis	
  of	
  human	
  lysyl-­‐tRNA	
  synthetase	
  results	
  in	
  
decreases	
  in	
  tRNA(Lys)	
  incorporation,	
  tRNA(3)(Lys)	
  annealing	
  to	
  viral	
  
RNA,	
  and	
  viral	
  infectivity	
  in	
  human	
  immunodeficiency	
  virus	
  type	
  1.	
  J.	
  
Virol.,	
  2003rd	
  ed.	
  77:9817–9822.	
  

120.	
   Gupta,	
  R.	
  K.,	
  S.	
  Hué,	
  T.	
  Schaller,	
  E.	
  Verschoor,	
  D.	
  Pillay,	
  and	
  G.	
  J.	
  
Towers.	
  2009.	
  Mutation	
  of	
  a	
  Single	
  Residue	
  Renders	
  Human	
  Tetherin	
  
Resistant	
  to	
  HIV-­‐1	
  Vpu-­‐Mediated	
  Depletion.	
  PLoS	
  Pathog.	
  5:e1000443.	
  

121.	
   Hainzl,	
  T.,	
  S.	
  Huang,	
  and	
  A.	
  E.	
  Sauer-­‐Eriksson.	
  2007.	
  Interaction	
  of	
  
signal-­‐recognition	
  particle	
  54	
  GTPase	
  domain	
  and	
  signal-­‐recognition	
  
particle	
  RNA	
  in	
  the	
  free	
  signal-­‐recognition	
  particle.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  
U.S.A.,	
  2007th	
  ed.	
  104:14911–14916.	
  

122.	
   Halic,	
  M.,	
  T.	
  Becker,	
  M.	
  R.	
  Pool,	
  C.	
  M.	
  Spahn,	
  R.	
  A.	
  Grassucci,	
  J.	
  Frank,	
  
and	
  R.	
  Beckmann.	
  2004.	
  Structure	
  of	
  the	
  signal	
  recognition	
  particle	
  
interacting	
  with	
  the	
  elongation-­‐arrested	
  ribosome.	
  Nature,	
  2004th	
  ed.	
  
427:808–814.	
  

123.	
   Hammonds,	
  J.,	
  J.-­‐J.	
  Wang,	
  H.	
  Yi,	
  and	
  P.	
  Spearman.	
  2010.	
  
Immunoelectron	
  Microscopic	
  Evidence	
  for	
  Tetherin/BST2	
  as	
  the	
  
Physical	
  Bridge	
  between	
  HIV-­‐1	
  Virions	
  and	
  the	
  Plasma	
  Membrane.	
  PLoS	
  
Pathog.	
  6:e1000749.	
  

124.	
   Harris,	
  R.	
  S.,	
  K.	
  N.	
  Bishop,	
  A.	
  M.	
  Sheehy,	
  H.	
  M.	
  Craig,	
  S.	
  K.	
  Petersen-­‐
Mahrt,	
  I.	
  N.	
  Watt,	
  M.	
  S.	
  Neuberger,	
  and	
  M.	
  H.	
  Malim.	
  2003.	
  DNA	
  
deamination	
  mediates	
  innate	
  immunity	
  to	
  retroviral	
  infection.	
  Cell	
  
113:803–809.	
  

125.	
   Heaphy,	
  S.,	
  C.	
  Dingwall,	
  I.	
  Ernberg,	
  M.	
  J.	
  Gait,	
  S.	
  M.	
  Green,	
  J.	
  Karn,	
  A.	
  
D.	
  Lowe,	
  M.	
  Singh,	
  and	
  M.	
  A.	
  Skinner.	
  1990.	
  HIV-­‐1	
  regulator	
  of	
  virion	
  
expression	
  (Rev)	
  protein	
  binds	
  to	
  an	
  RNA	
  stem-­‐loop	
  structure	
  located	
  
within	
  the	
  Rev	
  response	
  element	
  region.	
  Cell	
  60:685–693.	
  

126.	
   Heil,	
  F.,	
  H.	
  Hemmi,	
  H.	
  Hochrein,	
  F.	
  Ampenberger,	
  C.	
  Kirschning,	
  S.	
  
Akira,	
  G.	
  Lipford,	
  H.	
  Wagner,	
  and	
  S.	
  Bauer.	
  2004.	
  Species-­‐specific	
  
recognition	
  of	
  single-­‐stranded	
  RNA	
  via	
  toll-­‐like	
  receptor	
  7	
  and	
  8.	
  Science	
  
303:1526–1529.	
  



122	
  

127.	
   Held,	
  D.	
  M.,	
  J.	
  D.	
  Kissel,	
  J.	
  T.	
  Patterson,	
  D.	
  G.	
  Nickens,	
  and	
  D.	
  H.	
  Burke.	
  
2006.	
  HIV-­‐1	
  inactivation	
  by	
  nucleic	
  acid	
  aptamers.	
  Front.	
  Biosci.	
  11:89–
112.	
  

128.	
   Heng,	
  X.,	
  S.	
  Kharytonchyk,	
  E.	
  L.	
  Garcia,	
  K.	
  Lu,	
  S.	
  S.	
  Divakaruni,	
  C.	
  
LaCotti,	
  K.	
  Edme,	
  A.	
  Telesnitsky,	
  and	
  M.	
  F.	
  Summers.	
  2012.	
  
Identification	
  of	
  a	
  Minimal	
  Region	
  of	
  the	
  HIV-­‐1	
  5'-­‐Leader	
  Required	
  for	
  
RNA	
  Dimerization,	
  NC	
  Binding,	
  and	
  Packaging.	
  J.	
  Mol.	
  Biol.	
  417:224–239.	
  

129.	
   Henriques,	
  R.,	
  C.	
  Griffiths,	
  E.	
  Hesper	
  Rego,	
  and	
  M.	
  M.	
  Mhlanga.	
  2011.	
  
PALM	
  and	
  STORM:	
  Unlocking	
  live-­‐cell	
  super-­‐resolution.	
  Biopolymers	
  
95:322–331.	
  

130.	
   Hermida-­‐Matsumoto,	
  L.,	
  and	
  M.	
  D.	
  Resh.	
  2000.	
  Localization	
  of	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  Gag	
  and	
  Env	
  at	
  the	
  plasma	
  membrane	
  by	
  
confocal	
  imaging.	
  J.	
  Virol.	
  74:8670–8679.	
  

131.	
   Hibbert,	
  C.	
  S.,	
  J.	
  Mirro,	
  and	
  A.	
  Rein.	
  2004.	
  mRNA	
  molecules	
  containing	
  
murine	
  leukemia	
  virus	
  packaging	
  signals	
  are	
  encapsidated	
  as	
  dimers.	
  J.	
  
Virol.	
  78:10927–10938.	
  

132.	
   Holeman,	
  L.	
  A.,	
  S.	
  L.	
  Robinson,	
  J.	
  W.	
  Szostak,	
  and	
  C.	
  Wilson.	
  1998.	
  
Isolation	
  and	
  characterization	
  of	
  fluorophore-­‐binding	
  RNA	
  aptamers.	
  
Fold	
  Des	
  3:423–431.	
  

133.	
   Holmes-­‐Son,	
  M.	
  L.,	
  R.	
  S.	
  Appa,	
  and	
  S.	
  A.	
  Chow.	
  2001.	
  Molecular	
  genetics	
  
and	
  target	
  site	
  specificity	
  of	
  retroviral	
  integration.	
  Adv.	
  Genet.	
  43:33–69.	
  

134.	
   Hosmalin,	
  A.,	
  and	
  P.	
  Lebon.	
  2006.	
  Type	
  I	
  interferon	
  production	
  in	
  HIV-­‐
infected	
  patients.	
  Journal	
  of	
  Leukocyte	
  Biology	
  80:984–993.	
  

135.	
   Houzet,	
  L.,	
  J.	
  C.	
  Paillart,	
  F.	
  Smagulova,	
  S.	
  Maurel,	
  Z.	
  Morichaud,	
  R.	
  
Marquet,	
  and	
  M.	
  Mougel.	
  2007.	
  HIV	
  controls	
  the	
  selective	
  packaging	
  of	
  
genomic,	
  spliced	
  viral	
  and	
  cellular	
  RNAs	
  into	
  virions	
  through	
  different	
  
mechanisms.	
  Nucleic	
  Acids	
  Res.	
  35:2695–2704.	
  

136.	
   Hrecka,	
  K.,	
  C.	
  Hao,	
  M.	
  Gierszewska,	
  S.	
  K.	
  Swanson,	
  M.	
  Kesik-­‐
Brodacka,	
  S.	
  Srivastava,	
  L.	
  Florens,	
  M.	
  P.	
  Washburn,	
  and	
  J.	
  
Skowronski.	
  2011.	
  Vpx	
  relieves	
  inhibition	
  of	
  HIV-­‐1	
  infection	
  of	
  
macrophages	
  mediated	
  by	
  the	
  SAMHD1	
  protein.	
  Nature	
  474:658–661.	
  

137.	
   Huang,	
  Y.,	
  A.	
  Khorchid,	
  J.	
  Wang,	
  M.	
  A.	
  Parniak,	
  J.	
  L.	
  Darlix,	
  M.	
  A.	
  
Wainberg,	
  and	
  L.	
  Kleiman.	
  1997.	
  Effect	
  of	
  mutations	
  in	
  the	
  
nucleocapsid	
  protein	
  (NCp7)	
  upon	
  Pr160(gag-­‐pol)	
  and	
  tRNA(Lys)	
  
incorporation	
  into	
  human	
  immunodeficiency	
  virus	
  type	
  1.	
  J.	
  Virol.	
  
71:4378–4384.	
  

138.	
   Huang,	
  Y.,	
  W.	
  P.	
  Kong,	
  and	
  G.	
  J.	
  Nabel.	
  2001.	
  Human	
  immunodeficiency	
  
virus	
  type	
  1-­‐specific	
  immunity	
  after	
  genetic	
  immunization	
  is	
  enhanced	
  
by	
  modification	
  of	
  Gag	
  and	
  Pol	
  expression.	
  J.	
  Virol.,	
  2001st	
  ed.	
  75:4947–
4951.	
  

139.	
   Huang,	
  Y.,	
  J.	
  Mak,	
  Q.	
  Cao,	
  Z.	
  Li,	
  M.	
  A.	
  Wainberg,	
  and	
  L.	
  Kleiman.	
  1994.	
  
Incorporation	
  of	
  excess	
  wild-­‐type	
  and	
  mutant	
  tRNA(3Lys)	
  into	
  human	
  
immunodeficiency	
  virus	
  type	
  1.	
  J.	
  Virol.	
  68:7676–7683.	
  

140.	
   Huck,	
  L.,	
  A.	
  Scherrer,	
  L.	
  Terzi,	
  A.	
  E.	
  Johnson,	
  H.	
  D.	
  Bernstein,	
  S.	
  
Cusack,	
  O.	
  Weichenrieder,	
  and	
  K.	
  Strub.	
  2004.	
  Conserved	
  tertiary	
  base	
  
pairing	
  ensures	
  proper	
  RNA	
  folding	
  and	
  efficient	
  assembly	
  of	
  the	
  signal	
  



123	
  

recognition	
  particle	
  Alu	
  domain.	
  Nucleic	
  Acids	
  Res.	
  32:4915–4924.	
  
141.	
   Hurwitz,	
  J.,	
  and	
  J.	
  P.	
  Leis.	
  1972.	
  RNA-­‐dependent	
  DNA	
  polymerase	
  

activity	
  of	
  RNA	
  tumor	
  viruses.	
  I.	
  Directing	
  influence	
  of	
  DNA	
  in	
  the	
  
reaction.	
  J.	
  Virol.	
  9:116–129.	
  

142.	
   Huthoff,	
  H.,	
  F.	
  Autore,	
  S.	
  Gallois-­‐Montbrun,	
  F.	
  Fraternali,	
  and	
  M.	
  H.	
  
Malim.	
  2009.	
  RNA-­‐dependent	
  oligomerization	
  of	
  APOBEC3G	
  is	
  required	
  
for	
  restriction	
  of	
  HIV-­‐1.	
  PLoS	
  Pathog.	
  5:e1000330.	
  

143.	
   Iordanskiy,	
  S.,	
  R.	
  Berro,	
  M.	
  Altieri,	
  F.	
  Kashanchi,	
  and	
  M.	
  Bukrinsky.	
  
2006.	
  Intracytoplasmic	
  maturation	
  of	
  the	
  human	
  immunodeficiency	
  
virus	
  type	
  1	
  reverse	
  transcription	
  complexes	
  determines	
  their	
  capacity	
  
to	
  integrate	
  into	
  chromatin.	
  Retrovirology	
  3:4.	
  

144.	
   Jacobson,	
  M.	
  R.,	
  and	
  T.	
  Pederson.	
  1998.	
  Localization	
  of	
  signal	
  
recognition	
  particle	
  RNA	
  in	
  the	
  nucleolus	
  of	
  mammalian	
  cells.	
  Proc.	
  Natl.	
  
Acad.	
  Sci.	
  U.S.A.	
  95:7981–7986.	
  

145.	
   Jarmuz,	
  A.,	
  A.	
  Chester,	
  J.	
  Bayliss,	
  J.	
  Gisbourne,	
  I.	
  Dunham,	
  J.	
  Scott,	
  and	
  
N.	
  Navaratnam.	
  2002.	
  An	
  Anthropoid-­‐Specific	
  Locus	
  of	
  Orphan	
  C	
  to	
  U	
  
RNA-­‐Editing	
  Enzymes	
  on	
  Chromosome	
  22.	
  Genomics	
  79:285–296.	
  

146.	
   Javanbakht,	
  H.,	
  R.	
  Halwani,	
  S.	
  Cen,	
  J.	
  Saadatmand,	
  K.	
  Musier-­‐Forsyth,	
  
H.	
  Gottlinger,	
  and	
  L.	
  Kleiman.	
  2003.	
  The	
  interaction	
  between	
  HIV-­‐1	
  
Gag	
  and	
  human	
  lysyl-­‐tRNA	
  synthetase	
  during	
  viral	
  assembly.	
  J.	
  Biol.	
  
Chem.,	
  2003rd	
  ed.	
  278:27644–27651.	
  

147.	
   Jäger,	
  S.,	
  P.	
  Cimermancic,	
  N.	
  Gulbahce,	
  J.	
  R.	
  Johnson,	
  K.	
  E.	
  McGovern,	
  
S.	
  C.	
  Clarke,	
  M.	
  Shales,	
  G.	
  Mercenne,	
  L.	
  Pache,	
  K.	
  Li,	
  H.	
  Hernandez,	
  G.	
  
M.	
  Jang,	
  S.	
  L.	
  Roth,	
  E.	
  Akiva,	
  J.	
  Marlett,	
  M.	
  Stephens,	
  I.	
  D'Orso,	
  J.	
  
Fernandes,	
  M.	
  Fahey,	
  C.	
  Mahon,	
  A.	
  J.	
  O'Donoghue,	
  A.	
  Todorovic,	
  J.	
  H.	
  
Morris,	
  D.	
  A.	
  Maltby,	
  T.	
  Alber,	
  G.	
  Cagney,	
  F.	
  D.	
  Bushman,	
  J.	
  A.	
  Young,	
  
S.	
  K.	
  Chanda,	
  W.	
  I.	
  Sundquist,	
  T.	
  Kortemme,	
  R.	
  D.	
  Hernandez,	
  C.	
  S.	
  
Craik,	
  A.	
  Burlingame,	
  A.	
  Sali,	
  A.	
  D.	
  Frankel,	
  and	
  N.	
  J.	
  Krogan.	
  2011.	
  
Global	
  landscape	
  of	
  HIV-­‐human	
  protein	
  complexes.	
  Nature.	
  

148.	
   Jiang,	
  M.,	
  J.	
  Mak,	
  A.	
  Ladha,	
  E.	
  Cohen,	
  M.	
  Klein,	
  B.	
  Rovinski,	
  and	
  L.	
  
Kleiman.	
  1993.	
  Identification	
  of	
  tRNAs	
  incorporated	
  into	
  wild-­‐type	
  and	
  
mutant	
  human	
  immunodeficiency	
  virus	
  type	
  1.	
  J.	
  Virol.,	
  1993rd	
  ed.	
  
67:3246–3253.	
  

149.	
   Jin,	
  J.,	
  T.	
  Sturgeon,	
  C.	
  Chen,	
  S.	
  C.	
  Watkins,	
  O.	
  A.	
  Weisz,	
  and	
  R.	
  C.	
  
Montelaro.	
  2007.	
  Distinct	
  intracellular	
  trafficking	
  of	
  equine	
  infectious	
  
anemia	
  virus	
  and	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  Gag	
  during	
  
viral	
  assembly	
  and	
  budding	
  revealed	
  by	
  bimolecular	
  fluorescence	
  
complementation	
  assays.	
  J.	
  Virol.	
  81:11226–11235.	
  

150.	
   Jin,	
  J.,	
  T.	
  Sturgeon,	
  O.	
  A.	
  Weisz,	
  W.	
  Mothes,	
  and	
  R.	
  C.	
  Montelaro.	
  2009.	
  
HIV-­‐1	
  matrix	
  dependent	
  membrane	
  targeting	
  is	
  regulated	
  by	
  Gag	
  mRNA	
  
trafficking.	
  PLoS	
  ONE	
  4:e6551.	
  

151.	
   Jolly,	
  C.,	
  I.	
  Mitar,	
  and	
  Q.	
  J.	
  Sattentau.	
  2007.	
  Requirement	
  for	
  an	
  intact	
  
T-­‐cell	
  actin	
  and	
  tubulin	
  cytoskeleton	
  for	
  efficient	
  assembly	
  and	
  spread	
  of	
  
human	
  immunodeficiency	
  virus	
  type	
  1.	
  J.	
  Virol.	
  81:5547–5560.	
  

152.	
   Jones,	
  L.	
  J.,	
  S.	
  T.	
  Yue,	
  C.	
  Y.	
  Cheung,	
  and	
  V.	
  L.	
  Singer.	
  1998.	
  RNA	
  
quantitation	
  by	
  fluorescence-­‐based	
  solution	
  assay:	
  RiboGreen	
  reagent	
  



124	
  

characterization.	
  Anal.	
  Biochem.,	
  1999th	
  ed.	
  265:368–374.	
  
153.	
   Joshi,	
  A.,	
  H.	
  Garg,	
  K.	
  Nagashima,	
  J.	
  S.	
  Bonifacino,	
  and	
  E.	
  O.	
  Freed.	
  

2008.	
  GGA	
  and	
  Arf	
  proteins	
  modulate	
  retrovirus	
  assembly	
  and	
  release.	
  
Mol.	
  Cell	
  30:227–238.	
  

154.	
   Joshi,	
  A.,	
  K.	
  Nagashima,	
  and	
  E.	
  O.	
  Freed.	
  2009.	
  Defects	
  in	
  cellular	
  
sorting	
  and	
  retroviral	
  assembly	
  induced	
  by	
  GGA	
  overexpression.	
  BMC	
  
Cell	
  Biol.	
  10:72.	
  

155.	
   Jouvenet,	
  N.,	
  S.	
  M.	
  Simon,	
  and	
  P.	
  D.	
  Bieniasz.	
  2009.	
  Imaging	
  the	
  
interaction	
  of	
  HIV-­‐1	
  genomes	
  and	
  Gag	
  during	
  assembly	
  of	
  individual	
  
viral	
  particles.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  106:19114–19119.	
  

156.	
   Kahn,	
  R.	
  A.	
  2009.	
  Toward	
  a	
  model	
  for	
  Arf	
  GTPases	
  as	
  regulators	
  of	
  
traffic	
  at	
  the	
  Golgi.	
  FEBS	
  Lett.	
  583:3872–3879.	
  

157.	
   Kamga,	
  I.,	
  S.	
  Kahi,	
  L.	
  Develioglu,	
  M.	
  Lichtner,	
  C.	
  Marañón,	
  C.	
  Deveau,	
  
L.	
  Meyer,	
  C.	
  Goujard,	
  P.	
  Lebon,	
  M.	
  Sinet,	
  and	
  A.	
  Hosmalin.	
  2005.	
  Type	
  
I	
  interferon	
  production	
  is	
  profoundly	
  and	
  transiently	
  impaired	
  in	
  
primary	
  HIV-­‐1	
  infection.	
  J.	
  Infect.	
  Dis.	
  192:303–310.	
  

158.	
   Karn,	
  J.,	
  and	
  C.	
  M.	
  Stoltzfus.	
  2012.	
  Transcriptional	
  and	
  
Posttranscriptional	
  Regulation	
  of	
  HIV-­‐1	
  Gene	
  Expression.	
  Cold	
  Spring	
  
Harb	
  Perspect	
  Med	
  2:a006916.	
  

159.	
   Kato,	
  H.,	
  S.	
  Sato,	
  M.	
  Yoneyama,	
  M.	
  Yamamoto,	
  S.	
  Uematsu,	
  K.	
  Matsui,	
  
T.	
  Tsujimura,	
  K.	
  Takeda,	
  T.	
  Fujita,	
  O.	
  Takeuchi,	
  and	
  S.	
  Akira.	
  2005.	
  
Cell	
  type-­‐specific	
  involvement	
  of	
  RIG-­‐I	
  in	
  antiviral	
  response.	
  Immunity	
  
23:19–28.	
  

160.	
   Kato,	
  H.,	
  O.	
  Takeuchi,	
  S.	
  Sato,	
  M.	
  Yoneyama,	
  M.	
  Yamamoto,	
  K.	
  Matsui,	
  
S.	
  Uematsu,	
  A.	
  Jung,	
  T.	
  Kawai,	
  K.	
  J.	
  Ishii,	
  O.	
  Yamaguchi,	
  K.	
  Otsu,	
  T.	
  
Tsujimura,	
  C.-­‐S.	
  Koh,	
  C.	
  Reis	
  e	
  Sousa,	
  Y.	
  Matsuura,	
  T.	
  Fujita,	
  and	
  S.	
  
Akira.	
  2006.	
  Differential	
  roles	
  of	
  MDA5	
  and	
  RIG-­‐I	
  helicases	
  in	
  the	
  
recognition	
  of	
  RNA	
  viruses.	
  Nature	
  441:101–105.	
  

161.	
   Kaushik,	
  R.,	
  X.	
  Zhu,	
  R.	
  Stranska,	
  Y.	
  Wu,	
  and	
  M.	
  Stevenson.	
  2009.	
  A	
  
cellular	
  restriction	
  dictates	
  the	
  permissivity	
  of	
  nondividing	
  
monocytes/macrophages	
  to	
  lentivirus	
  and	
  gammaretrovirus	
  infection.	
  
Cell	
  Host	
  Microbe	
  6:68–80.	
  

162.	
   Keene,	
  S.	
  E.,	
  S.	
  R.	
  King,	
  and	
  A.	
  Telesnitsky.	
  2010.	
  7SL	
  RNA	
  is	
  retained	
  
in	
  HIV-­‐1	
  minimal	
  virus-­‐like	
  particles	
  as	
  an	
  S-­‐domain	
  fragment.	
  J.	
  Virol.	
  
84:9070–9077.	
  

163.	
   Khan,	
  M.	
  A.,	
  R.	
  Goila-­‐Gaur,	
  S.	
  Opi,	
  E.	
  Miyagi,	
  H.	
  Takeuchi,	
  S.	
  Kao,	
  and	
  
K.	
  Strebel.	
  2007.	
  Analysis	
  of	
  the	
  contribution	
  of	
  cellular	
  and	
  viral	
  RNA	
  
to	
  the	
  packaging	
  of	
  APOBEC3G	
  into	
  HIV-­‐1	
  virions.	
  Retrovirology	
  4:48.	
  

164.	
   Khan,	
  M.	
  A.,	
  S.	
  Kao,	
  E.	
  Miyagi,	
  H.	
  Takeuchi,	
  R.	
  Goila-­‐Gaur,	
  S.	
  Opi,	
  C.	
  L.	
  
Gipson,	
  T.	
  G.	
  Parslow,	
  H.	
  Ly,	
  and	
  K.	
  Strebel.	
  2005.	
  Viral	
  RNA	
  is	
  
required	
  for	
  the	
  association	
  of	
  APOBEC3G	
  with	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  nucleoprotein	
  complexes.	
  J.	
  Virol.	
  
79:5870–5874.	
  

165.	
   Kjems,	
  J.,	
  M.	
  Brown,	
  D.	
  D.	
  Chang,	
  and	
  P.	
  A.	
  Sharp.	
  1991.	
  Structural	
  
analysis	
  of	
  the	
  interaction	
  between	
  the	
  human	
  immunodeficiency	
  virus	
  
Rev	
  protein	
  and	
  the	
  Rev	
  response	
  element.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  



125	
  

88:683–687.	
  
166.	
   Kleiman,	
  L.	
  2002.	
  tRNA(Lys3):	
  the	
  primer	
  tRNA	
  for	
  reverse	
  

transcription	
  in	
  HIV-­‐1.	
  IUBMB	
  Life,	
  2002nd	
  ed.	
  53:107–114.	
  
167.	
   Kovaleski,	
  B.	
  J.,	
  R.	
  Kennedy,	
  M.	
  K.	
  Hong,	
  S.	
  A.	
  Datta,	
  L.	
  Kleiman,	
  A.	
  

Rein,	
  and	
  K.	
  Musier-­‐Forsyth.	
  2006.	
  In	
  vitro	
  characterization	
  of	
  the	
  
interaction	
  between	
  HIV-­‐1	
  Gag	
  and	
  human	
  lysyl-­‐tRNA	
  synthetase.	
  J.	
  Biol.	
  
Chem.,	
  2006th	
  ed.	
  281:19449–19456.	
  

168.	
   Kovaleski,	
  B.	
  J.,	
  R.	
  Kennedy,	
  A.	
  Khorchid,	
  L.	
  Kleiman,	
  H.	
  Matsuo,	
  and	
  
K.	
  Musier-­‐Forsyth.	
  2007.	
  Critical	
  role	
  of	
  helix	
  4	
  of	
  HIV-­‐1	
  capsid	
  C-­‐
terminal	
  domain	
  in	
  interactions	
  with	
  human	
  lysyl-­‐tRNA	
  synthetase.	
  J.	
  
Biol.	
  Chem.,	
  2007th	
  ed.	
  282:32274–32279.	
  

169.	
   Kräusslich,	
  H.	
  G.	
  1991.	
  Human	
  immunodeficiency	
  virus	
  proteinase	
  
dimer	
  as	
  component	
  of	
  the	
  viral	
  polyprotein	
  prevents	
  particle	
  assembly	
  
and	
  viral	
  infectivity.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  88:3213–3217.	
  

170.	
   Kräusslich,	
  H.	
  G.,	
  M.	
  Fäcke,	
  A.	
  M.	
  Heuser,	
  J.	
  Konvalinka,	
  and	
  H.	
  
Zentgraf.	
  1995.	
  The	
  spacer	
  peptide	
  between	
  human	
  immunodeficiency	
  
virus	
  capsid	
  and	
  nucleocapsid	
  proteins	
  is	
  essential	
  for	
  ordered	
  assembly	
  
and	
  viral	
  infectivity.	
  J.	
  Virol.	
  69:3407–3419.	
  

171.	
   Kriegs,	
  J.	
  O.,	
  G.	
  Churakov,	
  J.	
  Jurka,	
  J.	
  Brosius,	
  and	
  J.	
  Schmitz.	
  2007.	
  
Evolutionary	
  history	
  of	
  7SL	
  RNA-­‐derived	
  SINEs	
  in	
  Supraprimates.	
  
Trends	
  Genet.	
  23:158–161.	
  

172.	
   Kuglstatter,	
  A.,	
  C.	
  Oubridge,	
  and	
  K.	
  Nagai.	
  2002.	
  Induced	
  structural	
  
changes	
  of	
  7SL	
  RNA	
  during	
  the	
  assembly	
  of	
  human	
  signal	
  recognition	
  
particle.	
  Nat	
  Struct	
  Biol	
  9:740–744.	
  

173.	
   Kwong,	
  P.	
  D.,	
  R.	
  Wyatt,	
  J.	
  Robinson,	
  R.	
  W.	
  Sweet,	
  J.	
  Sodroski,	
  and	
  W.	
  
A.	
  Hendrickson.	
  1998.	
  Structure	
  of	
  an	
  HIV	
  gp120	
  envelope	
  glycoprotein	
  
in	
  complex	
  with	
  the	
  CD4	
  receptor	
  and	
  a	
  neutralizing	
  human	
  antibody.	
  
Nature	
  393:648–659.	
  

174.	
   Laguette,	
  N.,	
  B.	
  Sobhian,	
  N.	
  Casartelli,	
  M.	
  Ringeard,	
  C.	
  Chable-­‐Bessia,	
  
E.	
  Ségéral,	
  A.	
  Yatim,	
  S.	
  Emiliani,	
  O.	
  Schwartz,	
  and	
  M.	
  Benkirane.	
  
2011.	
  SAMHD1	
  is	
  the	
  dendritic-­‐	
  and	
  myeloid-­‐cell-­‐specific	
  HIV-­‐1	
  
restriction	
  

factor	
  counteracted	
  by	
  Vpx.	
  Nature	
  1–5.	
  
175.	
   Lahouassa,	
  H.,	
  W.	
  Daddacha,	
  H.	
  Hofmann,	
  D.	
  Ayinde,	
  E.	
  C.	
  Logue,	
  L.	
  

Dragin,	
  N.	
  Bloch,	
  C.	
  Maudet,	
  M.	
  Bertrand,	
  T.	
  Gramberg,	
  G.	
  Pancino,	
  S.	
  
Priet,	
  B.	
  Canard,	
  N.	
  Laguette,	
  M.	
  Benkirane,	
  C.	
  Transy,	
  N.	
  R.	
  Landau,	
  
B.	
  Kim,	
  and	
  F.	
  Margottin-­‐Goguet.	
  2012.	
  SAMHD1	
  restricts	
  the	
  
replication	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  by	
  depleting	
  the	
  
intracellular	
  pool	
  of	
  deoxynucleoside	
  triphosphates.	
  Nature	
  Publishing	
  
Group	
  13:223–228.	
  

176.	
   Laurent,	
  L.	
  C.,	
  M.	
  N.	
  Olsen,	
  R.	
  A.	
  Crowley,	
  H.	
  Savilahti,	
  and	
  P.	
  O.	
  
Brown.	
  2000.	
  Functional	
  characterization	
  of	
  the	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  genome	
  by	
  genetic	
  footprinting.	
  J.	
  Virol.,	
  
2000th	
  ed.	
  74:2760–2769.	
  

177.	
   Layne,	
  S.	
  P.,	
  M.	
  J.	
  Merges,	
  M.	
  Dembo,	
  J.	
  L.	
  Spouge,	
  S.	
  R.	
  Conley,	
  J.	
  P.	
  
Moore,	
  J.	
  L.	
  Raina,	
  H.	
  Renz,	
  H.	
  R.	
  Gelderblom,	
  and	
  P.	
  L.	
  Nara.	
  1992.	
  



126	
  

Factors	
  underlying	
  spontaneous	
  inactivation	
  and	
  susceptibility	
  to	
  
neutralization	
  of	
  human	
  immunodeficiency	
  virus.	
  Virology	
  189:695–
714.	
  

178.	
   Le	
  Tortorec,	
  A.,	
  S.	
  Willey,	
  and	
  S.	
  J.	
  D.	
  Neil.	
  2011.	
  Antiviral	
  Inhibition	
  of	
  
Enveloped	
  Virus	
  Release	
  by	
  Tetherin/BST-­‐2:	
  Action	
  and	
  Counteraction.	
  
Viruses	
  3:520–540.	
  

179.	
   Lecossier,	
  D.,	
  F.	
  Bouchonnet,	
  F.	
  Clavel,	
  and	
  A.	
  J.	
  Hance.	
  2003.	
  
Hypermutation	
  of	
  HIV-­‐1	
  DNA	
  in	
  the	
  absence	
  of	
  the	
  Vif	
  protein.	
  Science	
  
300:1112.	
  

180.	
   Leis,	
  J.	
  P.,	
  and	
  J.	
  Hurwitz.	
  1972.	
  RNA-­‐dependent	
  DNA	
  polymerase	
  
activity	
  of	
  RNA	
  tumor	
  viruses.	
  II.	
  Directing	
  influence	
  of	
  RNA	
  in	
  the	
  
reaction.	
  J.	
  Virol.	
  9:130–142.	
  

181.	
   Lempicki,	
  R.	
  A.,	
  J.	
  A.	
  Kovacs,	
  M.	
  W.	
  Baseler,	
  J.	
  W.	
  Adelsberger,	
  R.	
  L.	
  
Dewar,	
  V.	
  Natarajan,	
  M.	
  C.	
  Bosche,	
  J.	
  A.	
  Metcalf,	
  R.	
  A.	
  Stevens,	
  L.	
  A.	
  
Lambert,	
  W.	
  G.	
  Alvord,	
  M.	
  A.	
  Polis,	
  R.	
  T.	
  Davey,	
  D.	
  S.	
  Dimitrov,	
  and	
  H.	
  
C.	
  Lane.	
  2000.	
  Impact	
  of	
  HIV-­‐1	
  infection	
  and	
  highly	
  active	
  antiretroviral	
  
therapy	
  on	
  the	
  kinetics	
  of	
  CD4+	
  and	
  CD8+	
  T	
  cell	
  turnover	
  in	
  HIV-­‐infected	
  
patients.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  97:13778–13783.	
  

182.	
   Lever,	
  A.	
  2007.	
  HIV-­‐1	
  RNA	
  Packaging.	
  Elsevier.	
  
183.	
   Lever,	
  A.,	
  H.	
  Gottlinger,	
  W.	
  Haseltine,	
  and	
  J.	
  Sodroski.	
  1989.	
  

Identification	
  of	
  a	
  sequence	
  required	
  for	
  efficient	
  packaging	
  of	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  RNA	
  into	
  virions.	
  J.	
  Virol.	
  63:4085–4087.	
  

184.	
   Lever,	
  R.	
  A.,	
  and	
  A.	
  M.	
  L.	
  Lever.	
  2011.	
  Intracellular	
  Defenses	
  Against	
  
HIV,	
  Viral	
  Evasion	
  and	
  Novel	
  Therapeutic	
  Approaches.	
  Journal	
  of	
  the	
  
Formosan	
  Medical	
  Association	
  110:350–362.	
  

185.	
   Lewinski,	
  M.	
  K.,	
  M.	
  Yamashita,	
  M.	
  Emerman,	
  A.	
  Ciuffi,	
  H.	
  Marshall,	
  G.	
  
Crawford,	
  F.	
  Collins,	
  P.	
  Shinn,	
  J.	
  Leipzig,	
  S.	
  Hannenhalli,	
  C.	
  C.	
  Berry,	
  J.	
  
R.	
  Ecker,	
  and	
  F.	
  D.	
  Bushman.	
  2006.	
  Retroviral	
  DNA	
  integration:	
  viral	
  
and	
  cellular	
  determinants	
  of	
  target-­‐site	
  selection.	
  PLoS	
  Pathog.	
  2:e60.	
  

186.	
   Li,	
  S.,	
  C.	
  P.	
  Hill,	
  W.	
  I.	
  Sundquist,	
  and	
  J.	
  T.	
  Finch.	
  2000.	
  Image	
  
reconstructions	
  of	
  helical	
  assemblies	
  of	
  the	
  HIV-­‐1	
  CA	
  protein.	
  Nature,	
  
2000th	
  ed.	
  407:409–413.	
  

187.	
   Lin,	
  F.	
  H.,	
  and	
  H.	
  Thormar.	
  1971.	
  Characterization	
  of	
  ribonucleic	
  acid	
  
from	
  visna	
  virus.	
  J.	
  Virol.	
  7:582–587.	
  

188.	
   Linial,	
  M.	
  L.,	
  and	
  A.	
  D.	
  Miller.	
  1990.	
  Retroviral	
  RNA	
  packaging:	
  
sequence	
  requirements	
  and	
  implications.	
  Curr.	
  Top.	
  Microbiol.	
  Immunol.	
  
157:125–152.	
  

189.	
   Llano,	
  M.,	
  J.	
  Morrison,	
  and	
  E.	
  M.	
  Poeschla.	
  2009.	
  Virological	
  and	
  
cellular	
  roles	
  of	
  the	
  transcriptional	
  coactivator	
  LEDGF/p75.	
  Curr.	
  Top.	
  
Microbiol.	
  Immunol.	
  339:125–146.	
  

190.	
   Lopez,	
  C.,	
  P.	
  A.	
  Fitzgerald,	
  and	
  F.	
  P.	
  Siegal.	
  1983.	
  Severe	
  acquired	
  
immune	
  deficiency	
  syndrome	
  in	
  male	
  homosexuals:	
  diminished	
  capacity	
  
to	
  make	
  interferon-­‐alpha	
  in	
  vitro	
  associated	
  with	
  severe	
  opportunistic	
  
infections.	
  J.	
  Infect.	
  Dis.	
  148:962–966.	
  

191.	
   Lu,	
  K.,	
  X.	
  Heng,	
  L.	
  Garyu,	
  S.	
  Monti,	
  E.	
  L.	
  Garcia,	
  S.	
  Kharytonchyk,	
  B.	
  
Dorjsuren,	
  G.	
  Kulandaivel,	
  S.	
  Jones,	
  A.	
  Hiremath,	
  S.	
  S.	
  Divakaruni,	
  C.	
  



127	
  

LaCotti,	
  S.	
  Barton,	
  D.	
  Tummillo,	
  A.	
  Hosic,	
  K.	
  Edme,	
  S.	
  Albrecht,	
  A.	
  
Telesnitsky,	
  and	
  M.	
  F.	
  Summers.	
  2011.	
  NMR	
  detection	
  of	
  structures	
  in	
  
the	
  HIV-­‐1	
  5'-­‐leader	
  RNA	
  that	
  regulate	
  genome	
  packaging.	
  Science	
  
334:242–245.	
  

192.	
   Lu,	
  K.,	
  X.	
  Heng,	
  and	
  M.	
  F.	
  Summers.	
  2011.	
  Structural	
  determinants	
  and	
  
mechanism	
  of	
  HIV-­‐1	
  genome	
  packaging.	
  J.	
  Mol.	
  Biol.	
  410:609–633.	
  

193.	
   Luirink,	
  J.,	
  and	
  I.	
  Sinning.	
  2004.	
  SRP-­‐mediated	
  protein	
  targeting:	
  
structure	
  and	
  function	
  revisited.	
  Biochim.	
  Biophys.	
  Acta	
  1694:17–35.	
  

194.	
   Ma,	
  J.,	
  X.	
  Li,	
  J.	
  Xu,	
  Q.	
  Zhang,	
  Z.	
  Liu,	
  P.	
  Jia,	
  J.	
  Zhou,	
  F.	
  Guo,	
  X.	
  You,	
  L.	
  Yu,	
  
L.	
  Zhao,	
  J.	
  Jiang,	
  and	
  S.	
  Cen.	
  2011.	
  The	
  cellular	
  source	
  for	
  APOBEC3G's	
  
incorporation	
  into	
  HIV-­‐1.	
  Retrovirology	
  8:2.	
  

195.	
   Ma,	
  Y.	
  M.,	
  and	
  V.	
  M.	
  Vogt.	
  2004.	
  Nucleic	
  acid	
  binding-­‐induced	
  Gag	
  
dimerization	
  in	
  the	
  assembly	
  of	
  Rous	
  sarcoma	
  virus	
  particles	
  in	
  vitro.	
  J.	
  
Virol.	
  78:52–60.	
  

196.	
   Ma,	
  Y.	
  M.,	
  and	
  V.	
  M.	
  Vogt.	
  2002.	
  Rous	
  sarcoma	
  virus	
  Gag	
  protein-­‐
oligonucleotide	
  interaction	
  suggests	
  a	
  critical	
  role	
  for	
  protein	
  dimer	
  
formation	
  in	
  assembly.	
  J.	
  Virol.	
  76:5452–5462.	
  

197.	
   Maity,	
  T.	
  S.,	
  C.	
  W.	
  Leonard,	
  M.	
  A.	
  Rose,	
  H.	
  M.	
  Fried,	
  and	
  K.	
  M.	
  Weeks.	
  
2006.	
  Compartmentalization	
  directs	
  assembly	
  of	
  the	
  signal	
  recognition	
  
particle.	
  Biochemistry	
  45:14955–14964.	
  

198.	
   Mak,	
  J.,	
  M.	
  Jiang,	
  M.	
  A.	
  Wainberg,	
  M.	
  L.	
  Hammarskjöld,	
  D.	
  Rekosh,	
  
and	
  L.	
  Kleiman.	
  1994.	
  Role	
  of	
  Pr160gag-­‐pol	
  in	
  mediating	
  the	
  selective	
  
incorporation	
  of	
  tRNA(Lys)	
  into	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  
particles.	
  J.	
  Virol.	
  68:2065–2072.	
  

199.	
   Mak,	
  J.,	
  and	
  L.	
  Kleiman.	
  1997.	
  Primer	
  tRNAs	
  for	
  reverse	
  transcription.	
  J.	
  
Virol.,	
  1997th	
  ed.	
  71:8087–8095.	
  

200.	
   Malim,	
  M.	
  H.,	
  J.	
  Hauber,	
  S.	
  Y.	
  Le,	
  J.	
  V.	
  Maizel,	
  and	
  B.	
  R.	
  Cullen.	
  1989.	
  
The	
  HIV-­‐1	
  rev	
  trans-­‐activator	
  acts	
  through	
  a	
  structured	
  target	
  sequence	
  
to	
  activate	
  nuclear	
  export	
  of	
  unspliced	
  viral	
  mRNA.	
  Nature	
  338:254–
257.	
  

201.	
   Mammano,	
  F.,	
  A.	
  Ohagen,	
  S.	
  Hoglund,	
  and	
  H.	
  G.	
  Gottlinger.	
  1994.	
  Role	
  
of	
  the	
  major	
  homology	
  region	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  
in	
  virion	
  morphogenesis.	
  J.	
  Virol.	
  68:4927–4936.	
  

202.	
   Mangeat,	
  B.,	
  G.	
  Gers-­‐Huber,	
  M.	
  Lehmann,	
  M.	
  Zufferey,	
  J.	
  Luban,	
  and	
  
V.	
  Piguet.	
  2009.	
  HIV-­‐1	
  Vpu	
  Neutralizes	
  the	
  Antiviral	
  Factor	
  
Tetherin/BST-­‐2	
  by	
  Binding	
  It	
  and	
  Directing	
  Its	
  Beta-­‐TrCP2-­‐Dependent	
  
Degradation.	
  PLoS	
  Pathog.	
  5:e1000574.	
  

203.	
   Mangeat,	
  B.,	
  P.	
  Turelli,	
  G.	
  Caron,	
  M.	
  Friedli,	
  L.	
  Perrin,	
  and	
  D.	
  Trono.	
  
2003.	
  Broad	
  antiretroviral	
  defence	
  by	
  human	
  APOBEC3G	
  through	
  lethal	
  
editing	
  of	
  nascent	
  reverse	
  transcripts.	
  Nature	
  424:99–103.	
  

204.	
   Martinez,	
  N.	
  W.,	
  X.	
  Xue,	
  R.	
  G.	
  Berro,	
  G.	
  Kreitzer,	
  and	
  M.	
  D.	
  Resh.	
  2008.	
  
Kinesin	
  KIF4	
  regulates	
  intracellular	
  trafficking	
  and	
  stability	
  of	
  the	
  
human	
  immunodeficiency	
  virus	
  type	
  1	
  Gag	
  polyprotein.	
  J.	
  Virol.	
  
82:9937–9950.	
  

205.	
   Mehle,	
  A.	
  2003.	
  Vif	
  Overcomes	
  the	
  Innate	
  Antiviral	
  Activity	
  of	
  
APOBEC3G	
  by	
  Promoting	
  Its	
  Degradation	
  in	
  the	
  Ubiquitin-­‐Proteasome	
  



128	
  

Pathway.	
  J.	
  Biol.	
  Chem.	
  279:7792–7798.	
  
206.	
   Meier,	
  A.,	
  G.	
  Alter,	
  N.	
  Frahm,	
  H.	
  Sidhu,	
  B.	
  Li,	
  A.	
  Bagchi,	
  N.	
  Teigen,	
  H.	
  

Streeck,	
  H.	
  J.	
  Stellbrink,	
  J.	
  Hellman,	
  J.	
  van	
  Lunzen,	
  and	
  M.	
  Altfeld.	
  
2007.	
  MyD88-­‐Dependent	
  Immune	
  Activation	
  Mediated	
  by	
  Human	
  
Immunodeficiency	
  Virus	
  Type	
  1-­‐Encoded	
  Toll-­‐Like	
  Receptor	
  Ligands.	
  J.	
  
Virol.	
  81:8180–8191.	
  

207.	
   Melikyan,	
  G.	
  B.	
  2008.	
  Common	
  principles	
  and	
  intermediates	
  of	
  viral	
  
protein-­‐mediated	
  fusion:	
  the	
  HIV-­‐1	
  paradigm.	
  Retrovirology	
  5:111.	
  

208.	
   Menichelli,	
  E.,	
  C.	
  Isel,	
  C.	
  Oubridge,	
  and	
  K.	
  Nagai.	
  2007.	
  Protein-­‐
induced	
  conformational	
  changes	
  of	
  RNA	
  during	
  the	
  assembly	
  of	
  human	
  
signal	
  recognition	
  particle.	
  J.	
  Mol.	
  Biol.	
  367:187–203.	
  

209.	
   Mercenne,	
  G.,	
  S.	
  Bernacchi,	
  D.	
  Richer,	
  G.	
  Bec,	
  S.	
  Henriet,	
  J.	
  C.	
  Paillart,	
  
and	
  R.	
  Marquet.	
  2010.	
  HIV-­‐1	
  Vif	
  binds	
  to	
  APOBEC3G	
  mRNA	
  and	
  inhibits	
  
its	
  translation.	
  Nucleic	
  Acids	
  Res.	
  38:633–646.	
  

210.	
   Miller,	
  M.	
  D.,	
  C.	
  M.	
  Farnet,	
  and	
  F.	
  D.	
  Bushman.	
  1997.	
  Human	
  
immunodeficiency	
  virus	
  type	
  1	
  preintegration	
  complexes:	
  studies	
  of	
  
organization	
  and	
  composition.	
  J.	
  Virol.	
  71:5382–5390.	
  

211.	
   Miyauchi,	
  K.,	
  Y.	
  Kim,	
  O.	
  Latinovic,	
  V.	
  Morozov,	
  and	
  G.	
  B.	
  Melikyan.	
  
2009.	
  HIV	
  Enters	
  Cells	
  via	
  Endocytosis	
  and	
  Dynamin-­‐Dependent	
  Fusion	
  
with	
  Endosomes.	
  Cell	
  137:433–444.	
  

212.	
   Miyazaki,	
  Y.,	
  E.	
  L.	
  Garcia,	
  S.	
  R.	
  King,	
  K.	
  Iyalla,	
  K.	
  Loeliger,	
  P.	
  Starck,	
  S.	
  
Syed,	
  A.	
  Telesnitsky,	
  and	
  M.	
  F.	
  Summers.	
  2010.	
  An	
  RNA	
  structural	
  
switch	
  regulates	
  diploid	
  genome	
  packaging	
  by	
  Moloney	
  murine	
  
leukemia	
  virus.	
  J.	
  Mol.	
  Biol.	
  396:141–152.	
  

213.	
   Mogensen,	
  T.	
  H.	
  2009.	
  Pathogen	
  Recognition	
  and	
  Inflammatory	
  
Signaling	
  in	
  Innate	
  Immune	
  Defenses.	
  Clinical	
  Microbiology	
  Reviews	
  
22:240–273.	
  

214.	
   Mogensen,	
  T.	
  H.,	
  J.	
  Melchjorsen,	
  C.	
  S.	
  Larsen,	
  and	
  S.	
  R.	
  Paludan.	
  2010.	
  
Innate	
  immune	
  recognition	
  and	
  activation	
  during	
  HIV	
  infection.	
  
Retrovirology	
  7:54.	
  

215.	
   Moore,	
  M.	
  D.,	
  O.	
  A.	
  Nikolaitchik,	
  J.	
  Chen,	
  M.-­‐L.	
  Hammarskjöld,	
  D.	
  
Rekosh,	
  and	
  W.-­‐S.	
  Hu.	
  2009.	
  Probing	
  the	
  HIV-­‐1	
  genomic	
  RNA	
  
trafficking	
  pathway	
  and	
  dimerization	
  by	
  genetic	
  recombination	
  and	
  
single	
  virion	
  analyses.	
  PLoS	
  Pathog.	
  5:e1000627.	
  

216.	
   Mougel,	
  M.,	
  L.	
  Houzet,	
  and	
  J.	
  L.	
  Darlix.	
  2009.	
  When	
  is	
  it	
  time	
  for	
  
reverse	
  transcription	
  to	
  start	
  and	
  go?	
  Retrovirology,	
  2009th	
  ed.	
  6:24.	
  

217.	
   Muesing,	
  M.	
  A.,	
  D.	
  H.	
  Smith,	
  and	
  D.	
  J.	
  Capon.	
  1987.	
  Regulation	
  of	
  mRNA	
  
accumulation	
  by	
  a	
  human	
  immunodeficiency	
  virus	
  trans-­‐activator	
  
protein.	
  Cell	
  48:691–701.	
  

218.	
   Muriaux,	
  D.,	
  J.	
  Mirro,	
  D.	
  Harvin,	
  and	
  A.	
  Rein.	
  2001.	
  RNA	
  is	
  a	
  structural	
  
element	
  in	
  retrovirus	
  particles.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  98:5246–
5251.	
  

219.	
   Müller,	
  B.,	
  M.	
  Anders,	
  H.	
  Akiyama,	
  S.	
  Welsch,	
  B.	
  Glass,	
  K.	
  Nikovics,	
  F.	
  
Clavel,	
  H.-­‐M.	
  Tervo,	
  O.	
  T.	
  Keppler,	
  and	
  H.-­‐G.	
  Kräusslich.	
  2009.	
  HIV-­‐1	
  
Gag	
  processing	
  intermediates	
  trans-­‐dominantly	
  interfere	
  with	
  HIV-­‐1	
  
infectivity.	
  J.	
  Biol.	
  Chem.	
  284:29692–29703.	
  



129	
  

220.	
   Münk,	
  C.,	
  S.	
  M.	
  Brandt,	
  G.	
  Lucero,	
  and	
  N.	
  R.	
  Landau.	
  2002.	
  A	
  dominant	
  
block	
  to	
  HIV-­‐1	
  replication	
  at	
  reverse	
  transcription	
  in	
  simian	
  cells.	
  Proc.	
  
Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  99:13843–13848.	
  

221.	
   Nabel,	
  G.,	
  and	
  D.	
  Baltimore.	
  1987.	
  An	
  inducible	
  transcription	
  factor	
  
activates	
  expression	
  of	
  human	
  immunodeficiency	
  virus	
  in	
  T	
  cells.	
  Nature	
  
326:711–713.	
  

222.	
   Naghavi,	
  M.	
  H.,	
  and	
  S.	
  P.	
  Goff.	
  2007.	
  Retroviral	
  proteins	
  that	
  interact	
  
with	
  the	
  host	
  cell	
  cytoskeleton.	
  Curr.	
  Opin.	
  Immunol.	
  19:402–407.	
  

223.	
   Nakatsu,	
  F.,	
  and	
  H.	
  Ohno.	
  2003.	
  Adaptor	
  protein	
  complexes	
  as	
  the	
  key	
  
regulators	
  of	
  protein	
  sorting	
  in	
  the	
  post-­‐Golgi	
  network.	
  Cell	
  Struct.	
  
Funct.	
  28:419–429.	
  

224.	
   Naldini,	
  L.,	
  U.	
  Blomer,	
  P.	
  Gallay,	
  D.	
  Ory,	
  R.	
  Mulligan,	
  F.	
  H.	
  Gage,	
  I.	
  M.	
  
Verma,	
  and	
  D.	
  Trono.	
  1996.	
  In	
  vivo	
  gene	
  delivery	
  and	
  stable	
  
transduction	
  of	
  nondividing	
  cells	
  by	
  a	
  lentiviral	
  vector.	
  Science	
  
272:263–267.	
  

225.	
   Neil,	
  S.	
  J.	
  D.,	
  V.	
  Sandrin,	
  W.	
  I.	
  Sundquist,	
  and	
  P.	
  D.	
  Bieniasz.	
  2007.	
  An	
  
Interferon-­‐α-­‐Induced	
  Tethering	
  Mechanism	
  Inhibits	
  HIV-­‐1	
  and	
  Ebola	
  
Virus	
  Particle	
  Release	
  but	
  Is	
  Counteracted	
  by	
  the	
  HIV-­‐1	
  Vpu	
  Protein.	
  Cell	
  
Host	
  Microbe	
  2:193–203.	
  

226.	
   Neil,	
  S.	
  J.	
  D.,	
  T.	
  Zang,	
  and	
  P.	
  D.	
  Bieniasz.	
  2008.	
  Tetherin	
  inhibits	
  
retrovirus	
  release	
  and	
  is	
  antagonized	
  by	
  HIV-­‐1	
  Vpu.	
  Nature	
  451:425–
430.	
  

227.	
   Neville,	
  M.,	
  F.	
  Stutz,	
  L.	
  Lee,	
  L.	
  I.	
  Davis,	
  and	
  M.	
  Rosbash.	
  1997.	
  The	
  
importin-­‐beta	
  family	
  member	
  Crm1p	
  bridges	
  the	
  interaction	
  between	
  
Rev	
  and	
  the	
  nuclear	
  pore	
  complex	
  during	
  nuclear	
  export.	
  Curr.	
  Biol.	
  
7:767–775.	
  

228.	
   Newman,	
  E.	
  N.	
  C.,	
  R.	
  K.	
  Holmes,	
  H.	
  M.	
  Craig,	
  K.	
  C.	
  Klein,	
  J.	
  R.	
  Lingappa,	
  
M.	
  H.	
  Malim,	
  and	
  A.	
  M.	
  Sheehy.	
  2005.	
  Antiviral	
  function	
  of	
  APOBEC3G	
  
can	
  be	
  dissociated	
  from	
  cytidine	
  deaminase	
  activity.	
  Curr.	
  Biol.	
  15:166–
170.	
  

229.	
   Newman,	
  R.	
  M.,	
  and	
  W.	
  E.	
  Johnson.	
  2007.	
  A	
  brief	
  history	
  of	
  
TRIM5alpha.	
  AIDS	
  Rev	
  9:114–125.	
  

230.	
   Ni,	
  X.,	
  M.	
  Castanares,	
  A.	
  Mukherjee,	
  and	
  S.	
  E.	
  Lupold.	
  2011.	
  Nucleic	
  
acid	
  aptamers:	
  clinical	
  applications	
  and	
  promising	
  new	
  horizons.	
  Curr.	
  
Med.	
  Chem.	
  18:4206–4214.	
  

231.	
   Niewiadomska,	
  A.	
  M.,	
  and	
  X.-­‐F.	
  Yu.	
  2009.	
  Host	
  Restriction	
  of	
  HIV-­‐1	
  by	
  
APOBEC3	
  and	
  Viral	
  Evaision	
  through	
  Vif.	
  Springer	
  Berlin	
  Heidelberg,	
  
Berlin,	
  Heidelberg.	
  

232.	
   Nisole,	
  S.,	
  J.	
  P.	
  Stoye,	
  and	
  A.	
  Saïb.	
  2005.	
  TRIM	
  family	
  proteins:	
  
retroviral	
  restriction	
  and	
  antiviral	
  defence.	
  Nat	
  Rev	
  Micro	
  3:799–808.	
  

233.	
   O'Reilly,	
  L.,	
  and	
  M.	
  J.	
  Roth.	
  2000.	
  Second-­‐site	
  changes	
  affect	
  viability	
  of	
  
amphotropic/ecotropic	
  chimeric	
  enveloped	
  murine	
  leukemia	
  viruses.	
  J.	
  
Virol.	
  74:899–913.	
  

234.	
   Ohno,	
  H.	
  2006.	
  Clathrin-­‐associated	
  adaptor	
  protein	
  complexes.	
  J.	
  Cell.	
  
Sci.	
  119:3719–3721.	
  

235.	
   Onafuwa-­‐Nuga,	
  A.,	
  and	
  A.	
  Telesnitsky.	
  2009.	
  The	
  remarkable	
  



130	
  

frequency	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  genetic	
  
recombination.	
  Microbiol	
  Mol	
  Biol	
  Rev,	
  2009th	
  ed.	
  73:451–80,	
  Table	
  of	
  
Contents.	
  

236.	
   Onafuwa-­‐Nuga,	
  A.	
  A.,	
  S.	
  R.	
  King,	
  and	
  A.	
  Telesnitsky.	
  2005.	
  Nonrandom	
  
packaging	
  of	
  host	
  RNAs	
  in	
  moloney	
  murine	
  leukemia	
  virus.	
  J.	
  Virol.	
  
79:13528–13537.	
  

237.	
   Onafuwa-­‐Nuga,	
  A.	
  A.,	
  A.	
  Telesnitsky,	
  and	
  S.	
  R.	
  King.	
  2006.	
  7SL	
  RNA,	
  
but	
  not	
  the	
  54-­‐kd	
  signal	
  recognition	
  particle	
  protein,	
  is	
  an	
  abundant	
  
component	
  of	
  both	
  infectious	
  HIV-­‐1	
  and	
  minimal	
  virus-­‐like	
  particles.	
  
RNA	
  12:542–546.	
  

238.	
   Ono,	
  A.,	
  S.	
  D.	
  Ablan,	
  S.	
  J.	
  Lockett,	
  K.	
  Nagashima,	
  and	
  E.	
  O.	
  Freed.	
  2004.	
  
Phosphatidylinositol	
  (4,5)	
  bisphosphate	
  regulates	
  HIV-­‐1	
  Gag	
  targeting	
  
to	
  the	
  plasma	
  membrane.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.,	
  2004th	
  ed.	
  
101:14889–14894.	
  

239.	
   Ono,	
  A.,	
  J.	
  M.	
  Orenstein,	
  and	
  E.	
  O.	
  Freed.	
  2000.	
  Role	
  of	
  the	
  Gag	
  matrix	
  
domain	
  in	
  targeting	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  assembly.	
  J.	
  
Virol.	
  74:2855–2866.	
  

240.	
   Ono,	
  A.,	
  and	
  E.	
  O.	
  Freed.	
  2004.	
  Cell-­‐type-­‐dependent	
  targeting	
  of	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  assembly	
  to	
  the	
  plasma	
  membrane	
  and	
  
the	
  multivesicular	
  body.	
  J.	
  Virol.	
  78:1552–1563.	
  

241.	
   Ott,	
  D.	
  E.,	
  L.	
  V.	
  Coren,	
  E.	
  N.	
  Chertova,	
  T.	
  D.	
  Gagliardi,	
  K.	
  Nagashima,	
  R.	
  
C.	
  Sowder,	
  D.	
  T.	
  K.	
  Poon,	
  and	
  R.	
  J.	
  Gorelick.	
  2003.	
  Elimination	
  of	
  
protease	
  activity	
  restores	
  efficient	
  virion	
  production	
  to	
  a	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  nucleocapsid	
  deletion	
  mutant.	
  J.	
  Virol.	
  
77:5547–5556.	
  

242.	
   Oubridge,	
  C.,	
  A.	
  Kuglstatter,	
  L.	
  Jovine,	
  and	
  K.	
  Nagai.	
  2002.	
  Crystal	
  
structure	
  of	
  SRP19	
  in	
  complex	
  with	
  the	
  S	
  domain	
  of	
  SRP	
  RNA	
  and	
  its	
  
implication	
  for	
  the	
  assembly	
  of	
  the	
  signal	
  recognition	
  particle.	
  Mol.	
  Cell	
  
9:1251–1261.	
  

243.	
   Parent,	
  L.	
  J.,	
  and	
  N.	
  Gudleski.	
  2011.	
  Beyond	
  Plasma	
  Membrane	
  
Targeting:	
  Role	
  of	
  the	
  MA	
  domain	
  of	
  Gag	
  in	
  Retroviral	
  Genome	
  
Encapsidation.	
  J.	
  Mol.	
  Biol.	
  410:553–564.	
  

244.	
   Paule,	
  M.	
  R.,	
  and	
  R.	
  J.	
  White.	
  2000.	
  Survey	
  and	
  summary:	
  transcription	
  
by	
  RNA	
  polymerases	
  I	
  and	
  III.	
  Nucleic	
  Acids	
  Res.,	
  2000th	
  ed.	
  28:1283–
1298.	
  

245.	
   Peluso,	
  P.,	
  D.	
  Herschlag,	
  S.	
  Nock,	
  D.	
  M.	
  Freymann,	
  A.	
  E.	
  Johnson,	
  and	
  
P.	
  Walter.	
  2000.	
  Role	
  of	
  4.5S	
  RNA	
  in	
  assembly	
  of	
  the	
  bacterial	
  signal	
  
recognition	
  particle	
  with	
  its	
  receptor.	
  Science	
  288:1640–1643.	
  

246.	
   Peluso,	
  P.,	
  S.	
  O.	
  Shan,	
  S.	
  Nock,	
  D.	
  Herschlag,	
  and	
  P.	
  Walter.	
  2001.	
  Role	
  
of	
  SRP	
  RNA	
  in	
  the	
  GTPase	
  cycles	
  of	
  Ffh	
  and	
  FtsY.	
  Biochemistry,	
  2001st	
  
ed.	
  40:15224–15233.	
  

247.	
   Perez-­‐Caballero,	
  D.,	
  T.	
  Hatziioannou,	
  J.	
  Martin-­‐Serrano,	
  and	
  P.	
  D.	
  
Bieniasz.	
  2004.	
  Human	
  immunodeficiency	
  virus	
  type	
  1	
  matrix	
  inhibits	
  
and	
  confers	
  cooperativity	
  on	
  gag	
  precursor-­‐membrane	
  interactions.	
  J.	
  
Virol.	
  78:9560–9563.	
  

248.	
   Perez-­‐Caballero,	
  D.,	
  T.	
  Zang,	
  A.	
  Ebrahimi,	
  M.	
  W.	
  McNatt,	
  D.	
  A.	
  



131	
  

Gregory,	
  M.	
  C.	
  Johnson,	
  and	
  P.	
  D.	
  Bieniasz.	
  2009.	
  Tetherin	
  Inhibits	
  
HIV-­‐1	
  Release	
  by	
  Directly	
  Tethering	
  Virions	
  to	
  Cells.	
  Cell	
  139:499–511.	
  

249.	
   Pettit,	
  S.	
  C.,	
  N.	
  Sheng,	
  R.	
  Tritch,	
  S.	
  Erickson-­‐Viitanen,	
  and	
  R.	
  
Swanstrom.	
  1998.	
  The	
  regulation	
  of	
  sequential	
  processing	
  of	
  HIV-­‐1	
  Gag	
  
by	
  the	
  viral	
  protease.	
  Adv.	
  Exp.	
  Med.	
  Biol.	
  436:15–25.	
  

250.	
   Pfeiffer,	
  J.	
  K.,	
  R.	
  S.	
  Topping,	
  N.	
  H.	
  Shin,	
  and	
  A.	
  Telesnitsky.	
  1999.	
  
Altering	
  the	
  intracellular	
  environment	
  increases	
  the	
  frequency	
  of	
  
tandem	
  repeat	
  deletion	
  during	
  Moloney	
  murine	
  leukemia	
  virus	
  reverse	
  
transcription.	
  J.	
  Virol.,	
  1999th	
  ed.	
  73:8441–8447.	
  

251.	
   Planelles,	
  V.,	
  and	
  S.	
  Benichou.	
  2009.	
  Vpr	
  and	
  Its	
  Interactions	
  with	
  
Cellular	
  Proteins.	
  Springer	
  Berlin	
  Heidelberg,	
  Berlin,	
  Heidelberg.	
  

252.	
   Politz,	
  J.	
  C.,	
  L.	
  B.	
  Lewandowski,	
  and	
  T.	
  Pederson.	
  2002.	
  Signal	
  
recognition	
  particle	
  RNA	
  localization	
  within	
  the	
  nucleolus	
  differs	
  from	
  
the	
  classical	
  sites	
  of	
  ribosome	
  synthesis.	
  J.	
  Cell	
  Biol.	
  159:411–418.	
  

253.	
   Politz,	
  J.	
  C.,	
  S.	
  Yarovoi,	
  S.	
  M.	
  Kilroy,	
  K.	
  Gowda,	
  C.	
  Zwieb,	
  and	
  T.	
  
Pederson.	
  2000.	
  Signal	
  recognition	
  particle	
  components	
  in	
  the	
  
nucleolus.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.,	
  2000th	
  ed.	
  97:55–60.	
  

254.	
   Pollard,	
  V.	
  W.,	
  and	
  M.	
  H.	
  Malim.	
  1998.	
  The	
  HIV-­‐1	
  Rev	
  protein.	
  Annu.	
  
Rev.	
  Microbiol.	
  52:491–532.	
  

255.	
   Qiao,	
  X.,	
  B.	
  He,	
  A.	
  Chiu,	
  D.	
  M.	
  Knowles,	
  A.	
  Chadburn,	
  and	
  A.	
  Cerutti.	
  
2006.	
  Human	
  immunodeficiency	
  virus	
  1	
  Nef	
  suppresses	
  CD40-­‐
dependent	
  immunoglobulin	
  class	
  switching	
  in	
  bystander	
  B	
  cells.	
  Nat.	
  
Immunol.	
  7:302–310.	
  

256.	
   Querido,	
  E.,	
  and	
  P.	
  Chartrand.	
  2008.	
  Using	
  fluorescent	
  proteins	
  to	
  
study	
  mRNA	
  trafficking	
  in	
  living	
  cells.	
  Methods	
  Cell	
  Biol.	
  85:273–292.	
  

257.	
   Rein,	
  A.,	
  S.	
  A.	
  K.	
  Datta,	
  C.	
  P.	
  Jones,	
  and	
  K.	
  Musier-­‐Forsyth.	
  2011.	
  
Diverse	
  interactions	
  of	
  retroviral	
  Gag	
  proteins	
  with	
  RNAs.	
  Trends	
  
Biochem.	
  Sci.	
  36:373–380.	
  

258.	
   Rice,	
  W.	
  G.,	
  C.	
  A.	
  Schaeffer,	
  B.	
  Harten,	
  F.	
  Villinger,	
  T.	
  L.	
  South,	
  M.	
  F.	
  
Summers,	
  L.	
  E.	
  Henderson,	
  J.	
  W.	
  Bess,	
  L.	
  O.	
  Arthur,	
  and	
  J.	
  S.	
  
McDougal.	
  1993.	
  Inhibition	
  of	
  HIV-­‐1	
  infectivity	
  by	
  zinc-­‐ejecting	
  
aromatic	
  C-­‐nitroso	
  compounds.	
  Nature	
  361:473–475.	
  

259.	
   Roe,	
  T.,	
  T.	
  C.	
  Reynolds,	
  G.	
  Yu,	
  and	
  P.	
  O.	
  Brown.	
  1993.	
  Integration	
  of	
  
murine	
  leukemia	
  virus	
  DNA	
  depends	
  on	
  mitosis.	
  EMBO	
  J.	
  12:2099–2108.	
  

260.	
   Rold,	
  C.	
  J.,	
  and	
  C.	
  Aiken.	
  2008.	
  Proteasomal	
  degradation	
  of	
  TRIM5alpha	
  
during	
  retrovirus	
  restriction.	
  PLoS	
  Pathog.	
  4:e1000074.	
  

261.	
   Romani,	
  B.,	
  S.	
  Engelbrecht,	
  and	
  R.	
  H.	
  Glashoff.	
  2009.	
  Functions	
  of	
  Tat:	
  
the	
  versatile	
  protein	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  1.	
  Journal	
  of	
  
General	
  Virology	
  91:1–12.	
  

262.	
   Rowold,	
  D.	
  J.,	
  and	
  R.	
  J.	
  Herrera.	
  2000.	
  Alu	
  elements	
  and	
  the	
  human	
  
genome.	
  Genetica	
  108:57–72.	
  

263.	
   Rulli,	
  S.	
  J.,	
  C.	
  S.	
  Hibbert,	
  J.	
  Mirro,	
  T.	
  Pederson,	
  S.	
  Biswal,	
  and	
  A.	
  Rein.	
  
2007.	
  Selective	
  and	
  nonselective	
  packaging	
  of	
  cellular	
  RNAs	
  in	
  
retrovirus	
  particles.	
  J.	
  Virol.	
  81:6623–6631.	
  

264.	
   Saad,	
  J.	
  S.,	
  J.	
  Miller,	
  J.	
  Tai,	
  A.	
  Kim,	
  R.	
  H.	
  Ghanam,	
  and	
  M.	
  F.	
  Summers.	
  
2006.	
  Structural	
  basis	
  for	
  targeting	
  HIV-­‐1	
  Gag	
  proteins	
  to	
  the	
  plasma	
  



132	
  

membrane	
  for	
  virus	
  assembly.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  103:11364–
11369.	
  

265.	
   Sakamoto,	
  T.,	
  S.	
  Morita,	
  K.	
  Tabata,	
  K.	
  Nakamura,	
  and	
  G.	
  Kawai.	
  2002.	
  
Solution	
  structure	
  of	
  a	
  SRP19	
  binding	
  domain	
  in	
  human	
  SRP	
  RNA.	
  J.	
  Biol.	
  
Chem.	
  132:177–182.	
  

266.	
   Sakuma,	
  R.,	
  A.	
  A.	
  Mael,	
  and	
  Y.	
  Ikeda.	
  2007.	
  Alpha	
  Interferon	
  Enhances	
  
TRIM5	
  -­‐Mediated	
  Antiviral	
  Activities	
  in	
  Human	
  and	
  Rhesus	
  Monkey	
  
Cells.	
  J.	
  Virol.	
  81:10201–10206.	
  

267.	
   Salgado,	
  G.	
  F.,	
  R.	
  Marquant,	
  A.	
  Vogel,	
  I.	
  D.	
  Alves,	
  S.	
  E.	
  Feller,	
  N.	
  
Morellet,	
  and	
  S.	
  Bouaziz.	
  2009.	
  Structural	
  Studies	
  of	
  HIV-­‐1	
  Gag	
  p6ct	
  
and	
  Its	
  Interaction	
  with	
  Vpr	
  Determined	
  by	
  Solution	
  Nuclear	
  Magnetic	
  
Resonance	
  †,‡.	
  Biochemistry	
  48:2355–2367.	
  

268.	
   Sauer-­‐Eriksson,	
  A.	
  E.,	
  and	
  T.	
  Hainzl.	
  2003.	
  S-­‐domain	
  assembly	
  of	
  the	
  
signal	
  recognition	
  particle.	
  Curr	
  Opin	
  Struct	
  Biol	
  13:64–70.	
  

269.	
   Sawyer,	
  S.	
  L.,	
  L.	
  I.	
  Wu,	
  J.	
  M.	
  Akey,	
  M.	
  Emerman,	
  and	
  H.	
  S.	
  Malik.	
  2006.	
  
High-­‐frequency	
  persistence	
  of	
  an	
  impaired	
  allele	
  of	
  the	
  retroviral	
  
defense	
  gene	
  TRIM5alpha	
  in	
  humans.	
  Curr.	
  Biol.	
  16:95–100.	
  

270.	
   Scarlata,	
  S.,	
  and	
  C.	
  Carter.	
  2003.	
  Role	
  of	
  HIV-­‐1	
  Gag	
  domains	
  in	
  viral	
  
assembly.	
  Biochim.	
  Biophys.	
  Acta	
  1614:62–72.	
  

271.	
   Schwartz,	
  O.,	
  V.	
  Maréchal,	
  S.	
  Le	
  Gall,	
  F.	
  Lemonnier,	
  and	
  J.	
  M.	
  Heard.	
  
1996.	
  Endocytosis	
  of	
  major	
  histocompatibility	
  complex	
  class	
  I	
  molecules	
  
is	
  induced	
  by	
  the	
  HIV-­‐1	
  Nef	
  protein.	
  Nat.	
  Med.	
  2:338–342.	
  

272.	
   Schwedler,	
  von,	
  U.	
  K.,	
  K.	
  M.	
  Stray,	
  J.	
  E.	
  Garrus,	
  and	
  W.	
  I.	
  Sundquist.	
  
2003.	
  Functional	
  surfaces	
  of	
  the	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  
capsid	
  protein.	
  J.	
  Virol.	
  77:5439–5450.	
  

273.	
   Seow,	
  Y.,	
  and	
  M.	
  J.	
  Wood.	
  2009.	
  Biological	
  gene	
  delivery	
  vehicles:	
  
beyond	
  viral	
  vectors.	
  Mol.	
  Ther.	
  17:767–777.	
  

274.	
   Sheehy,	
  A.	
  M.,	
  N.	
  C.	
  Gaddis,	
  J.	
  D.	
  Choi,	
  and	
  M.	
  H.	
  Malim.	
  2002.	
  Isolation	
  
of	
  a	
  human	
  gene	
  that	
  inhibits	
  HIV-­‐1	
  infection	
  and	
  is	
  suppressed	
  by	
  the	
  
viral	
  Vif	
  protein.	
  Nature	
  418:646–650.	
  

275.	
   Shkriabai,	
  N.,	
  S.	
  A.	
  K.	
  Datta,	
  Z.	
  Zhao,	
  S.	
  Hess,	
  A.	
  Rein,	
  and	
  M.	
  
Kvaratskhelia.	
  2006.	
  Interactions	
  of	
  HIV-­‐1	
  Gag	
  with	
  assembly	
  cofactors.	
  
Biochemistry	
  45:4077–4083.	
  

276.	
   Shun,	
  M.-­‐C.,	
  N.	
  K.	
  Raghavendra,	
  N.	
  Vandegraaff,	
  J.	
  E.	
  Daigle,	
  S.	
  
Hughes,	
  P.	
  Kellam,	
  P.	
  Cherepanov,	
  and	
  A.	
  Engelman.	
  2007.	
  
LEDGF/p75	
  functions	
  downstream	
  from	
  preintegration	
  complex	
  
formation	
  to	
  effect	
  gene-­‐specific	
  HIV-­‐1	
  integration.	
  Genes	
  Dev.	
  21:1767–
1778.	
  

277.	
   Siegel,	
  V.,	
  and	
  P.	
  Walter.	
  1988.	
  Binding	
  sites	
  of	
  the	
  19-­‐kDa	
  and	
  68/72-­‐
kDa	
  signal	
  recognition	
  particle	
  (SRP)	
  proteins	
  on	
  SRP	
  RNA	
  as	
  
determined	
  in	
  protein-­‐RNA	
  “footprinting.”	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  
85:1801–1805.	
  

278.	
   Siegel,	
  V.,	
  and	
  P.	
  Walter.	
  1988.	
  Each	
  of	
  the	
  activities	
  of	
  signal	
  
recognition	
  particle	
  (SRP)	
  is	
  contained	
  within	
  a	
  distinct	
  domain:	
  analysis	
  
of	
  biochemical	
  mutants	
  of	
  SRP.	
  Cell	
  52:39–49.	
  

279.	
   Siegel,	
  V.,	
  and	
  P.	
  Walter.	
  1986.	
  Removal	
  of	
  the	
  Alu	
  structural	
  domain	
  



133	
  

from	
  signal	
  recognition	
  particle	
  leaves	
  its	
  protein	
  translocation	
  activity	
  
intact.	
  Nature,	
  1986th	
  ed.	
  320:81–84.	
  

280.	
   Silverman,	
  A.	
  P.,	
  and	
  E.	
  T.	
  Kool.	
  2007.	
  Oligonucleotide	
  probes	
  for	
  RNA-­‐
targeted	
  fluorescence	
  in	
  situ	
  hybridization.	
  Adv	
  Clin	
  Chem	
  43:79–115.	
  

281.	
   Song,	
  B.	
  2009.	
  TRIM5alpha.	
  Springer	
  Berlin	
  Heidelberg,	
  Berlin,	
  
Heidelberg.	
  

282.	
   Song,	
  B.,	
  H.	
  Javanbakht,	
  M.	
  Perron,	
  D.	
  H.	
  Park,	
  M.	
  Stremlau,	
  and	
  J.	
  
Sodroski.	
  2005.	
  Retrovirus	
  restriction	
  by	
  TRIM5alpha	
  variants	
  from	
  Old	
  
World	
  and	
  New	
  World	
  primates.	
  J.	
  Virol.	
  79:3930–3937.	
  

283.	
   Soros,	
  V.	
  B.,	
  W.	
  Yonemoto,	
  and	
  W.	
  C.	
  Greene.	
  2007.	
  Newly	
  synthesized	
  
APOBEC3G	
  is	
  incorporated	
  into	
  HIV	
  virions,	
  inhibited	
  by	
  HIV	
  RNA,	
  and	
  
subsequently	
  activated	
  by	
  RNase	
  H.	
  PLoS	
  Pathog.	
  3:e15.	
  

284.	
   Spearman,	
  P.,	
  J.	
  J.	
  Wang,	
  N.	
  Vander	
  Heyden,	
  and	
  L.	
  Ratner.	
  1994.	
  
Identification	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  Gag	
  protein	
  
domains	
  essential	
  to	
  membrane	
  binding	
  and	
  particle	
  assembly.	
  J.	
  Virol.	
  
68:3232–3242.	
  

285.	
   Starnes,	
  M.	
  C.,	
  and	
  Y.	
  C.	
  Cheng.	
  1989.	
  Human	
  immunodeficiency	
  virus	
  
reverse	
  transcriptase-­‐associated	
  RNase	
  H	
  activity.	
  J.	
  Biol.	
  Chem.	
  
264:7073–7077.	
  

286.	
   Stein,	
  B.	
  S.,	
  S.	
  D.	
  Gowda,	
  J.	
  D.	
  Lifson,	
  R.	
  C.	
  Penhallow,	
  K.	
  G.	
  Bensch,	
  
and	
  E.	
  G.	
  Engleman.	
  1987.	
  pH-­‐independent	
  HIV	
  entry	
  into	
  CD4-­‐positive	
  
T	
  cells	
  via	
  virus	
  envelope	
  fusion	
  to	
  the	
  plasma	
  membrane.	
  Cell	
  49:659–
668.	
  

287.	
   Stoltenburg,	
  R.,	
  C.	
  Reinemann,	
  and	
  B.	
  Strehlitz.	
  2007.	
  SELEX—A	
  
(r)evolutionary	
  method	
  to	
  generate	
  high-­‐affinity	
  nucleic	
  acid	
  ligands.	
  
Biomolecular	
  Engineering	
  24:381–403.	
  

288.	
   Stopak,	
  K.,	
  C.	
  de	
  Noronha,	
  W.	
  Yonemoto,	
  and	
  W.	
  C.	
  Greene.	
  2003.	
  
HIV-­‐1	
  Vif	
  blocks	
  the	
  antiviral	
  activity	
  of	
  APOBEC3G	
  by	
  impairing	
  both	
  its	
  
translation	
  and	
  intracellular	
  stability.	
  Mol.	
  Cell	
  12:591–601.	
  

289.	
   Strebel,	
  K.,	
  and	
  M.	
  A.	
  Khan.	
  2008.	
  APOBEC3G	
  encapsidation	
  into	
  HIV-­‐1	
  
virions:	
  which	
  RNA	
  is	
  it?	
  Retrovirology	
  5:55.	
  

290.	
   Strebel,	
  K.	
  2010.	
  HIV-­‐1	
  Accessory	
  Proteins:	
  Crucial	
  Elements	
  for	
  Virus-­‐
Host	
  Interactions.,	
  pp.	
  59–71.	
  In	
  V.	
  Georgiev	
  (ed.),	
  National	
  Institute	
  of	
  
Allergy	
  and	
  Infectious	
  Disease,	
  NIH:	
  Volume	
  3:	
  Intramural	
  Research,	
  1st	
  
ed.	
  Humana	
  Press,	
  New	
  York.	
  

291.	
   Stremlau,	
  M.,	
  C.	
  M.	
  Owens,	
  M.	
  J.	
  Perron,	
  M.	
  Kiessling,	
  P.	
  Autissier,	
  
and	
  J.	
  Sodroski.	
  2004.	
  The	
  cytoplasmic	
  body	
  component	
  TRIM5alpha	
  
restricts	
  HIV-­‐1	
  infection	
  in	
  Old	
  World	
  monkeys.	
  Nature	
  427:848–853.	
  

292.	
   Strub,	
  K.,	
  J.	
  Moss,	
  and	
  P.	
  Walter.	
  1991.	
  Binding	
  sites	
  of	
  the	
  9-­‐	
  and	
  14-­‐
kilodalton	
  heterodimeric	
  protein	
  subunit	
  of	
  the	
  signal	
  recognition	
  
particle	
  (SRP)	
  are	
  contained	
  exclusively	
  in	
  the	
  Alu	
  domain	
  of	
  SRP	
  RNA	
  
and	
  contain	
  a	
  sequence	
  motif	
  that	
  is	
  conserved	
  in	
  evolution.	
  Mol.	
  Cell.	
  
Biol.	
  11:3949–3959.	
  

293.	
   Swanson,	
  C.	
  M.,	
  B.	
  A.	
  Puffer,	
  K.	
  M.	
  Ahmad,	
  R.	
  W.	
  Doms,	
  and	
  M.	
  H.	
  
Malim.	
  2004.	
  Retroviral	
  mRNA	
  nuclear	
  export	
  elements	
  regulate	
  protein	
  
function	
  and	
  virion	
  assembly.	
  EMBO	
  J.	
  23:2632–2640.	
  



134	
  

294.	
   Swingler,	
  S.,	
  B.	
  Brichacek,	
  J.-­‐M.	
  Jacque,	
  C.	
  Ulich,	
  J.	
  Zhou,	
  and	
  M.	
  
Stevenson.	
  2003.	
  HIV-­‐1	
  Nef	
  intersects	
  the	
  macrophage	
  CD40L	
  signalling	
  
pathway	
  to	
  promote	
  resting-­‐cell	
  infection.	
  Nature	
  424:213–219.	
  

295.	
   Tang,	
  C.,	
  E.	
  Loeliger,	
  P.	
  Luncsford,	
  I.	
  Kinde,	
  D.	
  Beckett,	
  and	
  M.	
  F.	
  
Summers.	
  2004.	
  Entropic	
  switch	
  regulates	
  myristate	
  exposure	
  in	
  the	
  
HIV-­‐1	
  matrix	
  protein.	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.S.A.	
  101:517–522.	
  

296.	
   Tang,	
  Y.,	
  U.	
  Winkler,	
  E.	
  O.	
  Freed,	
  T.	
  A.	
  Torrey,	
  W.	
  Kim,	
  H.	
  Li,	
  S.	
  P.	
  Goff,	
  
and	
  H.	
  C.	
  Morse.	
  1999.	
  Cellular	
  motor	
  protein	
  KIF-­‐4	
  associates	
  with	
  
retroviral	
  Gag.	
  J.	
  Virol.	
  73:10508–10513.	
  

297.	
   Telesnitsky,	
  A.,	
  S.	
  Blain,	
  and	
  S.	
  P.	
  Goff.	
  1995.	
  Assays	
  for	
  retroviral	
  
reverse	
  transcriptase.	
  Meth.	
  Enzymol.	
  262:347–362.	
  

298.	
   Telesnitsky,	
  A.,	
  and	
  S.	
  Goff.	
  1997.	
  Reverse	
  Transcriptase	
  and	
  the	
  
Generation	
  of	
  Retroviral	
  DNA.	
  In	
  J.M.	
  Coffin,	
  S.H.	
  Huges,	
  and	
  H.E.	
  Varmus	
  
(eds.),	
  Retroviruses.	
  Cold	
  Spring	
  Harbor	
  Laboratory	
  Press,	
  Cold	
  Spring	
  
Harbor	
  (NY).	
  

299.	
   Thomas,	
  J.	
  A.,	
  W.	
  J.	
  Bosche,	
  T.	
  L.	
  Shatzer,	
  D.	
  G.	
  Johnson,	
  and	
  R.	
  J.	
  
Gorelick.	
  2008.	
  Mutations	
  in	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  
nucleocapsid	
  protein	
  zinc	
  fingers	
  cause	
  premature	
  reverse	
  
transcription.	
  J.	
  Virol.,	
  2008th	
  ed.	
  82:9318–9328.	
  

300.	
   Thomas,	
  J.	
  A.,	
  and	
  R.	
  J.	
  Gorelick.	
  2008.	
  Nucleocapsid	
  protein	
  function	
  in	
  
early	
  infection	
  processes.	
  Virus	
  Res.,	
  2008th	
  ed.	
  134:39–63.	
  

301.	
   Thomas,	
  J.	
  A.,	
  D.	
  E.	
  Ott,	
  and	
  R.	
  J.	
  Gorelick.	
  2007.	
  Efficiency	
  of	
  human	
  
immunodeficiency	
  virus	
  type	
  1	
  postentry	
  infection	
  processes:	
  evidence	
  
against	
  disproportionate	
  numbers	
  of	
  defective	
  virions.	
  J.	
  Virol.	
  81:4367–
4370.	
  

302.	
   Tian,	
  C.,	
  T.	
  Wang,	
  W.	
  Zhang,	
  and	
  X.	
  F.	
  Yu.	
  2007.	
  Virion	
  packaging	
  
determinants	
  and	
  reverse	
  transcription	
  of	
  SRP	
  RNA	
  in	
  HIV-­‐1	
  particles.	
  
Nucleic	
  Acids	
  Res.	
  35:7288–7302.	
  

303.	
   Toomre,	
  D.,	
  and	
  J.	
  Bewersdorf.	
  2010.	
  A	
  New	
  Wave	
  of	
  Cellular	
  Imaging.	
  
Annu.	
  Rev.	
  Cell	
  Dev.	
  Biol.	
  26:285–314.	
  

304.	
   Tuerk,	
  C.,	
  and	
  L.	
  Gold.	
  1990.	
  Systematic	
  evolution	
  of	
  ligands	
  by	
  
exponential	
  enrichment:	
  RNA	
  ligands	
  to	
  bacteriophage	
  T4	
  DNA	
  
polymerase.	
  Science	
  249:505–510.	
  

305.	
   Uematsu,	
  S.,	
  and	
  S.	
  Akira.	
  2006.	
  Toll-­‐like	
  receptors	
  and	
  innate	
  
immunity.	
  J	
  Mol	
  Med	
  84:712–725.	
  

306.	
   Vetter,	
  M.	
  L.,	
  M.	
  E.	
  Johnson,	
  A.	
  K.	
  Antons,	
  D.	
  Unutmaz,	
  and	
  R.	
  T.	
  
D'Aquila.	
  2009.	
  Differences	
  in	
  APOBEC3G	
  Expression	
  in	
  CD4+	
  T	
  Helper	
  
Lymphocyte	
  Subtypes	
  Modulate	
  HIV-­‐1	
  Infectivity.	
  PLoS	
  Pathog.	
  
5:e1000292.	
  

307.	
   Vilaysane,	
  A.,	
  and	
  D.	
  A.	
  Muruve.	
  2009.	
  The	
  innate	
  immune	
  response	
  to	
  
DNA.	
  Semin.	
  Immunol.	
  21:208–214.	
  

308.	
   Wang,	
  S.	
  W.,	
  and	
  A.	
  Aldovini.	
  2002.	
  RNA	
  incorporation	
  is	
  critical	
  for	
  
retroviral	
  particle	
  integrity	
  after	
  cell	
  membrane	
  assembly	
  of	
  Gag	
  
complexes.	
  J.	
  Virol.	
  76:11853–11865.	
  

309.	
   Wang,	
  T.,	
  C.	
  Tian,	
  W.	
  Zhang,	
  K.	
  Luo,	
  P.	
  T.	
  Sarkis,	
  L.	
  Yu,	
  B.	
  Liu,	
  Y.	
  Yu,	
  
and	
  X.	
  F.	
  Yu.	
  2007.	
  7SL	
  RNA	
  mediates	
  virion	
  packaging	
  of	
  the	
  antiviral	
  



135	
  

cytidine	
  deaminase	
  APOBEC3G.	
  J.	
  Virol.	
  81:13112–13124.	
  
310.	
   Wang,	
  T.,	
  C.	
  Tian,	
  W.	
  Zhang,	
  P.	
  T.	
  Sarkis,	
  and	
  X.	
  F.	
  Yu.	
  2008.	
  

Interaction	
  with	
  7SL	
  RNA	
  but	
  not	
  with	
  HIV-­‐1	
  genomic	
  RNA	
  or	
  P	
  bodies	
  is	
  
required	
  for	
  APOBEC3F	
  virion	
  packaging.	
  J.	
  Mol.	
  Biol.	
  375:1098–1112.	
  

311.	
   Wang,	
  T.,	
  W.	
  Zhang,	
  C.	
  Tian,	
  B.	
  Liu,	
  Y.	
  Yu,	
  L.	
  Ding,	
  P.	
  Spearman,	
  and	
  X.	
  
F.	
  Yu.	
  2008.	
  Distinct	
  viral	
  determinants	
  for	
  the	
  packaging	
  of	
  human	
  
cytidine	
  deaminases	
  APOBEC3G	
  and	
  APOBEC3C.	
  Virology	
  377:71–79.	
  

312.	
   Wang,	
  X.,	
  Z.	
  Ao,	
  L.	
  Chen,	
  G.	
  Kobinger,	
  J.	
  Peng,	
  and	
  X.	
  Yao.	
  2012.	
  The	
  
Cellular	
  Antiviral	
  Protein	
  APOBEC3G	
  Interacts	
  with	
  HIV-­‐1	
  Reverse	
  
Transcriptase	
  and	
  Inhibits	
  Its	
  Function	
  during	
  Viral	
  Replication.	
  J.	
  Virol.	
  
86:3777–3786.	
  

313.	
   Warrilow,	
  D.,	
  G.	
  Tachedjian,	
  and	
  D.	
  Harrich.	
  2009.	
  Maturation	
  of	
  the	
  
HIV	
  reverse	
  transcription	
  complex:	
  putting	
  the	
  jigsaw	
  together.	
  Rev.	
  
Med.	
  Virol.	
  19:324–337.	
  

314.	
   Watt,	
  S.	
  A.,	
  G.	
  Kular,	
  I.	
  N.	
  Fleming,	
  C.	
  P.	
  Downes,	
  and	
  J.	
  M.	
  Lucocq.	
  
2002.	
  Subcellular	
  localization	
  of	
  phosphatidylinositol	
  4,5-­‐bisphosphate	
  
using	
  the	
  pleckstrin	
  homology	
  domain	
  of	
  phospholipase	
  C	
  delta1.	
  
Biochem.	
  J.	
  363:657–666.	
  

315.	
   Weichenrieder,	
  O.,	
  U.	
  Kapp,	
  S.	
  Cusack,	
  and	
  K.	
  Strub.	
  1997.	
  
Identification	
  of	
  a	
  minimal	
  Alu	
  RNA	
  folding	
  domain	
  that	
  specifically	
  
binds	
  SRP9/14.	
  RNA	
  3:1262–1274.	
  

316.	
   Weichenrieder,	
  O.,	
  C.	
  Stehlin,	
  U.	
  Kapp,	
  D.	
  E.	
  Birse,	
  P.	
  A.	
  Timmins,	
  K.	
  
Strub,	
  and	
  S.	
  Cusack.	
  2001.	
  Hierarchical	
  assembly	
  of	
  the	
  Alu	
  domain	
  of	
  
the	
  mammalian	
  signal	
  recognition	
  particle.	
  RNA	
  7:731–740.	
  

317.	
   Weichenrieder,	
  O.,	
  K.	
  Wild,	
  K.	
  Strub,	
  and	
  S.	
  Cusack.	
  2000.	
  Structure	
  
and	
  assembly	
  of	
  the	
  Alu	
  domain	
  of	
  the	
  mammalian	
  signal	
  recognition	
  
particle.	
  Nature	
  408:167–173.	
  

318.	
   Weinberg,	
  J.	
  B.,	
  T.	
  J.	
  Matthews,	
  B.	
  R.	
  Cullen,	
  and	
  M.	
  H.	
  Malim.	
  1991.	
  
Productive	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  (HIV-­‐1)	
  infection	
  of	
  
nonproliferating	
  human	
  monocytes.	
  J.	
  Exp.	
  Med.	
  174:1477–1482.	
  

319.	
   Welsch,	
  S.,	
  O.	
  T.	
  Keppler,	
  A.	
  Habermann,	
  I.	
  Allespach,	
  J.	
  Krijnse-­‐
Locker,	
  and	
  H.-­‐G.	
  Kräusslich.	
  2007.	
  HIV-­‐1	
  buds	
  predominantly	
  at	
  the	
  
plasma	
  membrane	
  of	
  primary	
  human	
  macrophages.	
  PLoS	
  Pathog.	
  3:e36.	
  

320.	
   Werner,	
  A.,	
  P.	
  V.	
  Konarev,	
  D.	
  I.	
  Svergun,	
  and	
  U.	
  Hahn.	
  2009.	
  
Characterization	
  of	
  a	
  fluorophore	
  binding	
  RNA	
  aptamer	
  by	
  fluorescence	
  
correlation	
  spectroscopy	
  and	
  small	
  angle	
  X-­‐ray	
  scattering.	
  Anal.	
  
Biochem.	
  389:52–62.	
  

321.	
   White,	
  R.	
  J.	
  2011.	
  Transcription	
  by	
  RNA	
  polymerase	
  III:	
  more	
  complex	
  
than	
  we	
  thought.	
  Nat.	
  Rev.	
  Genet.	
  12:459–463.	
  

322.	
   Wild,	
  K.,	
  I.	
  Sinning,	
  and	
  S.	
  Cusack.	
  2001.	
  Crystal	
  structure	
  of	
  an	
  early	
  
protein-­‐RNA	
  assembly	
  complex	
  of	
  the	
  signal	
  recognition	
  particle.	
  
Science	
  294:598–601.	
  

323.	
   Wilen,	
  C.	
  B.,	
  J.	
  C.	
  Tilton,	
  and	
  R.	
  W.	
  Doms.	
  2011.	
  Molecular	
  Mechanisms	
  
of	
  HIV	
  Entry.	
  Springer	
  US,	
  Boston,	
  MA.	
  

324.	
   Wilk,	
  T.,	
  I.	
  Gross,	
  B.	
  E.	
  Gowen,	
  T.	
  Rutten,	
  F.	
  de	
  Haas,	
  R.	
  Welker,	
  H.	
  G.	
  
Kräusslich,	
  P.	
  Boulanger,	
  and	
  S.	
  D.	
  Fuller.	
  2001.	
  Organization	
  of	
  



136	
  

immature	
  human	
  immunodeficiency	
  virus	
  type	
  1.	
  J.	
  Virol.	
  75:759–771.	
  
325.	
   Williams,	
  S.	
  A.,	
  L.-­‐F.	
  Chen,	
  H.	
  Kwon,	
  C.	
  M.	
  Ruiz-­‐Jarabo,	
  E.	
  Verdin,	
  and	
  

W.	
  C.	
  Greene.	
  2006.	
  NF-­‐kappaB	
  p50	
  promotes	
  HIV	
  latency	
  through	
  
HDAC	
  recruitment	
  and	
  repression	
  of	
  transcriptional	
  initiation.	
  EMBO	
  J.	
  
25:139–149.	
  

326.	
   Wright,	
  E.	
  R.,	
  J.	
  B.	
  Schooler,	
  H.	
  J.	
  Ding,	
  C.	
  Kieffer,	
  C.	
  Fillmore,	
  W.	
  I.	
  
Sundquist,	
  and	
  G.	
  J.	
  Jensen.	
  2007.	
  Electron	
  cryotomography	
  of	
  
immature	
  HIV-­‐1	
  virions	
  reveals	
  the	
  structure	
  of	
  the	
  CA	
  and	
  SP1	
  Gag	
  
shells.	
  EMBO	
  J.	
  26:2218–2226.	
  

327.	
   Wu,	
  W.,	
  S.	
  C.	
  Hsiao,	
  Z.	
  M.	
  Carrico,	
  and	
  M.	
  B.	
  Francis.	
  2009.	
  Genome-­‐
free	
  viral	
  capsids	
  as	
  multivalent	
  carriers	
  for	
  taxol	
  delivery.	
  Angew.	
  
Chem.	
  Int.	
  Ed.	
  Engl.	
  48:9493–9497.	
  

328.	
   Xing,	
  J.,	
  Y.	
  Zhang,	
  K.	
  Han,	
  A.	
  H.	
  Salem,	
  S.	
  K.	
  Sen,	
  C.	
  D.	
  Huff,	
  Q.	
  Zhou,	
  E.	
  
F.	
  Kirkness,	
  S.	
  Levy,	
  M.	
  A.	
  Batzer,	
  and	
  L.	
  B.	
  Jorde.	
  2009.	
  Mobile	
  
elements	
  create	
  structural	
  variation:	
  analysis	
  of	
  a	
  complete	
  human	
  
genome.	
  Genome	
  Res.	
  19:1516–1526.	
  

329.	
   Xu,	
  H.,	
  E.	
  Chertova,	
  J.	
  Chen,	
  D.	
  E.	
  Ott,	
  J.	
  D.	
  Roser,	
  W.-­‐S.	
  Hu,	
  and	
  V.	
  K.	
  
Pathak.	
  2007.	
  Stoichiometry	
  of	
  the	
  antiviral	
  protein	
  APOBEC3G	
  in	
  HIV-­‐1	
  
virions.	
  Virology	
  360:247–256.	
  

330.	
   Yang,	
  B.,	
  K.	
  Chen,	
  C.	
  Zhang,	
  S.	
  Huang,	
  and	
  H.	
  Zhang.	
  2007.	
  Virion-­‐
associated	
  uracil	
  DNA	
  glycosylase-­‐2	
  and	
  apurinic/apyrimidinic	
  
endonuclease	
  are	
  involved	
  in	
  the	
  degradation	
  of	
  APOBEC3G-­‐edited	
  
nascent	
  HIV-­‐1	
  DNA.	
  J.	
  Biol.	
  Chem.	
  282:11667–11675.	
  

331.	
   Yin,	
  J.,	
  C.	
  H.	
  Yang,	
  and	
  C.	
  Zwieb.	
  2004.	
  Two	
  strategically	
  placed	
  base	
  
pairs	
  in	
  helix	
  8	
  of	
  mammalian	
  signal	
  recognition	
  particle	
  RNA	
  are	
  crucial	
  
for	
  the	
  SPR19-­‐dependent	
  binding	
  of	
  protein	
  SRP54.	
  RNA	
  10:574–580.	
  

332.	
   Yoneyama,	
  M.,	
  M.	
  Kikuchi,	
  K.	
  Matsumoto,	
  T.	
  Imaizumi,	
  M.	
  Miyagishi,	
  
K.	
  Taira,	
  E.	
  Foy,	
  Y.-­‐M.	
  Loo,	
  M.	
  Gale,	
  S.	
  Akira,	
  S.	
  Yonehara,	
  A.	
  Kato,	
  and	
  
T.	
  Fujita.	
  2005.	
  Shared	
  and	
  unique	
  functions	
  of	
  the	
  DExD/H-­‐box	
  
helicases	
  RIG-­‐I,	
  MDA5,	
  and	
  LGP2	
  in	
  antiviral	
  innate	
  immunity.	
  J.	
  
Immunol.	
  175:2851–2858.	
  

333.	
   Yoo,	
  J.-­‐W.,	
  D.	
  J.	
  Irvine,	
  D.	
  E.	
  Discher,	
  and	
  S.	
  Mitragotri.	
  2011.	
  Bio-­‐
inspired,	
  bioengineered	
  and	
  biomimetic	
  drug	
  delivery	
  carriers.	
  Nat	
  Rev	
  
Drug	
  Discov	
  10:521–535.	
  

334.	
   Yu,	
  X.,	
  Y.	
  Yu,	
  B.	
  Liu,	
  K.	
  Luo,	
  W.	
  Kong,	
  P.	
  Mao,	
  and	
  X.-­‐F.	
  Yu.	
  2003.	
  
Induction	
  of	
  APOBEC3G	
  ubiquitination	
  and	
  degradation	
  by	
  an	
  HIV-­‐1	
  Vif-­‐
Cul5-­‐SCF	
  complex.	
  Science	
  302:1056–1060.	
  

335.	
   Zaitseva,	
  M.	
  2003.	
  HIV	
  coreceptors:	
  role	
  of	
  structure,	
  posttranslational	
  
modifications,	
  and	
  internalization	
  in	
  viral-­‐cell	
  fusion	
  and	
  as	
  targets	
  for	
  
entry	
  inhibitors.	
  Biochimica	
  et	
  Biophysica	
  Acta	
  (BBA)	
  -­‐	
  Biomembranes	
  
1614:51–61.	
  

336.	
   Zennou,	
  V.,	
  D.	
  Perez-­‐Caballero,	
  H.	
  Göttlinger,	
  and	
  P.	
  D.	
  Bieniasz.	
  
2004.	
  APOBEC3G	
  incorporation	
  into	
  human	
  immunodeficiency	
  virus	
  
type	
  1	
  particles.	
  J.	
  Virol.	
  78:12058–12061.	
  

337.	
   Zhang,	
  H.,	
  B.	
  Yang,	
  R.	
  J.	
  Pomerantz,	
  C.	
  Zhang,	
  S.	
  C.	
  Arunachalam,	
  and	
  
L.	
  Gao.	
  2003.	
  The	
  cytidine	
  deaminase	
  CEM15	
  induces	
  hypermutation	
  in	
  



137	
  

newly	
  synthesized	
  HIV-­‐1	
  DNA.	
  Nature	
  424:94–98.	
  
338.	
   Zhang,	
  W.,	
  J.	
  Du,	
  K.	
  Yu,	
  T.	
  Wang,	
  X.	
  Yong,	
  and	
  X.	
  F.	
  Yu.	
  2010.	
  

Association	
  of	
  potent	
  human	
  antiviral	
  cytidine	
  deaminases	
  with	
  7SL	
  
RNA	
  and	
  viral	
  RNP	
  in	
  HIV-­‐1	
  virions.	
  J.	
  Virol.,	
  2010th	
  ed.	
  84:12903–
12913.	
  

339.	
   Zhang,	
  Y.,	
  and	
  E.	
  Barklis.	
  1995.	
  Nucleocapsid	
  protein	
  effects	
  on	
  the	
  
specificity	
  of	
  retrovirus	
  RNA	
  encapsidation.	
  J.	
  Virol.	
  69:5716–5722.	
  

340.	
   Zhang,	
  Y.,	
  H.	
  Qian,	
  Z.	
  Love,	
  and	
  E.	
  Barklis.	
  1998.	
  Analysis	
  of	
  the	
  
assembly	
  function	
  of	
  the	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  gag	
  
protein	
  nucleocapsid	
  domain.	
  J.	
  Virol.	
  72:1782–1789.	
  

341.	
   Zhang,	
  Z.,	
  A.	
  Klatt,	
  D.	
  S.	
  Gilmour,	
  and	
  A.	
  J.	
  Henderson.	
  2007.	
  Negative	
  
elongation	
  factor	
  NELF	
  represses	
  human	
  immunodeficiency	
  virus	
  
transcription	
  by	
  pausing	
  the	
  RNA	
  polymerase	
  II	
  complex.	
  J.	
  Biol.	
  Chem.	
  
282:16981–16988.	
  

342.	
   Zufferey,	
  R.,	
  D.	
  Nagy,	
  R.	
  J.	
  Mandel,	
  L.	
  Naldini,	
  and	
  D.	
  Trono.	
  1997.	
  
Multiply	
  attenuated	
  lentiviral	
  vector	
  achieves	
  efficient	
  gene	
  delivery	
  in	
  
vivo.	
  Nat.	
  Biotechnol.	
  15:871–875.	
  

343.	
   Zwieb,	
  C.	
  2005.	
  A	
  nomenclature	
  for	
  all	
  signal	
  recognition	
  particle	
  RNAs.	
  
RNA	
  11:7–13.	
  

344.	
   Zwieb,	
  C.,	
  and	
  E.	
  Ullu.	
  1986.	
  Identification	
  of	
  dynamic	
  sequences	
  in	
  the	
  
central	
  domain	
  of	
  7SL	
  RNA.	
  Nucleic	
  Acids	
  Res.,	
  1986th	
  ed.	
  14:4639–
4657.	
  

	
  


