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ABSTRACT 
 

HIV-1 is a retrovirus of global health interest as the causative agent of 
Acquired Immunodeficiency Syndrome (AIDS). It is also used as a molecular tool 
to study various eukaryotic cellular processes. For instance, major discoveries on 
the Crm1 cellular nuclear export were made using the HIV Rev protein and its 
RNA binding partner, the Rev Response Element (RRE). The RRE is a cis-acting 
RNA element with multiple stem-loops present in all intron-retaining HIV mRNAs. 
Binding of the Rev protein to the primary binding site, and Rev multimerization on 
other regions of the RRE, is required for the nucleo-cytoplasmic export of these 
mRNAs. This is an essential step in HIV replication. However, the precise 
secondary structure of the HIV-1 RRE remains controversial. Studies have 
reported that the RRE has either 4 or 5 stem-loops, which differ only in the 
rearrangement of regions that lie outside of the primary Rev binding site. To 
understand the role played by these regions, we have examined the relationship 
between these two structures and Rev-RRE activity. 
 

In vitro transcribed NL4-3 RRE was found to migrate as a “doublet” band 
on a native polyacrylamide gel. Using in-gel Selective 2’ Hydroxyl Acylation 
analyzed by Primer Extension (SHAPE), we found that one of these bands 
consisted of an RRE with a 5 stem-loop structure, whereas the other was a 4 
stem-loop structure. Thus, our data demonstrate, for the first time, that the NL4-3 
RRE exists in two alternative structures. 
 

To study the significance of these alternative structures, we made RRE 
mutants predicted to allow only one or the other of the structures to form. The 
predictions were confirmed using SHAPE. We then compared the activity of the 
two forms to each other and to the wt RRE. Analysis of the complexes that each 
RRE formed with purified Rev protein in vitro showed no significant difference in 
Rev binding affinity between the two structures. However, we observed 
differences in the migration rates of these complexes on native gels, suggesting 
structural differences. The RREs were also tested for their abilities to promote 
viral replication, by inserting each RRE into the Nef region of an RRE-defective 
provirus which contained RRE mutations that do not change the Env protein. 
Growth kinetics and competition assays showed that the virus with the 5 stem-
loop RRE had a higher replicative fitness than the virus with either the wt or the 4 
stem-loop RRE. Between the wt and the 4 stem-loop RRE-containing viruses, the 
virus with the wt RRE appeared more fit. These results suggest that HIV may use 
two alternative RRE secondary structures to modulate replication, potentially 
allowing adaptation to environmental demands in time and/or space, analogous 
to the use of riboswitches in bacteria. 
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CHAPTER 1- INTRODUCTION 

In the first half of this chapter, a general overview of HIV and its replication 

cycle is presented. This part of the chapter introduces the Rev-RRE pathway as 

a step in the HIV life cycle. Using the viral replication cycle as the anchor, this 

chapter also describes the functions of different HIV macromolecules so that the 

readers can analyze the Rev-RRE data presented in this dissertation more 

holistically. The second half of this chapter focuses on the Rev-RRE system and 

presents the rationale for the study.  

 

HIV-1 classification 

Human Immunodeficiency Virus (HIV) is placed in the family retroviridae, 

subfamily orthoretrovirinae, and genus lentivirus by the International Committee 

on Taxonomy of Viruses (http://www.ictvonline.org). It was placed under the 

family retroviridae because of its reverse transcriptase activity, which was 

observed for the first time at the Pasteur Institute (193). The genus lentivirus 

(lente-Latin for "slow") contains viruses with characteristic long clinical incubation 

periods. Besides HIV, the genus includes equine infectious anemia virus (EIAV) 

and simian immunodeficiency virus (SIV). The five other genera in the subfamily 

orthoretrovirinae are: alpharetrovirus (avian sarcoma and leucosis virus), 

betaretrovirus [mouse mammary tumor virus (MMTV)], gammaretrovirus [murine 

leukemia virus (MLV)], deltaretrovirus [human T-lymphtropic virus (HTLV)], and 

epsilonretrovirus (walleye dermal sarcoma virus).  

Phylogenetic analysis of HIV isolates based on sequence homology has 
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identified two types of HIV, namely HIV-1 and HIV-2. It is believed that both 

originated in West-Central Africa in non-human primates before the zoonotic 

transmission to humans (122, 175). HIV-1 was first isolated in 1983 (11) and 

proven to be the etiological agent of Acquired Immunodeficiency Syndrome 

(AIDS) (89, 187, 207). Subsequently, HIV-2 was discovered in 1986 in patients in 

West Africa (34). HIV-2 infected individuals can also develop AIDS but usually 

with an even longer incubation period, and HIV-2 has a lower morbidity 

compared to HIV-1 (175). HIV-1 isolates are further grouped into three distinct 

genetic subtypes: M (main), O (outlier), and N (non-M, non-O) (197, 226).  

According to the World Health Organization (WHO) estimate, between 33.1 and 

37.2 million people were living with HIV in 2013. More than 95% of viral isolates 

from these infected people fall into the group M subtype. Group M consists of at 

least 9 different subtypes or clades (A, B, C, D, F, G, H, J, and K) and more than 

60 circulating recombinant forms have also been described (175, 226). The high 

genetic variabilty of HIV-1 manifest in its several groups, subtypes and an 

increasing number of circulating forms is a unique characteristic of HIV. This 

results mainly from the error-prone reverse transcription by the viral reverse 

transcriptase (3.4×10−5 mutations per base pair per replication cycle) coupled 

with the high replication rate of the virus (baseline rate of viral production is 

approximately 1010 virions per day in an actively infected person) (177). Thus, in 

a single person, millions of viral variants are produced in just a few days.  

Recombination between HIV genomic RNA strands from different viral strains in 

a co-infected cell is another factor contributing to the HIV diversity (18). 
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 The genetic diversity of the HIV isolates necessitated the use of some 

reference HIV strains to facilitate comparisons among different studies on HIV. 

The most widely used reference strains are HXB2 and NL4-3, which are 

laboratory-adapted strains derived from HIV-1 isolates belonging to the subgroup 

B of the group M. HXB2 was the first reported HIV-1 molecular clone (213). It 

was derived from HIV-1 isolate LAI/IIB (formerly called HTLV-IIIB) from a 

patient’s blood sample that have been expanded and maintained in immortalized 

human T cells. The HXB2 clone is defective in HIV accessory proteins Vpr, Vpu, 

and Nef. One the other hand, the HIV sequence of NL4-3 is a chimera of 5.8 kb 

long 5’ region of NY5 HIV-1 isolate and the 3.8 kb long 3’ region of the LAV HIV-

1 isolate joint at the EcoRI site unique to both the isolates (2). Unlike HXB2, this 

molecular clone is not defective in any of the known HIV proteins. Throughout 

this study, NL4-3 is used as reference or the WT virus.  

 

HIV-1 structure and genomic organization 

The HIV-1 consists of an RNA genome and fifteen proteins. Many of the 

HIV-1 proteins are cleaved products of the viral polyproteins. Table 1 shows the 

full names and abbreviations of the HIV-1 proteins and the polyproteins.  
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Table 1: List of HIV-1 proteins 

 Types of HIV-1 proteins 

(abbreviation) 

HIV-1 proteins (abbreviation) 

1.  Viral core structural proteins – 

cleavage products of Gag-specific 

antigen (Gag or Pr55) polyprotein  

Matrix protein (MA or p17) 

 

Capsid protein (CA or p24) 

Spacer peptide 2 (SP2) 

Nucleocapsid protein (NC or p7) 

Spacer peptide 1 (SP1) 

P6 protein 

2.  Viral envelop structural proteins – 

cleavage products of Env (envelope 

or gp160) polyprotein 

Surface glycoprotein (SU or gp120) 

Transmembrane glycoprotein (TM or 

gp41) 

3.  Essential viral enzymes – cleavage 

products of GagPol polyprotein  

Reverse transcriptase (RT). It has 

two functional domains – the 

polymerase domain (p51) and RNase 

H domain (p15) 

Integrase (IN or p31) 

Protease (Pr or p10) 

4. Essential regulatory proteins Regulator of viral transcription (Rev) 

Trans-activator of transcription (Tat) 

5. Accessory proteins Negative regulatory factor (Nef) 

Virion infectivity factor (Vif) 

Viral protein R (Vpr) 

Viral protein unique (Vpu) 
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 The HIV virion is nearly spherical in shape and is ~120 nm in diameter 

(84, 93, 187). As shown in Figure 1, the core of the virion contains the viral 

genome, consisting of two copies of non-covalently linked single stranded RNA. 

Each genomic RNA is ~9.7 kb long (191, 237) and is bound tightly to nucleo-

capsid protein (NC or p7) and the protein p6 within a conical capsid (CA or p24) 

(93). The capsid is, in turn, enclosed within an inner layer of matrix protein (MA 

or p17) and an outer envelope layer. The envelope layer is derived mostly from 

the host plasma membrane and contains viral envelope proteins [the surface 

glycoprotein (SU or gp120) and the trans-membrane protein (TM or gp41)] (84). 

The viral core also contains three viral enzymes: reverse transcriptase (RT), 

integrase (IN), and protease (PR). The virion also contains small amounts of 

some of the accessory HIV proteins: Vif, Vpr, and Nef (26, 229).  

The genomic RNA is produced from the un-spliced mRNA transcribed 

from the integrated form of the virus (the provirus) (160). The provirus has a 

repeated sequence called the long terminal repeats (LTRs) at both its ends. The 

HIV ORFs are located in between the two LTRs (Figure 1) (38, 236).  The 5’ LTR 

contains the HIV promoter and the 3’ LTR contains the poly-adenylation signal 

(84). Early nucleotide sequence analysis of HIV-1 isolates revealed an important 

feature of HIV-1 that was different from the prototypic retroviruses (e.g., ASLV, 

MLV) (5, 6, 191). Unlike the genome of the prototypes which contain only the 

gag, pol, and env ORFS, the HIV-1 genome included several additional and 

overlapping open reading frames (ORFs) located between the 3’ end of the pol 

ORF and the 3’ LTR.  
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Figure 1: Genomic organization of HIV-1 Adapted from (84). 
.  

(A) The proviral DNA showing the HIV-1 open reading frames represented as 

boxes. The HIV-1 has many different overlapping open reading frames that 

encode 15 different viral proteins.   

 

(B) The structure of a mature HIV virion. The viral genome along with some viral 

and cellular components is enclosed within the conical viral core.  The core is 

enclosed within the matrix protein layer, which in turn, is covered by the envelope 

layer containing spikes of viral glycoproteins.  
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Later, it was shown that other retroviruses like HTLV-1 and HIV-2 also 

shared a genomic complexity similar to HIV-1. This led to the classification of 

retroviruses into simple and complex retroviruses based on their genomic 

organization (38, 236). The simple retroviruses (e.g. MLV) contain gag, pol, and 

env ORFs that are present in all retroviruses. They direct the synthesis of Gag, 

GagPol, and Env poly-proteins from the unspliced and singly spliced mRNAs. 

These poly-proteins are cleaved into elementary structural proteins and enzymes 

by viral or cellular proteases (38, 236). In HIV, both the Gag and GagPol poly-

proteins are translated from the un-spliced mRNA. The Gag poly-protein is 

cleaved into four Gag proteins (MA, CA, NC, and p6). The GagPol poly-protein is 

cleaved into three essential HIV enzymes (RT, IN, and PR) in addition to the 

proteins in the Gag domain. The Env poly-protein is translated from a singly 

spliced env mRNA. It is cleaved into gp120 (SU) and gp41 (TM) (84). The 

complex retroviruses (e.g. HIV), on the other hand, contain many additional 

ORFs (38, 236). In HIV, these encode for 4 accessory proteins and 2 regulatory 

proteins from singly spliced and multiply spliced mRNAs. Accessory proteins are 

not necessary for viral growth in cell culture, while the regulatory proteins are 

essential for viral growth. The accessory proteins are Vpr, Vpu, Vif and Nef. The 

regulatory proteins are Rev and Tat (84). In this study, we have compared the 

functional activity of the different structural variants of the binding partner of Rev 

called the Rev Response Element (RRE).  

Each LTR is 640-bp long and is composed of three sub-regions namely 

the unique 3’ (U3) region, the repeat (R) region, and the unique 5’ (U5) region 
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(219). The U3 region, which occupies the 5’ end of each LTR is 453-bp long. The 

central region of each LTR contains the 98-bp R region, which is followed by the 

83-bp long U5 region. Transcription initiates at the first base of the R region in 

the 5’ LTR and poly-adenylation occurs immediately after the last base of R in 

the 3’ LTR. Therefore, all the viral mRNAs including the genomic RNA have “R” 

followed by “U5” at its 5’ end and “U3” followed by “R” at its 3’ end. The 5’ LTR 

contains many cis-acting elements upstream and downstream of the transcription 

initiation site at the 5’ end of R that provide DNA binding sites for various 

transcription factors. The upstream elements contain the core promoter region, 

the enhancer region, and the modulatory region (176, 199, 245). The core 

promoter region contains the TATA-box, and three Sp1 sites. The enhancer 

region includes two nuclear factor-κB sites. The modulatory region contains three 

CCAAT/enhancer binding protein (C/EBP) sites, the activating transcription 

factor/cyclic AMP response element binding (ATF/ CREB) region, and an 

upstream stimulatory factor binding site. The downstream elements include AP-1 

motifs, an AP-3-like (AP-3L) motif, a C/EBP/ NFAT (nuclear factor for activated T 

cells) downstream binding site (DS3), two downstream sequence element (DSE) 

sites and one downstream binding factor (DBF-1). There are also two Sp1 sites 

in the U5 and gag leader sequence regions (44, 65, 66, 176, 189, 198, 200).  

The 5’ untranslated region (5’ UTR) region in HIV genomic RNA is highly 

structured and includes the R and U5 from the 5’ LTR region and regions 

immediately downstream of the 5’ LTR (Figure 2).  



	
  

	
  

9	
  

 

Figure 2: Secondary structure model of the HIV-1 5’UTR. Nucleotides and 

numbering correspond to the HIV-1 HXB2 sequence. See text for discussion of 5’ 

UTR regions. The AUG at the start of Gag is shown in blue. Adapted from (35) 

and (16). 
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The regions downstream of the 5’ LTR include the primer binding site 

(PBS), the packaging signal (Ψ), the dimerization site (DIS), and the major 5’ 

splice donar (SD).  The PBS is positioned just after the last nucleotide of U5 

(Figure 2). It binds tRNALys,3, which acts as the primer for reverse transcription. 

The packaging signal consists of four different stem-loops (SL1, SL2, SL3, and 

SL4). This region binds NC to facilitate the packaging of viral genome into the 

virion (36). The DIS is located within the SL1 of Ψ. The DIS sequence of the two 

genomic RNAs form a kissing loop, which facilitates RNA incorporation into the 

virion (29, 36). The major 5’ splice site (SD), located within SL2, acts as the first 

or only 5’ splice site in all of the sub-genomic HIV mRNAs. The SL4 region 

contains the Gag start codon (Figure 2). 

 The 5’ end of HIV RNA transcribed from R contains the TAR (trans-

activation region) hairpin (Figure 2), which provides a binding site for Tat. R also 

contains the AAUAAA poly-adenylation signal for binding the cleavage and poly-

adenylation factor (CPSF) and the GU/U rich binding site for the 3’ terminal 

cleavage stimulation factor (CstF). Only the 3’ LTR poly-adenylation signal is 

active. It is speculated that the suppression of the 5’ LTR polyadenylation signal 

may be due to the factors binding to the neighboring regions of 5’UTR. Ashe et 

al. have shown that the binding of U1 snRNP to the major 5’ splice site (SD) 

leads to the inactivation of the 5’ LTR poly A site (8).  They hypothesize two 

possible mechanisms for this U1 snRNP mediated inhibition of the use of this 

poly-A site. U1 snRNP might either occupy the poly A site making it inaccessible 

to the poly A factors or interact with the poly A factors making them less available 
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to bind poly A site.  

Replication cycle 

Viral entry 

The natural host cells of HIV-1 are human T-cells and macrophages 

expressing CD4 (the receptor) and CCR5/CXCR4 (the co-receptors) on their 

surfaces (23). HIV also infects dendritic cells (DC), which then present the viral 

particles to other CD4+ cells. DCs facilitate transmission of the virus especially 

from a mucosal site of infection (60, 130).  

The virus enters into the host cell by binding to the receptors and co-

receptors on the cell surface through its envelope spikes (Figure 3). Each viral 

envelope spike consists of a trimer of heterodimers of gp120 and gp41 (141, 

255). The gp120, first, makes specific contact with the CD4 receptor. This 

induces a conformational change in gp120 that exposes the binding site for the 

co-receptors on gp120 (134, 196). Co-receptor engagement leads to the 

unfolding of gp41, revealing the two heptad repeats in gp41 - heptad repeat 1 

(HR1) and heptad repeat 2 (HR2). 
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Figure 3: Overview of the HIV-1 life cycle: Following the binding of the virus to 

CD4 and CCR5 or CXCR4 on the surface of the host cell, the virus envelope 

fuses to the cell membrane releasing the viral core into the host cell cytoplasm. 

The viral genome is then reverse transcribed to form double stranded DNA, 

which enters into the nucleus and gets integrated into the host cell DNA. The 

proviral DNA is transcribed into the viral mRNAs, which are then exported into 

the cytoplasm, where they are expressed into the viral proteins and form the viral 

genome. These viral components assemble at the cell-membrane to form the 

immature viral particle, which buds out of the cell and undergoes cleavage by the 

viral protease to form the mature virus. Adapted from Eric M. Poeschla lab 

website, Mayo Clinic. 
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Upon unfolding, HR1 inserts into the cell membrane of the host cell. HR2 

then folds onto itself which leads to the fusion of the viral membrane with the cell 

membrane (28, 30). Upon fusion, the viral core containing the viral genome and 

viral proteins (RT, IN and others) is released into the cell cytoplasm.  

Some studies have shown that prior to binding specifically to CD4 

molecules on the host cell during entry, the viral envelope makes nonspecific 

interactions with the cell-surface glycans or adhesion factors (40). It is believed 

that such non-specific interaction increases the infectivity by pre-concentrating 

the virion particles at the cell surface. Other modes of viral entry into the host 

cells have also been documented. These include entry through virological 

synapses and through membrane bridges (222). 

 

Reverse transcription and integration 

Following entry, partial dissolution of the capsid shell takes place to 

facilitate reverse transcription. Premature dissolution of CA, however, at this 

early stage of replication impairs viral replication (81, 83). Reverse transcription 

of the genomic RNA is initiated using tRNALys,3 as the primer. The RNA-

dependent and DNA-dependent DNA polymerization activity of the RT reverse 

transcribes the viral RNA to double stranded viral DNA. This process is very 

complex and involves two DNA strand transfer reactions. The genomic RNA is 

degraded by the RNase H activity of the RT in this process (84). The HIV 

nucleoprotein complex, containing mostly the linear double stranded viral DNA 

and several viral proteins including Vpr, RT, IN, and MA, is called the pre-
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integration complex (PIC) (21).  

This complex is then transported to the nucleus, where the viral DNA gets 

integrated into the host chromosome. To date, no viral factor or cellular factor 

has been shown to be indispensible for the nuclear import of the complex. 

However, various studies have suggested that the karyophilic elements in the 

PIC proteins like Vpr, IN, and MA and a three-stranded DNA flap, a structure 

present in neo-synthesized viral DNA, specified by the central polypurine tract-

central termination sequence (cPPT-CTS) mediate the nuclear localization of this 

complex (59, 99, 148, 194). Recently, Riviere et al. (194) studied the 

aforementioned determinants implicated in nuclear import. They found that none 

of these elements, individually or in combination, were absolutely required for 

nuclear import either in primary cells (both dividing and non-dividing) or in Hela 

cells. Besides being implicated in nuclear import, Vpr also blocks cell division by 

arresting the cells in G2 phase of the cell cycle (120). However, the role of this 

activity of Vpr in viral life cycle is still not clear. 

 The enzyme IN catalyzes two well-characterized catalytic steps, referred 

to as 3’-processing and strand transfer, resulting in the integration of the viral 

DNA into the cellular chromatin (27). The 3’ processing occurs in the cytoplasm. 

Here, the enzyme uses its 3’ processing activity to trim the two 3’ nucleotides 

from each end of the linear viral DNA duplex, leaving 5’ CA overhangs at each 

end. The strand transfer step takes place in the nucleus. In this step, the enzyme 

catalyzes the 3’ hydroxyl group of the overhangs to create a double stranded 

break at the integration sites, joining the 3’ end of the overhangs to the 5’ 
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phosphate group of the target DNA (70, 73). Finally, the un-joined 5’ end of the 

viral DNA is ligated to the target DNA by host enzymes (248).  

 IN can catalyze both of the catalytic steps in vitro in the absence of any 

other viral or cellular co-factors. Nevertheless, various potential cellular co-

factors of integrase have been reported using in-vitro reconstitution of enzymatic 

activity of salt-stripped PICs (72, 136), yeast two-hybrid assays (68, 121), and 

co-immunoprecipitation assays (33, 140).  These cellular factors include 

LEDGF/p75, integrase interactor 1(INI-1), high mobility group chromosomal 

protein A1(HMGA1), and barrier-to-autointegration factor (BAF). Of all these 

cellular factors, the function of LEDGF/p75 in retroviral integration is the most 

well-defined. It has been shown that siRNA knockdown of LEDGF/p75 

dramatically decreases the nuclear localization of HIV-1 DNA (147). In direct 

nuclear-import assays, it was later shown that the recombinant HIV-1 integrase is 

still actively imported in the nucleus in the absence of LEDGF/p75 (68). 

Therefore, the most accepted role of LEDGF/p75 is the tethering of viral DNA to 

the host chromosome for integration. It is believed that the integration takes 

place at sites where the chromosomal DNA in the chromatin is more accessible 

(161). Not surprisingly, HIV integration is mostly reported in and around active 

genes (208).  

 

Synthesis of viral mRNAs 

     Following integration, in most cells, the integrated proviral DNA gets 

replicated and transcribed along with the cellular DNA. However, in latently 
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infected cells, the provirus can remain dormant within the cellular chromosome 

for many months or years (203). Upon activation, transcription initiates from the 

promoter at the 5’ LTR of the proviral DNA using the host RNA polymerase II. 

Early viral transcripts are mostly abortive transcription products. A few 

polyadenylated and multiply spliced mRNAs, however, are also produced (as 

described below). They get transported to the nucleus and express Rev, Tat, and 

Nef. The Tat protein shuttles to the nucleus to promote efficient transcription 

elongation from the 5’LTR. However, unlike cellular transcription factors that bind 

DNA, Tat is actually an RNA binding protein (76, 202). It binds to the TAR region 

of the nascent viral mRNA and recruits the host cell transcription elongation 

factor b (P-TEFb) to the TAR region (17, 87). P-TEFb is made of cyclin-

dependent kinase 9 (CDK9) and cyclin T1. The CDK9 component of P-TEFb 

phosphorylates the CTD tail of RNA polymerase II promoting transcription 

elongation. It has been reported that the binding of Tat to TAR activates 

transcription from the HIV LTR by at least 1000-fold (109). With the help of Tat, 

the virus makes a full length ~9 kb long pre-mRNA using the promoter at the 

5’LTR and the poly-adenylation signal at the 3’ LTR. This pre-mRNA undergoes 

alternative splicing to produce three classes of mRNAs (Figure 4). They are as 

follows: 

1. Unspliced mRNA: This is a 9 kb long mRNA that encodes the Gag and 

Gag-Pol polyproteins. It also serves as genomic RNA and gets packaged 

into the virion.  
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Figure 4: Alternative Splicing of HIV-1 RNA.  The predominant 5’ splice sites 

and 3’ splice sites are shown on the proviral DNA. Using the promoter in the 5’ 

LTR and the polyA site on the 3’ LTR, viral pre-mRNA is transcribed. The pre-

mRNA undergoes alternative splicing to form three classes of viral mRNAs, using 

different combination of 5’ and 3’ splice sites. Only the predominant species of 

splice variants and their products are shown (http://hivinsite.ucsf.edu). Refer to 

Table 1 for the full names of most of the abbreviations in the figure) 
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2. Singly spliced mRNA (also called partially spliced mRNA). These mRNAs 

are about 4-5 kb long and encode Env, Vif, Vpu, and Vpr. They are 

generated using the major 5’ splice site (SD) in the 5’ UTR in the genome 

in combination with different 3’ splice sites.  

3. Multiply (or completely) spliced RNA. These mRNAs are about 2kb long 

and do not contain any introns. They encode Rev, Tat, and Nef.  

  Thus, the virus uses intron retention and other forms of alternative splicing 

to increase the coding capacity of a small 9 kb viral genome. Although 15 

different viral proteins are produced in the virus infected cells, RT-PCR analysis 

of viral mRNAs from these cells has revealed the existence of at least 30 

different mRNAs (188, 209). This mRNA diversity arises from the variable usage 

of five 5’splice sites and more than ten 3’ splice sites present in the viral genome; 

some of these RNAs encode the same protein. The functional importance of this 

phenomenon is still not clear.  

  Another trick used by the virus probably to increase its genomic capacity 

takes place at the level of translation. This process is called ribosomal frame-

shifting. It allows both Gag and Gag-Pol poly-proteins to be made from the same 

genomic RNA. Frame-shifting results in the production of the Gag-Pol poly-

protein and is mediated by a heptameric UUUUUUA slippery sequence within the 

gag gene and a downstream short stem-loop. The ribosome undergoes -1 

translational frame-shifting when it encounters this motif, shifting from the gag to 

pol reading frame without interrupting translation (173).  Such frame-shifting 

happens 5% of the time and explains why the ratio of Gag to Gag-Pol poly-
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protein is 20:1.  

Nuclear export of viral mRNAs and the Rev-RRE pathway 

  Following transcription and splicing, the fully spliced mRNAs are exported 

into the cytoplasm where they are translated into Tat, Nef, and Rev. The Tat 

protein shuttles back into the nucleus, where it increases transcription efficiency, 

as described below. Unlike the fully spliced mRNAs, the un-spliced and singly 

spliced mRNAs are exported and expressed along with their introns. Intron 

retention is generally not allowed for cellular mRNAs but is essential for the viral 

replication, as these mRNAs make up the progeny viral genome and encode 

essential viral proteins.  It is now widely believed that the cell often recognizes 

incompletely spliced mRNAs with retained introns as faulty and degrades them 

(25). All retroviruses, including HIV, must overcome the host cellular restriction 

on the nucleo-cytoplasmic export of their intron-retaining mRNAs. 

  One of the mechanisms used by cellular mRNAs to overcome this 

restriction, is through the use of a cis-acting RNA element called the constitutive 

transport element (CTE), that directs these incompletely spliced mRNAs to the 

Nxf1 mRNA export pathway (139). 

  Many simple retroviruses such as MPMV (22), MLV (183, 206), ALV (246) 

contain a cis-acting CTE or a CTE-like element in their RNAs to facilitate the 

export of the RNAs via the Nxf1 mRNA export pathway. Most of the complex 

retroviruses like HTLV (105, 211), MMTV (158), EIAV(86, 156), and Jaagsiekte 

Sheep virus (107, 167) encode a specific regulatory protein that interacts with a 
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cis element in the viral transcripts to support nuclear export of the intron-retaining 

viral transcripts through the CRM1 pathway. However, there is little sequence 

similarity among the regulatory proteins and among the RNA elements across 

these viruses. Interestingly, foamy viruses are unique in that they use a cellular 

RNA-binding protein, HuR, instead of a viral regulatory protein to facilitate 

nuclear export of the unspliced viral transcripts through the CRM1 pathway (13).  

  HIV uses the Rev protein and its RNA binding partner called the RRE 

(Rev response element) to dodge the cellular RNA surveillance mechanisms (98, 

103, 151). The RRE is a cis-acting RNA element present in all the intron-

retaining viral mRNAs. The current model of the Rev-RRE pathway is as follows: 

Rev, produced from a fully spliced mRNA, shuttles back to the nucleus and binds 

specifically as a monomer to the primary Rev binding site on the RRE (12, 104, 

115, 127, 227). Next, more Rev molecules (about 6-12) bind co-operatively along 

the other regions of the RRE in a process that involves protein-protein as well as 

protein-RNA interactions (41, 46, 51, 52, 62, 104, 149, 155, 249, 250). Rev 

binding to the primary Rev binding site and Rev oligomerization on the RRE are 

both essential for Rev-RRE function (47, 149, 168, 249). While the former allows 

the Rev to make specific contacts with the RRE (13), the latter increases the 

affinity of Rev-RRE complex by ~500 fold (51). Therefore, it appears that the tight 

cooperative nature of Rev-RRE binding explains how Rev manages to 

specifically and preferentially bind to the RRE RNA in the presence of many 

other RNAs within the cell.   

        Previously, there were reports that suggested that Rev molecules might 
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also bind to the RRE as a preformed oligomer. These findings were mostly based 

on the fact that Rev has the tendency to self-associate (168, 249). However, 

many Rev-RRE assembly studies, performed under ensemble-average 

conditions, employing assays like filter binding, gel shift, chemical foot-printing, 

mass spectrometry (137), fluorescence resonance energy transfer (FRET) (235), 

and surface plasma resonance (234), have indicated that Rev incrementally 

binds to the RRE. A recent single molecule Rev-RRE binding study done by 

using total internal reflection fluorescence (TIRF) microscopy has also shown 

that Rev binds to the RRE in monomeric increments (186).   

 The Rev-RRE complex is recognized by CRM1 and RAN-GTP forming an 

export competent ribonucleoprotein (RNP) complex (82, 170). The complex is 

then targeted to the nuclear pore where it interacts with the nucleoporins, 

resulting in its translocation to the cytoplasmic side. Once in the cytoplasm, the 

RRE containing mRNAs are translated into Gag, Gag-Pol, Env polyproteins, and 

accessory viral proteins. 

   Another mechanism employed by retroviruses to avoid the removal of 

these introns is the incorporation of sub-optimal splice sites in the viral genome 

(31). Thus, the introns are inefficiently removed by the splicing machinery, which 

in turn, results in the accumulation of mRNAs with retained introns. Various other 

positive and negative cis-acting elements within the viral genome can also 

regulate the levels of intron-retaining viral mRNAs in the nucleus by regulating 

splicing (146). 
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Viral assembly 

The Gag polyprotein (Pr55Gag) and the Gag-Pol polyprotein (Pr160 Gag-Pol) 

are synthesized on free ribosomes, from where they are targeted to the plasma 

membrane (Figure 3). The trafficking of the Pr55Gag to the cell membrane is both 

sufficient and necessary for the assembly and release of the viral particles (94). 

From the N-terminus, the Gag poly-protein (Pr55Gag) contains domains for MA, 

CA, spacer peptide SP1, NC, spacer peptide SP2, and p6 (refer to table 1 for the 

full names of the viral components). Membrane targeting of the Pr55Gag is 

mediated by the MA domain through its myristic acid at the N-terminal Gly 

residue (24, 96) and a patch of conserved basic residues (106, 190, 253).  The 

MA domain initially binds to phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] in 

the cytoplasmic aspect of the plasma membrane. This binding exposes the 

amino-terminal myristoyl group of MA, allowing Pr55Gag to stably anchor in the 

plasma membrane (204, 205, 254). PI(4,5)P2 is concentrated only in the inner 

leaflet of plasma membrane. This differential distribution of PI(4,5)P2 has been 

suggested as the reason behind the preferentially trafficking of  Pr55Gag to 

plasma membrane rather than to intracellular membranes (69).   

The critical determinant for Pr160Gag-Pol incorporation into particles has 

been controversial. Some groups (111, 218) have reported that the CA domain of 

Pr160Gag-Pol  is essential for the incorporation of the Pr160Gag-Pol into viral particles. 

Another group has shown that CA is not required for Pr160Gag-Pol  incorporation 

into the virion (152). 
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The Env poly-protein (gp160) is translated on ribosomes associated with 

the endoplasmic reticulum (ER). It is glycosylated co-translationally. On the ER, it 

also oligomerizes predominantly into trimers, which interact with newly 

synthesized CD4 (HIV receptors on host cells). Vpu degrades the CD4 to release 

the trimers (20). Another role of Vpu is the down-regulation of the cell surface 

expression of MHC class I proteins, thereby preventing the recognition of the 

infected cells by CTLs (124). The gp160 trimer is then transported to the golgi 

complex, where it is cleaved by a cellular protease to form mature gp120 and 

gp41 (100). In most cell lines and primary cells like PMBC and MDM, the Env 

glycoproteins are targeted to the lipid rafts of the plasma membrane through the 

gp41 cytoplasmic tail. On the plasma membrane, the gp120-gp41 complex 

interacts directly with the MA domain, resulting into its incorporation into the 

virion (63, 85).  

Incorporation of Vpr takes place through specific interaction with the p6 

domain (131, 144). The protein p6 also facilitates particle release (112). Various 

cellular factors like ICAM-1, HLA-II, actin, actin-binding proteins, cyclophilin A, 

ubiquitin, lysyl-tRNA-synthetase, t-RNA and many RNA-binding proteins are also 

found incorporated in the virion although the precise role of many of them in the 

viral life cycle is not clear (171). 

Two copies of un-spliced RNA non-covalently held at the DIS loop are 

incorporated into the virion as genomic RNA (119).  This dimerization of the 

genomic RNA is necessary for packaging and viral infectivity (159). It requires 

specific binding of the RNA with the NC domain. RNA packaging requires 5’UTR 



	
  

	
  

24	
  

sequences, particularly the Ψ signal, which spans from the major 5’ splice site to 

the Gag start codon (42) (Figure 2). The requirement of the sequence 

downstream of the 5’ splice site for packaging may explain why only the un-

spliced mRNAs out of the three classes of viral mRNAs get packaged into the 

virion. 

 

Budding and maturation 

Viral budding from the cell membranes requires interaction between the 

p6 domain of Gag and the cellular E vacuolar protein sorting (VPS) proteins. VPS 

proteins normally mediate multi-vescicular body formation in the cells. The p6 

domain contains two L (late) domains called P(T/S)AP and LYPX1-3L(95, 220). 

The former binds to ESCRT-I while the latter binds to ALIX (92, 220). 

Engagement of these two VPS proteins by p6 initiates a series of events that 

results in viral budding. 

The final release of the viral particles from the plasma membrane is 

restricted by a host cell trans-membrane protein, tetherin. HIV-1 Vpu binds to 

tetherin which facilitates viral particle release (165, 233). Interaction between the 

CD4 molecules and the viral Env on the cell surface can also prevent particle 

release. The viral Nef protein inhibits this interaction by re-routing CD4 molecules 

from the cell surface to lysosomes (153). Like Vpu, Nef also facilitates the 

degradation of CD4 attached to the viral Env on the golgi apparatus and down-

modulates the expression of MHC class I molecules on the cell surface (135, 
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153). Hence, major functions of Nef are to promote particle assembly and 

release and to prevent CTL killing of the infected cells. 

The final step in the HIV life cycle is the proteolysis of Gag and Gag-Pol 

poly-proteins by PR into their individual protein components. The cleavage 

between MA and CA disassembles the immature lattice and releases CA-SP1. 

Cleavage of CA from SP1 triggers the CA to assemble into a geometric structure 

called “the fullerene cone” (58, 90). The mature cell-fee virus can then infect new 

host cells.  

 

Rev and the RRE 

The discovery of Rev and the RRE 

 The rev gene was discovered serendipitously during the genetic 

delineation studies of tat. It dates back to 1986 when two back-to-back papers by 

Feinberg et al. (74) and Sodroski et al. (216) reported that the disruption of the 

neighboring sequences of tat in infectious proviral clones resulted in replication 

defective viruses with severely reduced ability to produce Gag and Env. These 

sequences were shown to contain a new gene (now known as rev ) that overlaps 

tat and encodes a 116 aa protein in many B HIV subtypes. To study the 

underlying mechanism behind the functional effect, both groups performed 

northern blot analyses of total viral mRNA from transfected cells. The former 

group reported that in the absence of Rev, the levels of intron containing 9kb and 

4kb mRNA species were greatly reduced, whereas the levels of fully spliced 2kb 

mRNAs were increased. They hypothesized that the protein acted by regulating 
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splicing and hence named the gene trs (transregulator of splicing). In contrast, 

the latter group found that the absence of “Rev” did not change the levels of the 

different mRNA species and postulated that the protein acted post-

transcriptionally by supressing cis-acting negative regulatory sequences present 

in the Gag and Env mRNAs. Thus, they named the gene art (antirepression 

transactivator). To prevent the confusion arising due to different names of the 

same gene, three years later, the gene was renamed rev ((regulator of 

expression of virion proteins) (88).  

Subsequent studies (67, 75, 91, 103, 210) on Rev function looked at the 

distribution of different HIV mRNA species in subcellular compartments of cells 

transfected with Rev-responsive subgenomic or proviral reporter plasmids and 

Rev cDNA expression vectors. These studies used more refined Northern 

blotting methods or in situ hybridization techniques. Collectively, these studies 

demonstrated that Rev increases the steady state levels of intron-retaining HIV 

mRNAs (the 4kb and the 9kb RNA species) in the cytoplasm, by mediating their 

nucleocytoplasmic export, thus providing a mechanistic explanation for the Rev 

phenotype observed in the previously mentioned two studies.  

The discovery of Rev immediately led to the search for its functional 

target. Extensive mutational analyses of the gag, pol, and env regions that were 

absent in the 2 kb mRNAs but were present in the intron-retaining mRNAs 

resulted in the discovery of the Rev responsive element, called the RRE (Rev 

response element) in the env region (98, 103, 151, 201). Hammarskjold et al. 

(103), using a construct that contained the entire tat, rev, vpu, and env genes 
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between the SV40 late promoter and an intron from the rabbit β globin gene and 

a polyadenylation signal, showed that the RRE region, indeed, increased the 

steady state cytoplasmic levels of env mRNA. Their northern blot analysis of the 

env mRNAs also showed that the Rev-responsiveness of this element was 

independent of the position of the RRE but required the RRE to be in the correct 

orientation (sense-strand orientation). 

The mechanisms underlying the role of the Rev-RRE system in increasing 

the levels of intron-retaining mRNAs were initially debated. Various models were 

proposed. According to one model, Rev would function by inhibiting splicing or 

spliceosome assembly (31, 128, 129). Another model proposed that Rev would 

bind directly to these RNAs and facilitate export independent of splicing (75, 80, 

150).  

 To address these and other issues, Rev function in RNA export was 

studied in Xenopus laevis oocytes. This system was particularly useful as it is 

very simple to separate the nuclear and cytoplasmic fractions of the oocytes. The 

experiments were done by co-injecting the oocytes with the purified recombinant 

Rev protein and the RRE containing pre-mRNA molecules. Consistent with the 

results from the transfection studies, these studies demonstrated that the intron-

retaining RRE mRNAs were seen in the cytoplasmic fraction only in the presence 

of Rev (80).  

In this system, it was also shown by different groups that the Rev-RRE 

system functioned independent of splicing. Hamm et al. (101) demonstrated this 

using a synthetic RNA capped at its 5’ terminus with the unusual ApppG instead 
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of the m7GpppN cap, making it a poor substrate for export. This RNA also did 

not contain any recognizable introns or splice sites and hence would not engage 

the splicing machinery. They found that the RNA was efficiently exported into the 

cytoplasm only in the presence of Rev. Fischer et al. (80) employed splice-able 

intron containing pre-mRNA fused to RRE RNA. They found that even in the 

presence of Rev, spliced mRNA with the fused RRE derived from the pre-mRNA 

were present in the cytoplasm, suggesting that Rev did not inhibit splicing. While 

providing some insights into Rev-RRE export, it should be recognized that 

studies performed in the Xenopus oocyte system may not completely reflect the 

situation present in mammalian cells. 

Indeed studies by Chang and Sharp (31) and Lu et al.(143) provided 

evidence that Rev does not function independently of the splicing machinery in 

mammalian cells. They showed that interaction between some components of 

the splicing machinery and the intron containing mRNA is essential for Rev-

responsiveness of the intron-retaining mRNA. 

Chang and Sharp studied the effect of the intactness of the 5’ and the 3’ 

splice sites on Rev-responsiveness of rabbit β-globin construct containing an 

RRE within an intron and driven by an SV-40 early promoter. They transiently 

transfected COS cells with the β-globin construct along with a Rev expression 

plasmid and looked at the nuclear and cytoplasmic distribution of un-spliced β-

globin pre-mRNA by nuclease S1 protection and northern blotting. They found 

that when either the 5’ splice site or the 3’ splice site were attenuated, the β-

globin pre-mRNA accumulated in the nucleus in the absence of Rev. The 
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nuclear export of the mRNA was restored in the presence of Rev. But when both 

the 5’ splice site and the 3’ splice site were attenuated, the β-globin pre-mRNA 

accumulated in the cytoplasm both in the absence and in the presence of Rev. 

This study demonstrated that the intact 5’ splice site and/or the intact 3’ splice 

site acted as cis repressor sequence(s) (CRS) to retain the intron retaining 

mRNA inside the nucleus. The study also suggested a link between Rev 

function and the splicing machinery. 

Lu et al. studied the role of splice sites in the context of an HIV mRNA, i.e. 

env mRNA. Specifically, they used a construct that contained the HIV env gene 

with or without some upstream sequences including the 1st exon of rev and tat. 

The env gene was placed under the transcriptional control of the SV-40 late 

promoter. The 3’ end of the construct contained an intron and a poly A site from 

the rabbit β-globin gene. The construct was transiently co-transfected with a Rev 

expression plasmid into CMT3 cells and the Env protein levels in the cell lysates 

were determined. It was found that an intact tat/rev 5’ splice site was required 

for Rev-dependent expression of Env protein. Mutation or deletion of the 5’ 

splice site led to a significant reduction or abolishment of Env expression. More 

importantly, they demonstrated that when the cells were co-transfected with a 

U1 small nuclear RNA (snRNA) mutant that restored base-pairing at the 5’ 

splice site, the rev-responsiveness of the construct with the mutated 5’ splice 

site was restored. The study showed that the binding of U1 snRNA to the 5’ 

splice site is essential for Rev-dependent expression of Env. Thus, this study 

provided stronger evidence that interaction or cross-talk between the Rev-RRE 
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system and the splicing machinery is required for Rev-RRE function. 

 

The structure of the HIV-1 RRE 

The RRE is a highly structured cis-acting RNA element with multiple stem-

loops and bulges. It is located in a highly conserved and functionally important 

region of env at the N-terminus of gp41 (151). At this position, it is present only in 

the unspliced or the singly spliced RNAs. The minimal size of a functional RRE, 

also called the short RRE, is a 234-nt (151) region. However, Mann et al. (155) 

have shown that a fully functional RRE, also referred to as the long RRE, is 351-

nt long (Figure 5). 

          The precise secondary structure of the RRE has remained controversial. 

The early studies on the secondary structure of RRE were done on the subtype B 

HXB2 RRE. Dayton et al. proposed the first secondary structure of an in-vitro 

transcribed and folded RRE using a combination of extensive mutagenesis and 

computational predictions methods (57). The RRE was shown to form a 5 stem-

loop structure in this study. This structure was largely confirmed by Kjems et al. 

by nuclease cleavage and chemical protection assays. In their RRE structure, the 

5’ end and the 3’ end of RRE base-pair to form the central base of the RRE - the 

stem-loop I/I’. The stem-loop I/I’ opens into central loop of the RRE, which gives 

rise to four other stem-loops, namely the multi-branched stem-loop II, and the 

stem-loops III, IV, and V. The multi-branched stem-loop II consists of the stem 

region (IIA) branching out of the central loop and opening into a three-way 

junction. The junction opens into two different stem-loops namely IIB and IIC.  
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Figure 5 
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Figure 5: The two secondary structures of the 351-nt NL4-3 RRE.  

(A) The 5 stem-loop structure of the long RRE.  

(B) The 4 stem-loop structure of the long RRE.  

The 351-nt long RRE structure, established by Mann et al. (155), is defined by 

nucleotides 7701-8050 of pNL4-3 (Gen-Bank accession number AF324493). The 

dashed arcs represent the two non-Watson-Crick base-pairings that allow 

specific binding of the Rev ARM domain to the primary Rev binding site on the 

RRE. Secondary structures were generated by RNAstructure 5.5 software. 
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  As NL4-3 increasing become the standard HIV molecular clone studied in 

labs, subsequent structural studies of the RRE were performed on the NL4-3 

RRE. The NL4-3 RRE sequence used in these studies was different from the 

HXB2 RRE sequence used in the previous two studies only at positions 154 

(AèG), and 236 (AèG). The secondary structure of the RRE in genomic RNA 

from purified NL4-3 virions was determined by Watt et al. using a more advanced 

chemical probing technique called SHAPE (Selective 2’ hydroxyl acylation 

analyzed by primer extension) (238). To obtain the purified virions, SupT1 cells 

were first infected with virus inoculum generated by transfection of 293 T cells 

with a pNL4-3 proviral plasmid. The virus from the infected cells was then purified 

by ultracentrifugation of the SupT1 infection supernatant onto a sucrose cushion. 

Unlike the previous studies, this study probed the RRE structure in the context of 

full genomic RNA. This is important as other sequences of HIV genome might 

influence the RRE structure by short-range or long-range interactions. The study 

reported that the full structure of the RRE was largely that of the long RRE and 

that the RRE itself exists in the 5 stem-loop structure (Figure 5A).  

Interestingly, the secondary structure determination of an in-vitro 

transcribed and folded 232-nt short NL4-3 RRE by the same SHAPE technology 

gave a different result (137). This study reported that the RRE forms an 

alternative 4 stem-loop structure, which structurally differs from the 5 stem-loop 

structure only in the rearrangement of stem-loops III and IV (Figure 5B). In this 

alternative structure, stem-loops III and IV of the 5 stem-loop RRE combine to 

form a single stem-loop III/IV that opens into the central loop. Two other studies 
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supported the 4 stem-loop structure of the NL4-3 RRE (32, 155). In both these 

studies, the secondary structure of the 351-nt long NL4-3 RRE was investigated 

using a combination of computational structure prediction, and chemical, and or 

enzymatic structure probing methods. In one of the two studies, the structure of 

in-vitro transcribed RRE was investigated (155). In the second study, the 

structure of the RRE was investigated in-vivo in yeast cells transformed with the 

Rev-responsive reporter plasmid containing the RRE and a Rev expression 

plasmid (32). 

   

  Attempts have also been made to look at the tertiary structure of the full-

length pNL4-3 RRE. The first attempt was made by Pallesen et al., who studied 

the structure of an in-vitro transcribed 370-nt long RRE by high-resolution atomic 

force microscopy (172). They reported that the tertiary structure of the RRE 

appeared very similar to its secondary structure in dimensions and shape. It 

included a head like structure, which they presumed consisted of stem-loops II-V, 

sitting on top of a stalk like structure presumably consisting of stem-loop I. The 

length of the whole structure was about 43.4 nm. The stalk was about 22.2 nm 

long, while the head structure was 21.4 nm long and 17 nm wide. They also 

showed that their renatured RRE samples migrated as two discrete bands on a 

native PAGE gel. They speculated that these two bands might represent the 5 

stem-loop and the 4 stem-loop structures. However, they reported that even 

though the RRE samples for the AFM were renatured under the gel-shift assay 

conditions, the structures of the RRE in the AFM images appeared very 
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homogenous. They reconciled this discrepancy by concluding that the 

differences in the two structures were too minute to be resolved by this 

technique. 

 A more detailed study on the 3 dimensional structure of the RRE has been 

recently published (71). In this study, the three dimensional structure of the 233-

nt NL4-3 RRE was determined by small angle X-ray scattering (SAXS). 

According to the study, the RRE forms an “A”-like structure (Figure 6). One of the 

legs of the “A” is comprised of stem loops II, III, and IV while the other is made of 

stem loops I and V. By modeling the 4 stem-loop secondary structure of the RRE 

on the SAXS envelope, the authors deduced a SAXS structure model where the 

distance between the Rev binding sites on the stem loop IIB (the primary Rev 

binding site) and on the stem loop I (the secondary Rev binding site) is about ~55 

Å. This distance matches the previously shown distance between the two RRE 

binding motifs in a Rev dimer (52, 62). To further support their result, they 

showed that increasing the distance between the legs of the “A” by introducing 

RNA helical turns between them diminished the Rev-RRE activity ex-vivo and the 

Rev-RRE binding affinity in-vitro. The study, however, did not try to fit the 5 stem-

loop structure of the RRE into their RRE SAXS envelope. Since the past studies 

support both the 5 stem-loop and the 4 stem-loop RRE structures, a complete 

and accurate SAXS analysis of the RRE will require the modeling of both the 

RRE secondary structures on the RRE SAXS envelope. 



	
  

	
  

36	
  

 

Figure 6: The 4 stem-loop secondary structure of the RRE modeled into the 

SAXS envelope of 233-nt NL4-3. The tertiary structure of the RRE adopts an 

“A” shape. One leg of the “A” is contributed by the stem-loops II, III/IV, while the 

other leg is made of stem-loops V and I.  Adapted from (71) 
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The functions of the RRE 

The most widely accepted function of the RRE is to act as a scaffold for 

Rev binding, facilitating nuclear export of the RRE containing RNA. Within the 

RRE itself, there are only two functionally defined regions – one within stem-loop 

IIB and the other within stem-loop I. Stem IIB has been mapped as the primary 

binding site for Rev binding by several mutagenesis studies (55), in vitro binding 

and chemical modification interference assays (126). Although there seems to be 

only one high affinity primary Rev binding site on the RRE, nuclease protection 

(154), nuclease protection gel retardation (169), and nitrocellulose filter binding 

(108) experiments have demonstrated that Rev can also bind to other regions of 

the RRE. Mann et al. (154), showed that the progressive truncations of stem loop 

I of the 351-nt RRE leads to a progressive reduction in the total number of Rev 

molecules that can bind co-operatively to the RRE and also in the levels of gag 

and env mRNA in the cytoplasm.  A recent study identified a secondary Rev 

binding site in stem loop I of the RRE by site directed mutagenesis (50) (Figure 

5). 

The importance of stem loops III, IV, and V in Rev-RRE function remains 

controversial. Olsen et al. (169) showed that the deletion of stem loop III 

significantly reduced the Rev binding ability of the RRE as measured by a 

nuclease protection gel retardation assay. A Rev responsive CAT expression 

assay of this mutant showed that the deletion led to 5 times lower Rev-RRE 

function than with the wild type RRE. By employing an in-vitro gel retardation 

assay and an ex-vivo Rev-responsive Gag reporter assay in COS cells, Dayton 
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et al. (57) showed that the clean individual deletion of each of these stem loops 

minimally affected the Rev-RRE function in a reporter assay. In this assay, the 

Rev was supplied in supersaturated levels from a plasmid containing SV40 

origin. But in HIV infection, the Rev expression is very low. Therefore, the high 

levels of Rev used in their assay could have masked the potential importance of 

these stem-loops. In other studies, mutations predicted to disrupt stem loop III, 

IV, and V have been found to significantly lower Rev-RRE activity (57, 77). Such 

disruption mutations might alter the secondary structure of the other regions of 

the RRE by releasing sequences of these regions that might interact with the 

neighboring stem-loop regions.  

Other mechanisms for the reduced Rev-RRE function of these stem-loop 

disruption mutations might also exist. Oligonucleotides complementary to the top-

most distal loop of stem loop V blocked the Rev-RRE function equally as well as 

those directed to stem loop II (77). Interestingly, these oligonucleotides did not 

block the binding of the Rev to the RRE but were capable of completely 

disrupting preformed Rev-RRE complexes. One possibility is that stem loop V 

may act as a binding site for a cellular co-factor(s) that may serve to enhance 

Rev mediated RNA transport or other aspects of Rev function. This site may 

become available only after binding of Rev to the RRE.  In support of this notion, 

secondary structural analysis of the RRE indicated that stem-loop V became 

more sensitive to modification with DMS and kethoxal when Rev was bound to 

the RRE (125). 

In addition, previous work from our own group has shown that single 
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nucleotide changes in the stem loop III-V regions of the RRE can overcome 

resistance to a trans-dominant negative rev allele, Rev M10 (102).  Although the 

mechanism of resistance mediated by single nucleotide changes remains 

somewhat mysterious, our recent studies have unexpectedly shown that the 

changes cause a rearrangement of stem loops III, IV and V of the RRE into an 

alternative stable secondary structure that is more similar to the 5 stem-loop 

structure than the 4 stem-loop structure (137). Together these studies again 

highlight the point that regions in the RRE outside of the primary Rev binding site 

are important for Rev function. 

 

Rev structure and functional domains 

The prototype Rev (NL4-3) from HIV clade B is a ~ 18 kd phospho-protein 

composed of 116 amino acids and is encoded by two exons as 26 and 90 amino 

acids respectively (14). The first coding exon of Rev overlaps the first coding 

exon of Tat in a different reading frame. The second exon is encoded in an 

alternative open reading frame that overlaps the gp41 coding sequence of the 

env gene and the second coding exon of Tat.  The Rev protein consists of 

several well-characterized functional domains as delineated by extensive 

mutagenesis (Figure 7A). One of these domains (aa 34-50) is a basic, arginine 

rich motif (ARM) that functions as a nuclear/nucleolar (NLS/NOS) localization 

signal (14, 37, 132). This domain also serves as an RNA-binding domain (RBD) 

that binds specifically to the RRE. It is flanked on both sides by the 

oligomerization domains that are required for Rev multimerization.  
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Figure 7: Structure of NL4-3 Rev.  
 
(A) Linear representation of the full length NL4-3 Rev showing the functional 
domains. Adapted from (84)  
 
(B) Crystal structure of NL4-3 Rev monomer at 2.5 Å resolution. The protein 
shown is truncated at aa-71 and lacks the last 46 aa including the NES domain. 
The folded core of a Rev monomer with its functional domains highlighted. The 
amino acids that mediate the stability of the monomer core structure are shown. 
The different colors of the ribbon indicate amino acid conservation among 1201 
HIV-1 isolates in the Los Alamos Sequence Database, with green representing 
the least conservation (26%) and red the highest (100%). Adapted from (52) 
 
(C) Two views of a surface representation of the Rev dimer. The two 71-aa Rev 
monomers are shown as ribbons in light and dark blue. Adapted from (52) 
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 Oligomerization is mediated mainly by Leu18, Leu55, Val16, Leu12, and 

Leu60 (117). Towards the carboxy terminal is a leucine rich "activation" domain. 

This domain functions as a specific nuclear export signal (NES) (79, 241).  The 

NLS and NES together enable Rev to actively shuttle between the 

nucleus/nucleolus and the cytoplasm by accessing cellular pathways for nuclear 

import and export.  

A series of genetic, biochemical, and biophysical studies have contributed 

to our understanding of Rev structure and some molecular details of the 

assembly of NL4-3 Rev and the RRE (12, 13, 49, 50, 53, 116, 118, 154, 185, 

228). For a long time, the only structural information of Rev came from an NMR 

study (13) and circular dichroism experiments (225) using a 23 amino acid 

synthetic polypeptide corresponding to the ARM domain of Rev (residue 34 to 

50) bound to the stem IIB of RRE containing the high affinity Rev binding site 

(13). Both of the studies showed that the ARM sequence of Rev forms an α-helix. 

The NMR study also reported that the binding of ARM peptide to the stem IIB is 

accompanied by the formation of G106:G129 and G105:A131 base-pairs (Figure 

5) in the internal loop. These two non-Watson-Crick base-pairs widen the major 

groove in that region of the RRE by 5 Å, allowing the helical ARM to make 

specific contact with the RRE (12, 13). Unlike in DNA, the major groove of the 

normal A-form RNA has a deep and narrow major groove and widening of the 

major groove might be important for specific interaction between the RNA and 

the protein (239, 240). Specifically, the carboxamide moiety of Asn40 makes 

hydrogen bond with two purines of the G105:A131 base pair. Mutation of Asn40 
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leads to a ~40 fold reduction in the binding affinity between ARM and stem IIB 

(225). 

NMR analysis of the contact surface between the ARM peptide and the 

secondary Rev binding site on stem-loop I of the RRE (51) was also performed. 

The authors (51) found that, to make contact with this RRE site, Rev uses an 

ARM interface (Arg38, Arg41, and Arg46) that is different from that used to make 

contact with the high affinity stem IIB region. When each of these residues was 

mutated, the interaction between the secondary Rev binding site and ARM 

peptide was disrupted but the same mutations did not affect stem IIB binding. 

Conversely, mutation of Asn40 did not affect stem-loop I binding (51).  

A crystal structure of Rev was lacking for a long time due to the propensity 

of purified Rev to oligomerize into filaments or even form insoluble aggregates, 

which made it difficult to crystallize (39, 104, 244). This self association property 

of Rev has been attributed to hydrophobic interactions (117) and to the basic 

nature of the protein. To obtain Rev crystals, Daugherty et al. (52) partly 

disrupted the hydrophobic interactions that mediate higher order Rev 

oligomerization by mutating Rev residues Leu12 to Ser and Leu 60 to Lys. In 

addition, they also removed the last 46 residues, including the Leu-rich activation 

domain from the C’ terminus of Rev. To neutralize the basic charge of the 

protein, they purified Rev as a fusion protein with the negatively charged B1 

domain of streptococcal protein G (GB1). At the final purification step, Rev 

protein was cleaved off the GB1 and released into solutions of 100mM potassium 

phosphate or sodium sulfate. These solutions further provided oxyanions to 
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maintain Rev solubility after GB1 cleavage.  

The structure of the crystal so obtained was resolved at 2.5 Å resolution 

(Figure 7B and 7C). The disruption of the higher order oligomerization interface 

was not very successful as the unit crystal cell contained two Rev dimers. The 

crystal structure revealed that the N-terminal 1-70 amino acid residues of the Rev 

monomer adopts a planar antiparallel helix–loop-helix structure (Figure 7B). The 

N-terminal arm of this structure consists of a shorter helix that includes one of the 

two oligomerization domains followed by a loop region. The C- terminal arm 

consists of a longer helix made up of the ARM at its N-terminal half and the 

second oligomerization domain at its C-terminal half. The two oligomerization 

domains of a monomer face each other. The apposed surfaces of oligomerization  

domains are   rich   in hydrophobic residues (Leu22, Ile52, and Ile59) which 

along with some polar residues (Asn26, Arg48, and Gln49) provide stability to the 

monomer structure. Some of these residues also participate in dimer formation 

with other Rev monomers. The Rev dimer is held together mainly by hydrophobic 

interactions mediated by Leu18, Phe21, Ile55, but as a consequence of this, 

dimerization residues Leu22, and Ile59, which are exposed in the monomer get 

buried. The burial of these residues has been reported to stabilize the dimeric 

form by  >22 kcalmol-1 (230). The authors use this observation to explain 

cooperative binding and propose that the building block of the Rev-RRE complex 

is a Rev dimer. In a Rev dimer, the two Rev monomers are positioned face to 

face by their dimerization interface at an angle of  ~ 120o to form a V shaped Rev 

dimer (Figure 7C). In this V shaped dimer, the ARM domain of each monomer is 



	
  

	
  

44	
  

free to grasp the RNA. Each Rev monomer of the dimer interacts with Rev 

monomer of the adjacent dimer by its higher order oligomerization interface. This 

interface is stabilized by hydrophobic interactions mediated by Leu12, Val16, and 

Leu60.  

The group also attempted to generate a model of the RRE bound to the 

Rev dimer (Figure 8). To achieve this, they placed the IIB RNA hairpin from the 

NMR structure of the ARM peptide–IIB34 RRE (13) into the Rev dimer crystal 

structure. The RNA was extended by 4-nt to accommodate the second Rev 

monomer of the dimer. Consistent with a previous study from the same group 

(51), in the model, the two ARM domains of the dimer bind the RNA using two 

different interfaces, namely the inner face and the outer face. The ARM of one of 

the monomers contacts IIB using Asn40 on the “inner face” of the helix. The ARM 

of the second monomer binds to the other end of the extended IIB by its the 

'outer face'. The distance between the two ARM domains in the dimer was found 

to be 55 Å. As previously mentioned, in the SAXS structure of the RRE too 

(Figure 6), the distance between the primary Rev binding region on stem-loop II 

and the secondary Rev binding region on stem-loop I was found to be 55 Å. 
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Figure 8: Stem loop IIB (extended by 4-nt) modeled on the Rev dimer. In this 

model, the first Rev monomer binds to the high affinity Rev binding site through 

Asn40 (yellow residue) located in the inner surface of the ARM domain (ARM1). 

The second monomer binds the RNA using a different surface (outer face) of the 

ARM domain (ARM2).  Adapted from (52) 
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The crystal structure of Rev was also solved by an independent group 

(62), using Rev linked to a Fab fragment at 3.2 Å resolution. The Fab fragment 

was specially engineered to prevent Rev aggregation. Each crystal unit cell 

contained six Rev monomers and six Fab fragments. The structure and the 

orientation of the Rev monomer in each Rev dimer were similar to those reported 

by Daugherty et al. (52). Interestingly, in this study, the residues that were 

reported to mediate higher order oligomerization by Daugherty et al. (52) 

mediated Rev dimerization. Conversely, the residues that mediated Rev 

dimerization in Daugherty et al. (52) crystal structure were actually occupied by 

the Fab fragment.  

 According to the Rev-RRE assembly model proposed by Daugherty et al., 

the first event in the Rev-RRE assembly is the specific binding of the N40 amino 

acid of the first Rev monomer to the primary high affinity Rev binding site of stem 

IIB of RRE. This exposes the dimerization interface of that Rev, which allows the 

binding by a second Rev monomer on a secondary Rev binding site on RRE. 

The angular orientation of the Rev monomer in a dimer necessitates that the 

second Rev binding site on the RRE be correctly oriented and spaced relative to 

the stem IIB site. As more Rev monomers are cooperatively added to the RRE 

the affinity of Rev-RRE complex increases. Up to 8 Rev monomers can bind the 

~350-nt RRE. The hexameric Rev homooligomer-RRE RNP has 500 times 

higher affinity than monomer Rev- RRE complex (50) and can bind two Crm1 

molecules through its NES sequences. Therefore, oligomerization of Rev may 
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serve at least two purposes: increasing specificity for RRE binding and facilitating 

Crm1 binding.  

 

Cellular factors interacting with the Rev and the RRE 

Crm1 or Exportin-1 is a member of the β-importin family of transport 

receptors and has been demonstrated to specifically interact with many proteins 

containing NES domains (157). Normally employed for the nucleo-cytoplasmic 

export of proteins, snRNAs, and rRNAs, the Crm1 pathway is hijacked by HIV to 

facilitate export of intron-retaining HIV RNAs. Crm1 bridges Rev and Ran-GTP 

interaction to form a functional export complex (9, 43, 133). It also bridges the 

interaction between Rev and nucleoporins like Rip/Rab (166) allowing the Rev-

RRE ribonucleoprotein (RNP) to ferry across the nucleopore complex into the 

cytoplasm. Here, the RNP disassembles with the hydrolysis of GTP bound to 

Ran, releasing the RRE containing RNAs into the cytoplasm. The Rev-RRE-

Crm1 pathway reportedly also requires the binding of a helicase DDX3 (247) to 

Crm1, although the exact function of DDX3 in the pathway has not been 

elucidated. Various other cellular factors like eIF-5A, SF2/ASF, B23, p32, 

Sam68, RHA, and DDX1 have also been implicated to modulate Rev-RRE 

function, though their roles remain either unclear or controversial (184, 221). 

 

Rev and RRE variation in infected patients 

In an infected individual, CTL (cytotoxic T lymphocyte) pressure is one of 

the major factors driving variation of the virus. A Rev specific CTL response has 
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been observed in patients’ PBMCs (peripheral blood mononuclear cells) tested 

with overlapping synthetic Rev peptides’ epitopes (3, 4).  Baalen et al. (231) 

demonstrated an inverse correlation between Rev-specific CTL response and 

rapid progression to AIDS. They also found that in patients with identical HLA 

alleles, but with significantly different Rev specific CTL frequency, there was 

sequence variation in the Rev epitopes, suggesting the ability of different Rev 

epitopes to elicit different degrees of CTL recognition. The same group also 

reported the evolution of Rev in cell culture due to CTL pressure (232).  

Another study has shown the ability of different Rev alleles to indirectly 

modulate immune evasion. Bobbitt et al. (19) found that in infected patients with 

well functioning immune systems, infected cells were more resistant to anti-Gag 

and anti-Env CTL killings compared to infected cells from late stage AIDS 

patients. The decrease in susceptibility to CTL killing was attributed to lower 

expression levels of Gag and Env resulting from attenuated Rev alleles 

suggesting that loss of CTL function as the infection progresses might select for 

more active Rev alleles. Unlike mechanisms that affect overall transcription and 

translation, down-modulation of gene expression by less active Rev alleles 

primarily affects viral structural protein expression and is not expected to affect 

HIV Nef expression. Thus this mechanism would allow the immune evasion 

activities of Nef to still persist, while the lower structural protein levels would 

make the infected cells less susceptible to CTL killing, Other studies have also 

reported the contribution of less-active rev alleles to long-term survival of HIV-1 

infection in some patients (110, 113).   
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Another important factor driving evolution of HIV is anti-HIV drug pressure.  

Inhibitors of Rev and the RRE have not been approved for clinical use to date. 

However, because of the overlap of the RRE and the 2nd exon of Rev with gp41 

of env gene, it is conceivable that HIV drugs targeting gp41 of env will also select 

for mutations in the Rev and the RRE sequence. In fact, ENF (enfutivirtide or 

T20), the first fusion inhibitor to be used for HIV treatment, acts by binding to a 

region on gp41 and has been reported to select for secondary mutations in Rev 

and the RRE. The primary mutations reported to be associated with ENF 

resistance are located within the ENF target region and map to 36-45 amino 

acids of gp41 (61), which lies within the RRE. Secondary mutations in the RRE 

were found to restore the RRE structure predicted to be disrupted by the primary 

mutations. Such “structure conservation mutations” were observed in stem loop 

IIC (163) and III (223), which underscores the importance of structural integrity of 

regions of the RRE outside the primary Rev binding site. Secondary mutations in 

Rev were also found in both ARM and oligomerization domains (223). Those in 

the ARM domain accompanied mutation in the primary Rev binding site of RRE, 

suggesting that these Rev mutations were selected to correct impaired Rev-RRE 

binding. Furthermore, mutations observed in the oligomerization domain of Rev 

were predicted to regain the Rev-RRE activity level altered by RRE mutation. 

The authors, however, presented no experimental data to test the predicted 

functional significance of the secondary mutations. Nevertheless, the studies 

point to the importance of taking into account Rev-RRE interaction while 
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designing such drugs and more importantly the need of evolutionary 

conservation of Rev-RRE function by the virus. 

Rev and RRE variations are also seen among HIV subtypes. Consensus 

Rev sequences across different clades are considerably different especially at 

regions outside the NLS/ARM and NES domains of Rev. Most clade C isolates 

lack 15 amino acids at the C-terminus of Rev relative to clade B and there exists 

variable deletions in all of the clades. Comparison of 894 HIV-1 RRE sequences 

of different clades available from Los Alamas HIV database with HXB2 RRE 

revealed sequence conservation of almost all bases in stem IIA, the high affinity 

Rev binding site, and most of the stem region of stem-loop loop III. The most 

conserved region of the RRE within and across HIV clades appears to be the 

high affinity binding site of RRE (179, 212). The high sequence specificity of this 

region has also been demonstrated by site directed mutagenesis (108). 

Secondary structure conservation was observed in stem IIA, stem IIB, stem III, 

and distal parts of stem IV and V (179).  

There are just a few studies on the Rev and the RRE sequence variation 

in a single patient and even fewer studies on Rev and RRE functional variation. 

One of these studies was done by Phuphuakrat et al. (178), who studied 10 RRE 

variants from Thailand and observed differential Rev-RRE activity when patients’ 

RREs were paired with NL4-3 Rev. Further functional studies of these Rev-RRE 

pairs showed that the  differential Rev-RRE activity resulted from both differential 

RNA export and  translation enhancement efficiency of these pairs. RRE 

functional variation has also been studied in a longitudinal cohort (182). The 
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study presented a positive correlation between rates of CD4+ decline and RRE 

activity at the late time points while such correlation was absent at early time 

points. These data suggest that RRE heterogeneity may be important in viral 

pathogenesis and disease progression. A major caveat in these functional 

studies was that Rev and the RRE were paired with heterologous control Rev or 

control RRE rather than their cognate partners. 

A recent study from our lab has shown a marked functional difference 

between autologous and heterologous Rev-RRE pairs (214). In this study, 

multiple autologous/cognate Rev and RRE sequences were obtained by single 

genome sequencing of blood plasma samples. These plasma samples were 

collected within 6 months after seroconversion and at a later time. The Rev-RRE 

activity of the Rev-RRE pairs was tested in a transient transfection assay using a 

CMV driven GagPol reporter construct. Each patient Rev-NL4-3 RRE pair and 

NL4-3 Rev-patient RRE pair were also tested for their Rev-RRE activity using the 

same system. In general, it was observed that different levels of Rev-RRE 

activity were obtained for each of these cognate or non-cognate pairs of Rev-

RRE, suggesting that each pair served as a single functional unit.  

Furthermore, it was also observed that activity of the cognate pairs from 

the same time point in a patient clustered around a single activity level, which 

was termed the set point. The set point changed significantly in 3/5 patients over 

the time period studied. These changes in set point were mainly driven by small 

changes in the RRE sequence. For instance, patient SC3, who showed a 

progressive decline in CD4 counts and a rapid increase in blood viral load, also 
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exhibited a significant increase in the Rev-RRE activity at a later time-point. This 

increase in activity was entirely driven by the RRE as the activity of Rev in this 

patient did not change over the course of study. In fact, in many virions isolated 

at the late time-point, the Rev sequence remained unchanged. Interestingly, 

there were only four nucleotide changes in the late time-point RRE compared to 

the early time-point RRE and all of these changes were in regions outside the 

primary Rev binding site. It was also shown using a gel shift assay that the late 

time-point RRE formed higher order complexes with Rev at lower Rev 

concentration compared to the early time-point RRE. Therefore, the study 

demonstrated that the Rev and the RRE appeared to co-evolve to attain a range 

of activity. Such variation in activity might regulate viral replication to allow the 

virus to adapt to different selection pressures within the host.  

 

Rationale 

HIV transcribes various intron-retaining mRNAs that make up the progeny 

viral genome and encode most of the viral proteins. The nucleo-cytoplasmic 

export of these mRNAs is essential for viral replication. This export is initiated by 

the binding of HIV Rev protein to the RRE, a cis-acting RNA element found in a 

highly conserved region of env in these mRNAs (67, 75, 151, 251). Functionally, 

the RRE has been modeled as a scaffold for binding Rev molecules (48). The 

primary Rev binding site on the RRE has been mapped to stem IIB (41, 56, 125), 

and stem I/I’ has been shown to provide secondary Rev binding sites (51, 155).  

Upto 8 Rev monomers bind co-operatively to the whole RRE (45, 46, 155) 
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forming the Rev-RRE oligomeric complex. The complex recruits the Crm1/Ran-

GTP (7, 10) nuclear export machinery resulting in the RNA export. 

Despite our knowledge of Rev-RRE mediated RNA export, the precise 

secondary structure of the RRE has remained controversial. Various 

computational modeling, chemical and enzymatic probing methods, alone or in 

combination, have been used to investigate the secondary structure of the RRE. 

Some of these studies (57, 125, 238) have shown that the RRE forms a 5 stem-

loop structure (Figure 5A). Other studies (32, 137, 155) have reported that the 

RRE forms an alternative 4 stem-loop structure (Figure 5B), which structurally 

differs from the 5 stem-loop structure only in the rearrangement of stem-loops III 

and IV. In the 5 stem-loop structure, the stem-loop III and IV form separate stem-

loop structure whereas in the alternative structure, stem-loops III and IV combine 

to form a single stem-loop III/IV.  

Although there is evidence (77, 137, 224) that stem loops III, IV, V of the 

RRE contribute to Rev-RRE function, the precise functional role of these regions 

is not well understood.  In this thesis, we have re-examined the secondary 

structure of the RRE and compared the functional importance of the 5 stem-loop 

and the 4 stem-loop RRE structures.  
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CHAPTER II - MATERIALS AND METHODS 

Numbering of the RRE  

 Both the short and the long versions of the RRE were tested in the study. 

In the Rev-RRE electrophoretic mobility shift assays, the activities of a short 

version (234-nt) of the RREs were compared. The coordinates of these short 

RREs map to the nucleotides 59-292 on the long RRE (Figure 5). The 234-nt WT 

RRE sequence was originally defined by Malim et al. (151) as the minimal length 

functional RRE. In the SHAPE and the RRE gel migration experiments, the 232-

nt RREs, which map to nucleotides 60-291 on the long RRE, were tested. In all 

the cell-culture assays, the long RRE was studied. The WT long  RRE is the 351-

nt long RRE established by Mann et al. (155) and is defined by nucleotides 7701-

8050 of pNL4-3 (Gen-Bank accession no. AF324493).  

 

Plasmid constructs reference number 

 All the plasmid constructs used in the study are referenced by their 

Hammarskjöld-Rekosh laboratory archive number with a prefix pHR (plasmid 

Hammarskjöld-Rekosh).  

 

Description of the plasmid constructs  

pNL4-3 (pHR 1145): It is an infectious proviral clone of HIV-1 with pUC18 

backbone. As mentioned in the introduction, its HIV sequence is a chimera of 

5.8Kb long 5’ region of NY5 HIV-1 isolate and the 3.8 Kb long 3’ region of the 

LAV HIV-1 isolate joined at the EcoRI site unique to both the isolates (2). 
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Constructs used in the hygromycin resistance assay 

1. pNL4-3 Nef- (pHR 1272): It is a Nef defective form of pNL4-3. It has pNL4-3 

sequence except for the 97 nucleotides (nt 8789-8886) deletion in the nef gene 

that places the unique XhoI site of pNL4-3 immediately downstream of the start 

codon of Nef. 

 

2. pTR 167 (pHR 1266): This construct has been previously described (195). It 

was created by deleting the entire region (5491-bp) between the two NsiI sites 

located between nucleotides 1251 to 6742 of pNL4-3 (HIV NL4-3[GenBank 

accession number M19921]).  The deleted region includes part of gag, entire pol, 

and part of env genes. A cassette containing the hygromycin resistant gene 

(Hygr, Hygromycin B phosphotransferase) driven by SV40 early promoter –

enhancer was inserted into the NheI site in the remaining env sequence at 

nucleotide 7520.  It makes three species of mRNAs - 1. the Rev-RRE dependent 

genomic RNA which contains the SV40- Hygr gene cassette, 2. the Rev-RRE 

independent SV40 driven subgenomic Hygr mRNA and 3. the Rev-RRE 

independent  spliced mRNA that makes Nef.  

 

3. pTR 167 Nef- w/ WT RRE in its native position (pHR 4494): It is a derivative of 

pHR 1266 with the 97 nucleotide deletion in the nef gene. It was created by 

replacing the MfeI to XhoI fragment of pHR 4910 (see below) with that of pHR 

1272.  
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All the pTR 167 Nef- w/ RRE constructs (described in number 3 and 

number 4) make only three species of mRNAs - 1. the Rev-RRE dependent 

genomic RNA which contains the SV40- Hygr gene cassette, 2. the Rev-RRE 

independent SV40 driven subgenomic Hygr mRNA, and  3. the Rev-RRE 

independent mRNA that encodes a non-functional N-terminally deleted Nef 

protein. 

 

4. pTR 167 Nef- w/ mutant RRE: This series of plasmids are derivatives of pTR 

167. Each plasmid is Nef negative and contains a different mutant RRE in the 

native RRE location. The constructs with the mutant A RRE, mutant B RRE, 

mutant C RRE, mutant D RRE, and mutant E RRE were referenced as pHR 4910 

(pTR 167 Nef- w/ mutant A RRE), pHR 5054 (pTR 167 Nef- w/ mutant B RRE), 

pHR 4406 (pTR 167 Nef- w/ mutant C RRE), pHR 4438 (pTR 167 Nef- w/ mutant 

D RRE), pHR 4408 (pTR 167 Nef- w/ mutant E RRE) respectively. To create 

these constructs, different mutant RREs were first created as a portion of MfeI 

and XhoI fragment of pHR 4494 by SOE (Splicing by overlap extension)-PCR. 

Briefly, three different ds-DNA fragments (the 5’ fragment with a MfeI site at its 5’ 

end, the middle 2nd fragment containing the desired RRE mutations, and the 3’ 

fragment with a XhoI site at its 3’ end) were first PCR generated. All three 

fragments were then joined at the overlapping regions to create a 1351-bps long 

fragment with a MfeI site at its 5’ end and a XhoI site at its 3’ end.  This was done 

in two steps. First, the 5’ fragment and the middle fragment were joined to create 
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a 455-bps fragment. Second, the 455-bps first SOE product was joined to the 3’ 

fragment to create the final 1351-bps final SOE product. 

 To generate the MfeI-XhoI fragment containing the mutant B RRE, the 5’ 

fragment was generated using pHR 1272 as the template and oligo-pair 2087 

and 2567 as the primers. The middle 109-bp fragment was created using oligo 

2567 as the template and oligo-pair 2568 and 2091 as the primers. For the MfeI-

XhoI fragment containing the other mutant RREs, template pHR 1272 and 

primer-pair 2087 and 2089 were used to generate the 5’ fragments. The 71-bps 

middle fragments were generated using primer-pair 2088 and 2091. The 

template for the middle fragment was oligo 2437 for mutant A, oligo 2093 for 

mutant C, oligo 2095 for mutant D, and oligo 2094 for mutant E. The 3’ fragment 

of all the MfeI-XhoI fragments was created using pHR 1272 as the template and 

oligo-pair 2090 and 2092 as the primers.   

 

Sequence information of oligos used to create the SOE products. Mutated 

nuclotides are shown in bold and larger font. 

 

Oligo# 2437: Oligo that introduces mutations on the both sides of top stem of 

stem-loop IV of the NL4-3 RRE to create mutant A RRE (71-nt)  

5’ gaacaatttgctgagggctattgaggcagcccagcatctgggctaactcacagtctggggcatcaaaca 

gc 
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Oligo# 2567: Oligo that introduces mutations in the base stem of combined 

stemloop III/IV to create mutant B (109-nt long) 

5’ caggccagacaattattgtctgatatagtgcacgttgtcaacaatttgctgagggctattgaggcgcaacag 

catgacgacgaactcacagtctggggcatcaaacagc 

 

Oligo# 2093: Oligo that introduces mutations on theleft side of the top stem of 

stem loop IV of the NL4-3 RRE to create mutant C RRE (71-nt)    

5’ gaacaatttgctgagggctattgaggcagcccagcatctgttgcaactcacagtctggggcatcaaaca 

gc 

	
  

Oligo# 2095: Oligo that introduces mutations on both sides of the top stem of 

stem loop IV of the NL4-3 RRE to create mutant D RRE (71-nt)   

5’ gaacaatttgctgagggctattgaggcagcccagcatctgaacgaactcacagtctggggcatcaaaca 

gc 

	
  

Oligo# 2094: Oligo that introduces mutations on the right side of the top stem of 

stem loop IV of the NL4-3 RRE to create mutant E RRE (71-nt) 

5’ gaacaatttgctgagggctattgaggcgcaacagcatctgaacgaactcacagtctggggcatcaaaca 

gc 

	
  

Oligo# 2088: Oligo with the 5’ end sequence of 71-nt mutant NL4-3 RRE oligo  

5’ gaacaatttgctgagggctattg 
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Oligo# 2089: Oligo with sequence reverse complimentary to the 5’ end 

sequence of 71-nt NL4-3 RRE mutant oligo  

5’ caatagccctcagcaaattgttc 

	
  

Oligo# 2090: Oligo with the 3’ end sequence of 71-nt mutant NL4-3 RRE oligo  

5’ cagtctggggcatcaaacagc 

	
  

Oligo# 2091: Oligo with sequence reverse complimentary to the 3’ end 

sequence of 71-nt NL4-3 RRE mutant oligo  

5’ gctgtttgatgccccagactg 

	
  

Oligo# 2568: Oligo with the 5’ end sequence of the 109-nt mutant NL4-3 RRE 

oligo (oligo# 2567)  

5’ caggccagacaattattgtctg 

 

Oligo# 2569: Oligo with sequence reverse complimentary to the 5’ end 

sequence of the109-nt mutant NL4-3 RRE oligo (oligo# 2567)  

5’ cagacaataattgtctggcctg 

 

Oligo# 2087: Forward oligo that anneals upstream of MunI (MfeI) and BsaBI 

sites in NL4-3 env 

5’ aaacatgtggcaggaagtagg 
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Oligo# 2092: Reverse oligo that anneals downstream of XhoI site in NL4-3 nef 

5’ cacaagtagcaatacagcagc 

 

5. pCMVΔR9 (pHR 2003): The plasmid, pCMVΔR9 (162) contains the human 

cytomegalovirus (hCMV) immediate early promoter, which drives the expression 

of all viral proteins except the viral envelope. Some of the cis-acting sequences 

have been removed from the plasmid, which renders the transcripts derived from 

the plasmid defective in packaging, reverse transcription, and integration. 

 

6. pCMV_VSV-G (pHR 2004): The pCMV_VSV-G (162) plasmid encodes the G 

glycoprotein of vesicular stomatitis virus (VSV G) under the control of hCMV 

immediate early promoter. The plasmid supplies the heterologous envelope 

protein for pseudo-typing the particles produced from pCMVΔR9. The VSV-G 

pseudo-typing enables the viral particles to exhibit broad cell tropism. VSV-G has 

robust and pantropic infectivity because the cell receptors for VSV-G are highly 

ubiquitous low-density lipoprotein (LDL) receptors (78).  

 

Constructs used in replication kinetic assays and competition assays 

1. pNL4-3 RRE- (pHR 1284) is a version of pNL4-3 with a non-functional RRE 

generated by multiple third base mutations with the RRE that do not change the 

coding sequence of  the overlapping env (164). 
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2. pNL4-3 RRE- Nef- w/polylinker (pHR 2772) is a derivative of pHR 1284 with 

the 97 nt between the start codon of Nef and the unique XhoI site replaced with a 

polylinker. The polylinker includes MluI, SmaI, and XhoI restriction sites (5’è3’).  

 

3. pNL4-3 Nef- RRE- /long RRE: These  plasmids were constructed using the 

larger MluI and XhoI double digest fragment of pHR 2772 as the vector 

backbone. The long 351-nt WT/mutant NL4-3 RRE along with 24-nt of adjacent 

viral sequence upstream of the RRE and 17-nt adjacent viral sequence 

downstream of the RRE was PCR amplified. This 393-nt RRE region 

corresponds to nt 7676 to 8069 in pHR 1145 and pHR 1272. The respective pTR 

167 Nef- w/ WT or mutant RRE plasmid served as the PCR template and oligo-

pair 2249 and 2250 served as the primers. The oligos were designed to introduce 

a MluI site and XhoI site at the 5’ end and the 3’ end of the PCR product 

respectively. The PCR products were double digested with MluI and XhoI and 

ligated into the MluI and XhoI ends of pHR2772 to obtain the final plasmid 

construct. This version of the plasmids with WT RRE, mutant A, mutant B, 

mutant C, mutant D, and mutant E were archived as pHR 4874, pHR 4884, pHR 

5121, pHR 4876, pHR 4880, and pHR 4878 respectively. 

 

Sequence information of oligos used to create pNL4-3 Nef- RRE- /long RRE 

constructs: 

Oligo# 2249: Forward oligo that anneals to the NL4-3 sequence upstream of the 

351-nt RRE. It has a MluI site at it 5’ end. 
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5’ gacacgcgtgtagtaaaaattg 

 

Oligo# 2250: Reverse oligo that anneals to the NL4-3 sequence downstream of 

the 351-nt RRE. It has a XhoI site at it 5’ end. 

5’ gacctcgagagatttattac 

Constructs used in the Rev-dose response assay using the Gag-Pol reporter 

construct 

1. pCMV (pHR 16): This plasmid contains the promoter-enhancer from the simian 

cytomegalovirus (sCMV) IE94 gene (nt -650 to +30, relative to the transcription 

start site). The region is immediately followed by a spliceable intron and a 

polyadenylation signal derived from the rabbit β-globin gene (138, 217). Because 

of the lack of any ORF between the promoter-enhancer and beta-globin gene 

region, this plasmid is also called empty pCMV plasmid.  

 

All the other constructs used in this assay are derivatives of pHR 16 and contain 

extra sequence in between the sCMV promoter-enhancer and the rabbit beta-

globin gene region. 

 

2. pCMV_SEAP (pHR 1831): This plasmid contains the gene that encodes a 

secreted form of human placental alkaline phosphatase called SEAP in between 

the sCMV promoter and β-globin gene. SEAP is not produced from eukaryotic 

cells under normal conditions. Transient transfection of an SV-40 version of this 

plasmid into COS cells yields SEAP expression that is qualitatively and 

quantitatively similar both at the mRNA and at the protein levels (15).  
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3. pCMV_Rev (pHR 3821): This construct contains a codon-optimized NL4-3 Rev 

cDNA in between the sCMV promoter and the β-globin gene. This Rev cDNA 

was synthesized by Genescript company. 

 

4. pCMV_GagPol_U2 (pHR 2739): Between the sCMV promoter-enhancer and 

rabbit beta-globin gene region,  it contains gag, pol, and vif ORF from HIV-1 BH10 

clone followed by a XhoI-BamHI fragment containing human U2 snRNA specific 

A’ protein gene. The XhoI-BamHI (5’è3’) fragment is also called the stuffer 

fragment as this fragment is usually replaced by a specific sequence, whose 

effect on Gag and Pol production needs to be determined. 

 

5. pCMV_GagPol_long RRE: This series of constructs were used as the reporter 

constructs in the assay. They were directly derived from pHR 2739 by swapping 

the stuffer fragment with PCR generated and Xho-BamHI double digested long 

RRE region. The long WT/mutant RRE region tested in this assay were the same 

393-nt long WT/mutant RRE regions tested in the spreading infections (viral 

growth assays). The RRE regions was amplified using the respective pTR 167 

Nef- w/ WTor mutant RRE plasmid as template and the oligo-pair 2246 and 2247 

as PCR primers. The oligos were designed to introduce an XhoI site and BamHI 

site at the 5’ end and the 3’ end of the 393-nt RRE respectively. The 

pCMV_GagPol_long RRE constructs containing the WT RRE, mutant A, mutant 

B, mutant C, mutant D, and mutant E were archived as pHR 4824, pHR 4908, 

pHR 5119, pHR 4808, pHR 4812, and pHR 4810 respectively. 



	
  

	
  

64	
  

Sequence information of oligos used to create pCMV_GagPol_long RRE 

constructs: 

Oligo# 2246: Forward oligo that anneals to the NL4-3 sequence upstream of the 

351-nt RRE. It has a XhoI site at it 5’ end. 

5’ ggcctcgaggtagtaaaaattg 

 

Oligo# 2247: Reverse oligo that anneals to the NL4-3 sequence downstream of 

the 351-nt RRE. It has a BamHI site at it 5’ end. 

5’ ggcggatccagatttattac 

 

Constructs used in the Rev-RRE gel-shift assay 

1. pCR 2.1 TOPO TA _ short RRE: These constructs were created by inserting 

the 234-nt short RRE containing the T7 promoter sequence at it 5’end into pCR 

2.1 TOPO TA vectors (Invitrogen) by TOPO TA cloning. The short RRE 

sequence spans from nt-7759 to nt-7992 in pHR 1145. The RRE insert was PCR 

amplified using a primer set (oligo 2363 and oligo 2367) designed to introduce T7 

promoter sequence at the 5’ end of the RREs. The PCR products were cloned 

into the EcoRI site of pCR 2.1 TOPO TA vector. The pCR 2.1 TOPO TA _ short 

RRE construct containing the WT RRE, mutant A, mutant B, mutant C, mutant D, 

and mutant E were archived as pHR 4854, pHR 5083, pHR 5091, pHR 5081, 

pHR 5089, and pHR 5085 respectively. 
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Sequence information of oligos used to create pCR	
   2.1	
   TOPO	
   TA	
   _	
   short	
   RRE 

constructs: 

Oligo# 2363: Forward oligo that anneals to the 5’ end of the 234-nt NL4-3 RRE. 

It has a T7 promoter sequence (shown in bold) at it 5’ end. 

5’ agcgtacttaatacgactcactatagggaggagctttgttccttg   

 

Oligo# 2367: Reverse oligo that anneals to the 3’ end of the 234-nt NL4-3 RRE. 

5’ aggagctgttgatcctttagg 

 

TOPO-TA cloning 

           TOPO-TA cloning was done by TOPO-TA cloning kit containing 

pCRTM2.1-TOPO vector (Invitrogen) to create the RRE constructs used in the 

Rev-RRE gel shift assay. The vector provided in the kit has Topoisomerase I 

from Vaccinia covalently bound to it. The Topoisomerase binds to duplex DNA of 

the vector at specific sites and cleaves the phosphodiester backbone after 

5’CCCTT in one strand. This sequence is present at the region in the vector 

where the PCR product will be inserted. The energy from the broken 

phosphodiester backbone is conserved by the formation of a covalent bond 

between the 3’ phosphate of the cleaved strand and a tyrosyl residue of the 

topoisomerase I. Therefore, the vector provided in the kit is a linearized vector 

with single overhanging 3’ deoxythymidine (T) residues. When PCR product with 

an overhanging A is added to the vector, the PCR product ligates efficiently with 

the vector via TA base-pairing.  
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            The first step in the cloning was to generate a Taq polymerase amplified-

PCR product. The PCR product was purified using Qiagen PCR purification kit. 

The PCR product was used in the TOPO-TA reaction the same day to avoid 

falling off of the TA overhangs introduced by Taq. Each TOPO-TA reaction 

contained 4 µl of the fresh PCR product, I µl of the salt solution (provided in the 

kit), 1 µl of pCRTM2.1-TOPO vector in a PCR tube. The reaction was incubated 

for 25 minutes at room temperature. 

            The TOPO-TA reaction mixture was transformed into electro-competent 

TOP10 cells (Invitrogen). These cells can be used for blue/white screening 

without adding IPTG to the culture plate. To carry out the transformation, 50 µl of 

the competent cells in a 2 ml microfuge tube was thawed on ice for 2 mins. 2 µl 

of TOPO cloning reaction was added to the cells and mixed with the cells by 

gently flicking the base of the tube. The tube was then incubated on ice for 30 

minutes. The cells were then heat shocked by placing the tube at 42°C water 

bath for 30 seconds without shaking. The tube was immediately placed on ice 

and 250 µl of room temperature SOC medium was added to the cells. The tube 

was capped well and the tube was shaken horizontally at 200 rpm at 42°C for 1 

hour. Meanwhile, 40 µl of 40 mg/ml of X-gal was added to 110 µl of SOC 

medium. The X-gal mixture was then spread evenly on the LB-agar plate 

containing 50 µg/ml kanamycin. The LB-plate was then pre-warmed at 37°C until 

use. 50 µl of each transformation mixture was added to 100 µl of SOC medium. 

This mixture was then spread on the pre-warmed LB-plate. Upon drying, the 

plate was incubated overnight at 37°C. White or very light blue colonies were 
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picked and the plasmid DNA transformed into the cells was checked for correct 

sequence and orientation by sequencing the DNA using M13 forward oligo. All 

the constructs used in the study had the PCR product in the same orientation. 

 

Directional Cloning 

DNA digestion  

          In most of the cloning, both the DNA backbone and the insert were created 

by digesting the appropriate plasmids with restriction endonucleases. The 

backbone and the insert were gel purified. In some cases, the insert was 

generated by PCR amplification using specific primers that were designed to 

introduce restriction sites at the ends of the PCR product. The PCR product was 

digested and purified by Qiagen gel or PCR purification kit. Both the backbone 

and the insert were quantitated by running them on a gel along with certain 

concentration of DNA ladder containing fragments of known concentration 

[typically hyperladder I (Fermentas) or λ-HindIII (Invitrogen)]. 

 

DNA ligation 

          Each ligation reaction was performed in 20 µl volume using 200ng of 

vector backbone and 3 times more insert molecules (i.e. backbone : insert in 1:3 

mole ratio).  The ligation reaction contained the vector backbone DNA, insert 

DNA, 2 µl of 10X T4 DNA ligase buffer (NEB), 1 µl of 20mM ATP and ddH2O to 

bring the volume to 20 µl. The self-ligation control reaction contained equal 
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amount of ddH2O in the place of insert. Ligation reactions were incubated 

overnight at 14°C in a thermocycler and then transformed into bacteria. 

 

Bacterial cell transformation  

DH5α cells: This strain of E.coli contains some mutations that make it suitable 

for cloning. For instance, it contains a recA1 mutation that increases the insert 

stability. It also contains a mutation in endA1 gene, which encodes an inactive 

endonuclease that otherwise degrades plasmid DNA. For transformation, 100 µl 

of chemically competent house-made DH5α cells was transferred to pre-chilled 

13 ml falcon tube on ice. 13 µl of ligation mixture was added to the cells and 

mixed by tapping the base of the tube. The tube was left on ice for 30 minutes 

after which the competent cells were heat-shocked in a 42°C water bath for 90 

seconds. The cells were immediately transferred to ice for 2 minutes. 900 µl of 

pre-warmed (at 37°C) bacterial SOC medium or LB broth was added to each 

tube. The tubes were shaken at 37°C at 250 rpm for 45 minutes. 250 µl of each 

transformation mixture was plated evenly on an individual LB-agar plate 

containing 50 µg/ml ampicillin. Upon drying, the plate was incubated at 37°C 

overnight. To the remaining 750 µl mixture, 250 µl of 60% sterile glycerol was 

added and the mixture was stored at - 80°C. After incubation, discrete colonies 

were picked from the agar-plate and the desired clone was identified using 

restriction digestion and or sequencing of the plasmid DNA obtained from the 

clone. DH5α cells take overnight to enter the logarithmic phase of their growth 

cycle. 
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Stbl2 cells: Besides mutations in recA1 and endA1 genes as in DH5α cells, the 

genotype of these cells also contain changes that stabilize direct repeat and 

retroviral sequences. Therefore, all the full-length, LTR containing proviral 

constructs were transformed into these cells. Transformation of the Stbl2 cells 

was done as described above for DH5α cells with the following changes: First, 

the cells were heat-shocked for 25 seconds instead of 90 seconds. Second, the 

LB broth or SOC medium added to the cells after the heat-shock step was 

brought to room temperature and not pre-warmed to 37°C. Third, all incubations 

were done at 30°C instead of 37°C. The lower incubation temperature decreases 

the growth rate of the bacteria. Therefore colonies were picked after 24 hours. 

The reason behind growing the bacteria at lower temperature is to further reduce 

the possibility of recombination in the plasmid; the rate of recombination between 

the LTRs (or direct repeats) in the plasmid is slower in slowly replicating bacteria. 

 

Cell lines and their maintenance 

293T cells 

          This human cell line was originially generated by Dubridge et al. (64) by 

stably expressing simian virus 40 large T antigen in the standard HEK293 cell 

line. The presence of T antigen allows for episomal replication of transfected 

plasmids containing the SV40 origin of replication. This, in turn, leads to the 

amplification of transfected plasmids. HEK 293 cell line is supposedly derived 

from human embryonic kidney cells, although it might be of neuronal origin 

because of the presence of mRNA and gene products typically found in neurons. 
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These cells are transformed with sheared adenovirus 5 DNA resulting in the 

incorporation of approximately 4.5 kb of viral DNA into human chromosome 19 

(97, 142). In the cell line name, “293” stands for the experiment number and “T” 

stands for T antigen. Our lab uses the clone 17 of 293T cells. This clone was 

selected for its high tranfectibility and its capability of producing high titers of 

infectious retrovirus (174). 293T cells were maintained in IMDM (Iscove’s 

modified Dulbecco’s medium) supplemented with 10% bovine calf serum (BCS), 

and 10µg/ml of gentamycin. 

 

Hela cells 

         It is an immortal human cell line derived from cervical cancer cells from 

Henrietta Lacks. Cells were maintained in IMDM supplemented with 10% BCS, 

and 10µg/ml of gentamycin. 

 

SupT1 cells  

         This cell line was originally developed by Smith et al. (215). It was derived 

from malignant cells collected from the pleural effusion of an 8-year old child with 

T-Cell acute lymphoblastic lymphoma. The term SUP stands for Stanford 

University Pediatric Department, where this cell line was generated. SupT1 cells 

were maintained in RPMI (Roswell Park Memorial Institute) medium 

supplemented with10% fetal bovine serum (FBS), and 10 µg/ml of gentamycin. 
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p24 Assay 

This assay was done to determine the levels of HIV replication by determining 

the amount of the viral capsid (p24) protein in cell free culture medium. p24 

assays were performed using an in-house p24 sandwich ELISA system. The 

primary antibody used in the assay was the monoclonal antibody against p24 

generated by hybridoma technology [hybridoma 183-H12-5C (NIH cat# 1513)]. 

Pooled anti-HIV-1 human immunoglobulin G (NIH AIDS Research and Reference 

Reagents, cat# 3957) was used as the secondary antibody. The secondary 

antibody was biotinylated to allow binding by streptavidin linked to peroxidase 

(ICN Biomedicals #191394). The antibody-antigen-antibody sandwich was 

detected by adding the substrate [o-phenylenediamine dihydrochloride 

(OPD)(Sigma #P-3804)] for peroxidase. The assay was performed as follows: 

5.35 µl of 9.34 mg/ml of p24 primary monoclonal antibody was mixed with 10 ml 

of 1XPBS [Life technologies, Gibco Dulbecco’s phosphate buffered saline 

(DPBS) CaCl2(-), MgCl2(-) Ref#14190-144]. 100 µl of the diluted primary antibody 

was added to each well of a 96 well round-bottom Immunolon II plate 

(VWR#62402-954) and sealed with a film sealant. After overnight incubation at 

37°C, the unbound primary antibody was washed off with 1X PBS in a plate 

washer. All the washing steps in this assay were done using the plate washer. 

The plate washer was programmed to wash each well with the buffer four times 

at each step. The plate was then blocked by incubating it at 37°C for 1 hour with 

250 µl of blocking buffer (1X PBS with 5% BSA)/well. During this blocking step, 

p24 standards were prepared by making two fold serial dilutions of p24 
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(1600pg/mlè50ng/ml) solution using the tissue culture medium.  The plate was 

washed with the wash buffer (1X PBS with 0.5% tween-20). 10 µl of lysis buffer 

(1X PBS with 10% trition X-100 and 0.05% trypan blue) was added to each well 

except the blanks. 100 µl of p24 standards and diluted samples (made in tissue 

culture medium used to maintain the cells) were added to the wells and the plate 

was further incubated at 37°C for a minimum of 2 hours or up to overnight. The 

plate was then washed with the wash buffer after which it was incubated at 37°C 

for 1 hour with 100 µl of biotinylated secondary antibody/well. The secondary 

antibody was diluted at 1:800 in assay buffer (1X PBS with 10% BCS and 0.5%% 

trition X-100) before use. Again, the secondary antibody was not added to the 

blanks. The plate was subsequently washed with the wash buffer to remove any 

unbound secondary antibody. Then 100 µl of peroxidase-streptavidin solution 

(diluted 1:4000 in assay buffer) was added to each well except the blanks and 

the plate was incubated at 37°C for 30 minutes. The plate was washed with wash 

buffer and 100 µl of peroxidase substrate solution (OPD) was added to all the 

wells including the blanks. The plate was incubated in dark at room temperature 

for 30 minutes. 50 µl of 2M H2SO4 stop solution was added to each well and the 

optical density (OD) of the solution in each well was measured at 492nm using 

Biotek’s Synergy 2 plate-reader. The concentration of p24 in the sample was 

extrapolated from its OD value using the p24 standard linear curve equation, 

factoring in the dilution of the samples. The standard linear curve equation for the 

p24 standards was generated by performing linear regression analysis of the 
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standard curve created by plotting the OD values of the standards against 

standards’ concentrations.  

 

SEAP assay 

This assay was used to determine the amount of secreted form of human 

placental alkaline phosphatase (SEAP) in cell-free transfection supernatant. 

SEAP production was used as a control for transfection efficiency. pCMV_SEAP 

(pHR 1831) plasmid was co-transfected with other plasmids in the Rev-dose 

reponse assay as a control for transfection efficiency. SEAP produced from this 

plasmid was quantified by a chemiluminescent SEAP kit (Tropix cat# T1015). 

First, 10 fold dilutions of the samples were made in the IMDM tissue culture 

medium supplemented with 10% BCS, and 10 µg/ml of gentamycin. 10 µl of the 

diluted sample was mixed with 30 µl of 1XSEAP buffer (diluted in sterile distilled 

water) in a 96 well plate. Since the sample diluent (culture medium) contained 

serum, the diluted samples with the SEAP buffer were incubated at 65°C for 30 

minutes to heat inactivate serum endogenous phosphatase in a thermocycler.   

Meanwhile, 10 µl of the assay buffer was added to each desired well of 

the 96-well white polystyrene plate (COSTAR). The plate with the samples was 

briefly spun and 10 µl of each sample was added in duplicate to the wells 

containing the assay buffer. The samples were mixed and incubated at room 

temperature for 30 minutes. 10 µl of substrate buffer (CSPD:dilution buffer,1:19) 

was added to each well and mixed together. The samples were then incubated in 

dark at room temperature for 20 minutes. The chemi-luminescence reading from 
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each well was determined using the BrightGlo protocol (integration time = 5 

seconds/sample) of the Glomax-96 well luminometer.  

 

Calcium phosphate transfection 

  A day prior to transfection, the cells were plated such that they were 

logarithmically growing on the day of transfection (i.e. 60-70% confluent at the 

time of transfection). Specifically, 3.5X106 cells were plated on a 10 cm diameter 

tissue culture plate or 75 cm2 tissue culture flask. The appropriate dilution of DNA 

to be transfected was made in Tris (pH 7.2) and the total DNA volume was 

brought to 450 µl with Tris (pH 7.2) in a sterile microfuge tube. Then, 50 µl of 

CaCl2 solution (2.5M CaCl2 in 10mM HEPES, pH 7.2) was added to the DNA 

solution. The DNA and CaCl2 were mixed by pipetting up and down with a 1 ml 

pipet. This mixture was added drop-wise to 2X HEBS in a 15 ml tube after which 

it was incubated at room temperature for 30 minutes. The DNA-CaPO4 co-

precipitate was added drop-wise to the surface of the medium containing the 

cells. The plate was gently swirled to allow uniform distribution of the DNA-

CaPO4 co-precipitate. The cells were then incubated at 37°C in a CO2 incubator. 

After 5-6 hours, the medium was replaced with fresh culture medium and the 

incubation was resumed. 

 

TCID50 (50% tissue culture infective dose) determination and MOI 

calculation 

104 SupT1 cells in 150 µl RPMI full medium were seeded on each well of 
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a 96 well plate with clear flat bottom. The wells at the border of each plate were 

not used for the experiment as the rate of evaporation is higher from these wells. 

These well were instead filled with 150 µl of 1X PBS. The plate was placed in the 

incubator until infection. The viral stocks were thawed and 10 fold serial dilutions 

of the viral stocks were made in RPMI full medium. 100 µl of each serial dilutions 

was added in triplicate to the appropriate wells. Some of the wells were left 

uninfected as negative control for viral stock.  The plate was placed back in the 

incubator. After 3 days, 150 µl of the cell-free culture was removed carefully 

without disturbing the cells. 150 µl of fresh culture medium was added back to 

each well and the plate was placed back in the incubator. On days 6, 8, 10, and 

12 post-infection, 10 µl of cell-free supernatants were removed and the p24 

levels in the supernatants were determined. The TCID50 values in infectious units 

per ml (IU/ml) were calculated for each virus using the Reed-Muench technique. 

The TCID50 values were used to determine the multiplicity of infection (MOI). MOI 

is the ratio between the number of infectious units (IU) to the number of cells. 

 

RNA preparation for SHAPE experiments and RRE gel migration 

experiments 

           The RNAs were prepared by in vitro transcription using the 

MegaShortScript kit (Ambion/Life Technologies).  The template for the 

transcription reaction consisted of the double stranded DNA corresponding to the 

232-nt wt/mutant RRE (short RRE) sequence with T7 promoter at the 5’ end and 

a structure cassette at the 3’ end. The template was PCR amplified using oligo 5’ 
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T7RRE and oligo 3’ SCRRE. The RNAs were PAGE purified (5% polyacrylamide 

(19:1), 1x TBE, 7 M urea), quantified (Abs at 260 nm) and stored at -20°C in TE 

light 7.6 buffer (10 mM Tris, pH 7.6; 0.1 mM EDTA) prior to use. 

Sequence information of oligos used: 

Oligo 5’ T7RRE designed to introduce T7 promoter sequence at the 5’ end of the 

232-nt RRE. T7 promoter sequence is shown in bold and larger fonts. 

5’ gctaatacgactcactataggggagctttgttccttgggttc 

Oligo 3’ SCRRE designed to introduce the structure cassette sequence at the 3’ 

end of 232-nt RRE. Structure cassette sequence is shown in bold and larger 

fonts 

5’ gaaccggaccgaagcccgatttggatccggcgaaccggatcgaaggagctgttgatcct 

ttaggtatc 

 

RRE gel migration assay 

This assay was used for two purposes. First, it allowed us to determine 

the structural homogeneity of the folded RNA. Second, it provided a preliminary 

estimate of the RNA structure by comparison of the migration rates of different 

RNAs. At first, an 8% native polyacrylamide gel (29:1) was prepared by mixing 6 

ml of 40% Acrylamide (29:1), 3 ml of 10X TBE, 150 µl of 1 M MgCl2 (final 

concentration = 5 mM), and 20.85 ml of cold Millipore (deionized) water to get a 

final volume of 30 ml. 300 µl of 10% APS, 30 µl of TEMED were added to this 

mixture. Immediately, the mixture was poured on the gel mold with 0.8 mm thick 
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spacers and then 0.8 mm thick gel comb with 4.5 mm wide wells was place on 

the gel. The distance between the bottom of the well to the bottom of the gel was 

15.8 cm. The gel was left to polymerize. The gel was pre-run at constant 200 V at 

4°C for at least 45 minutes. The running electrophoresis buffer (1XTBE) also 

contained 5 mM MgCl2. 

While the gel was pre-running, the RNA was folded. For this, 

approximately 20 pico-moles of RNA was mixed with re-naturation buffer (10 mM 

Tris - pH 8.0, 100 mM KCl, 0.1 mM EDTA) in a volume of 5 µl. The RNA solution 

was then refolded by heating it to 85°C for 2 minutes, followed by slow cooling to 

25°C for 15 minutes (ramp rate 0.1°C/sec). The refolded RNA was incubated with 

5 µl of 2X RNA folding buffer containing 70 mM Tris pH 8.0, 180 mM KCl, 0.3 mM 

EDTA, 8 mM MgCl2, 5% of glycerol at 37°C for 30 min and then placed on ice. 

The folded RRE was loaded on the wells of the gel. For tracking the progress of 

the run, xylene-cyanol alone was loaded on a separate distant well.  The gel was 

then run at constant 200V for 22 hours at 4°C. The running buffer was changed 

at least once (preferably twice) during the run.  After 22 hours, the RNA had 

travelled ~ 13 cm from the bottom of the well and xylene cyanol had run off the 

gel. The RRE bands were then visualized by UV shadowing. 
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Conventional SHAPE 

             It was used to determine the secondary structure of structurally 

homogenous RNA in solution.  

RNA folding and NMIA modification 

            Approximately 20 picomoles of RNA was mixed with 2 µl of 10X re-

naturation buffer (100 mM Tris - pH 8.0, 1 M KCl, 1 mM EDTA) in a volume of 20 

µl adjusted with nuclease free water (Ambion). The RNA solution was then 

refolded by heating it to 85°C for 2 minutes, followed by slow cooling to 25°C for 

15 minutes (ramp rate 0.1°C/sec). 100 µl of nuclease free water (Ambion) was 

added to the RNA mixture. The mixture was then incubated with 30 µl of 5X RNA 

folding buffer (200 mM Tris - pH 8.0, 650 mM KCl, 2.5 mM EDTA, 25 mM MgCl2) 

at 37°C for 20 minutes.  The resulting 150 µl of folded RNA was divided into two 

72 µl tubes. One of the tubes was labeled “NMIA+ or +” and the other labeled 

“NMIA- or -“. Eight µl of 30 mM anhydrous NMIA (N-methylisatoic anhydride) in 

DMSO was added to the “+” tube and 8 µl of DMSO was added to “-“ tube. Both 

the tubes were then incubated at 37°C for 50 minutes.  

          The chemically modified RNA from the “+” tube and the unmodified RNA 

from the “-“ tube were precipitated by treating them with 8 µl of 3M NaOAc-pH 

5.2, 0.5 µl of glycerol and 240 µl of pre-chilled 95% ethanol for at least 1 hour at  

-20°C. The RNA precipitate was collected by centrifuging the tubes at 4°C at 

13,000 g for 30 minutes. The supernatant was removed and the pellet was air 

dried for ~ 10 minutes. Ten µl of nuclease free water (Ambion) was added to the 

pellet and the RNA suspension was stored at -20°C. 
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Reverse transcription and cDNA fractionation 

            The RNA was reverse-transcribed using Superscript III kit (Invitrogen). To 

achieve this, 5 µl of the RNA (1-3 picomoles) was mixed with 1 µl of Cy5-labeled 

oligo SC (for “+” RNA) or Cy5.5-labeled oligo SC (for “-“ RNA), 1 µl of 2 mM 

EDTA, 5 µl nuclease free water in a 0.5 ml PCR tube (Sarstedt # 72735002). The 

mixture was incubated in a thermo-cycler with the heating program: 85°C for 1 

minute, 65°C for 5 minutes, 4°C for 10 minutes, 50°C for 50 minutes. During the 

4°C step, 8 µl of RT mix was added to each tube. The RT mix contained 4 µl of 

5X RT buffer, 1 µl of 100 mM DTT, 1.5 µl of water, 1 µl 10 mM dNTPs, and 0.5 µl 

of Superscript III per reaction. The remaining RNA in the cDNA preparation was 

hydrolyzed by adding 1 µl of 2 M NaOH and then incubating the tube at 95°C for 

5 minutes in heating block. The cDNA tube was then placed on ice immediately 

and the solution neutralized by adding 1 µl of 2 N HCl.  

            The cDNA preparations from the “+” tube and the “-“ tube were mixed in a 

single tube and the cDNA mixture was precipitated by adding 56 µl of water, 10 

µl of 3 M NaOAc, 0.5 µl glycogen, and 300 µl of pre-chilled 95% ethanol. The 

resulting mixture was mixed well and incubated at  -20°C for at least 1 hour. The 

pellet was centrifuged at 13,000g for 30 minutes. The pellet was washed twice 

with pre-chilled 70% ethanol. The supernatant was discarded and the pellet air-

dried on Speed-Vac for 5 min. The pellet was vortexed in 40 µl of de-ionized 

formamide for 20 minute after which it was incubated at 65°C for 5 minutes and 

then vortexed again for 10 minutes. At this point, the cDNA mixture was either 

stored at -20°C or fractionated immediately. Fractionation was done using 
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capillary electrophoresis (CE). Ten µl of ddA and ddC sequencing ladders were 

added to the cDNA mixture just before fractionation. 

 

Generation of sequencing ladder 

            The sequencing ladder was prepared by cycle-sequencing using USB 

cycle sequencing kit (# 78500). Each reaction contained 2.1 µl of water, 4 µl  of 

ddA or ddC, 0.5 µl of fluorescent labeled SC primer (10 picomoles/µl) (D2-

labeled for ddA reaction and Licor labeled for ddC reaction), 0.45 µl of purified 

short wt RRE DNA template (same as that used as template in in-vitro 

transcription of RRE RNA for SHAPE experiment), 0.45 µl of 10X Taq 

sequencing buffer, 0.5 µl of Taq DNA polymerase (1.25 units). The reaction was 

incubated in a thermo-cycler using the following cycling conditions:  

96°C for 2 minutes 

25 cycles of 96°C for 20 seconds, 55°C for 20 seconds, 72°C for 1 minute 

72°C for 1 minute 

4°C forever 

              After the completion of cycle sequencing, 1.6 µl of stop mix was added 

and vortexed after which 20 µl of pre-chilled 95% ethanol was added and then 

vortexed again. The stop mix was prepared during the cycle sequencing step. 

The stop mix contains 100 µl of 3 M NaOAc (pH 5.2), 80 µl of water, 20 µl of 500 

mM EDTA, and 2 µl of glycogen. The cycle sequencing mixture was centrifuged 

immediately at 14,000 g for 30 minutes. The pellet was washed twice with 400 µl 

of pre-chilled 70% ethanol and then dried in Speed-Vac for 5 minutes. The pellet 
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was re-suspended in 100 µl of deionized formamide, then vortexed for 30 

minutes, heated for 10 minutes at 65°C and then vortexed again for 10 minutes. 

The sequencing ladder so prepared was then stored at -20°C until use. 

Oligo 3’ SC: Reverse oligo that anneals to the 3’ end of the structure cassette of 

the RRE cDNA or ds-DNA with the 3’ structure cassette tag.  

5’ gaaccggaccgaagcccgattt  

 

SHAPE data analysis and presentation 

            SHAPE data analysis was done as previously described (145). Briefly, 

the CE electropherograms from the SHAPE experiment were imported into 

Shape-Finder software (version 1). Using this software, the CE traces were 

adjusted to correct for i) fluorescent background, ii) spectral overlap between 

fluorescent channels, iii) mobility shifts of each tagged primer, iv) signal decay 

from premature termination of reverse transcription. After these adjustments, the 

nucleotide identity of each peak of the electropherogram was determined. NMIA 

reactivity value of each nucleotide was generated by the software by substracting 

the peak area of the “NMIA-” reaction from the peak area of the “NMIA+” 

reaction. The reactivity values from the software were imported into Excel 

spreadsheet where these values were normalized. The normalization step 

includes i) excluding outliers, ii) determining the “effective maximum” reactivity 

(i.e., the average of the highest 8% of reactivity value, and iii) normalization by 

dividing all reactivity values by the “effective maximum”. The normalized 

reactivity values were imported into the RNAstructure 5.5 software. This software 
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was used to generate a graphical representation of the energetically most 

favorable secondary structure of the RRE under the SHAPE reactivity constraint 

using a slope of 1.8 kcal/mol and an intercept of -0.6 kcal/mol. The dot-bracket 

format of the so-generated secondary structure was imported into an RNA 

structure viewer software called VARNA (version 1). The VARNA generated 

structure was further imported into Adobe Illustrator (CS6) to create the final RRE 

secondary structure figures showing color-coded reactivity values of each 

nucleotide. Reactivity values <0.3 were assigned as “no reactivity”, those 

between 0.3 to 0.5 were grouped under “low reactivity”, those between 0.5 to 0.7 

were assigned “moderate reactivity” and those > 0.7 were grouped under “high 

reactivity”. 

 

In-gel SHAPE 

             It was used to determine the secondary structure of structurally 

heterogenous WT RRE. The WT RRE RNA was folded, and run and visualized 

on a native geI exactly as done in the RRE migration assay except for the 

following changes: i) The RRE folding reaction was scaled up 4 times, ii) 20 µl of 

the re-folded WT RNA was loaded on two alternate wells. Each of the two wt 

RRE bands were excised and placed into separate microfuge tube. The RRE 

bands from one well were NMIA modified while those from the other well were 

left unmodified (used as NMIA control). The “NMIA +” RRE bands were modified 

by soaking them in 1XTBE containing 10% of 100mM NMIA. The “NMIA-”  RRE 

bands were soaked in 1XTBE containing 10% of DMSO. The bands were soaked 
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in their respective solutions at 37°C for 45 minutes. The gel slices were then 

washed three times in 1X TAE after which they were crushed into small pieces 

using sterile RNase-free pipette tips. The crushed gel pieces were placed into an 

individual Elutrap (Whatman) channel containing 1× TAE. The RNA in the gel 

pieces was electroeluted overnight at 100 V into a chamber bordered by 

Whatman BT-1 and BT-2 membranes. The electro-eluted RNA was precipitated 

exactly as the precipitation of the RNA immediately after NMIA treatment in the 

conventional SHAPE. The RNA was re-suspended in 13 µl of water. 2 µl of the 

RNA was removed to determine the concentration of RNA by nano-drop. The 

downstream procedure of reverse transcription, cDNA fractionation, SHAPE data 

analysis and structure presentation were done exactly as in conventional 

SHAPE. 

 

Rev-RRE gel shift 

This assay allowed us to study the Rev binding and Rev 

mutlimerization pattern of different RREs. First, a 4% polyacrylamide gel was 

prepared. To prepare the gel, in a 50ml falcon tube, 3.323 ml of 30% 

acrylamide/bis solution (19:1; BIORAD #161-0154), 5 ml of 5XTBE, and 7.25 g of 

urea were combined and the volume was brought to 25 ml. The mixture was 

mixed well and filtered through 0.45µM filter. Just before making the gel 

sandwich, 250 µl of freshly prepared 10% APS and 20 µl of TEMED were added 

to the mixture and the mixture was poured into the gel mold and allowed to 
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polymerize. The gel was pre-run at constant 20mA current (4 Watts power) for 30 

minutes at room temperature. 

While the gel was polymerizing, internally 32P labeled 234-nt long RRE 

RNAs were prepared by in-vitro transcription using T7 polymerase (NEB). pCR 

2.1 TOPO TA _ short RRE constructs were used to generate the templates for 

the transcription. These constructs contain the 234-nt RRE between two EcoRI 

sites. Each construct was digested with EcoRI to release the RRE ds DNA 

fragment from the construct. The RRE DNA fragments were then gel purified and 

used as template for the transcription reaction. Each transcription reaction 

contained 1X T7 RNA Pol buffer (NEB), 7.5 mM DTT, 20 Units of RNasin Plus 

Rnase Inhibitor (Promega) 0.5mM rNTP’s (-UTP), 5 mM UTP, 50µCi (0.84 

mM) of α32P UTP (Perkin Elmer), 40 ng template DNA and 50 U T7 RNA Pol in 

a volume of 20 µl. The transcription reaction mixes were incubated at 37°C 

for 1 hour, treated with DNaseI (Promega), further incubated for another 1 

hour. 20 µl of RNA loading dye (80% formamide, 20% TE, 0.025% 

bromophenol blue, 0.025% xylene cyanol) was added to each reaction. One 

µl of this mix was drawn out to record its cpm using the gieger counter for 

later determination of  the concentration of the final RRE probe. The rest of 

the mix was heated at 80°C for 3 minutes, gently spun and loaded on a 4% 

denaturing acylamide gel. The gel was run at constant 20mA current (4 Watts 

power) for 1 hour at room temperature until the first line of dye (bromophenol 

blue) was near the bottom of the gel. 

The 234-nt long RRE band was located by autoradiography. The RRE 
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RNA band was excised and the RNA was passively eluted from the band by 

gently shaking the gel slice in 300 µl TE buffer overnight at 4°C. The TE 

containing the RNA was transferred to another clean microcentrifuge tube. The 

eluted RNA was purified by phenol/chloroform extraction and concentrated by 

ethanol precipitation. This was done by adding 300 µl of chloroform followed 

by 300 µl of phenol pH6.8. Extraction was done by adding the reagent and 

inverting the tube 6 times and then centrifuging the tube at 13000 rpm for 1 

min at RT. The aqueus phase was collected in a new tube. Then 30 µl of 

Na0Ac(pH5.5) and 600 µl of 100% ethanol were added. The mixture was 

mixed by inverting 6 times and then placed at -80°C for 1 hour. The tube was  

centrifuged at 4°C for 30 minutes at 13000 rpm. A small dot of pellet was 

seen. The supernatant was removed and the pellet washed with 80% 

ethanol. The supernatant was discarded and the pellet was air dried on ice 

for 30 minutes. The pellet was then suspended in 20 µl of RNase free water. 

The RNA suspension was passed through the DEPC-Chromaspin 30 column 

(B.D Biochemicals) to get rid of the unincorporated nucleotides and stored in 

small aliquots at -80°C.  

The Rev-RRE gel shift was carried out in a 4% non-denaturing acrylamide 

gel using PROTEAN II xi cell vertical electrophoresis unit (BIORAD). To make 

the gel, in a 250 ml clean sterile glass bottle, 13.3 ml of 30% Acrylamide/Bis 

solution (19:1; BIORAD #161-0154), 20 ml of 5XTBE, and 66.7 ml of RNase free 

water were combined. The mixture was filtered through a 0.45 µM filter and 

immediately before pouring the gel, 1ml of freshly prepared 10% APS and 80 µl 
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of TEMED were added to the gel. The gel mold was made using spacers of 1.5 

mm thickness and a 15 well-comb of 1.5mm thickness and the gel was allowed 

to fully polymerize. The gel cassette and 1X TBE running buffer were added to 

the unit and the unit was left at 4°C overnight. Next day, the gel was pre-run at 

constant 20 mA current (4 Watts power) for at least 30 minutes at 4°C.  

Meanwhile, the Rev-RRE complexes were prepared. To prepare the Rev-

RRE complexes, serial dilutions of Rev protein (10 ng/µl, 25 ng/µl , 50 ng/µl , 100 

ng/µl , 200 ng/µl) were made in Rev storage buffer (50 mM Tris pH 8.0, 500 mM 

NaCl, 1 mM EDTA) immediately before use. 1 µl of each Rev dilution or 1 µl of  

Rev storage buffer alone was incubated with Rev binding buffer [10 mM 

Hepes/KOH, pH7.8, 20 mM KCL, 2 mM MgCl2, 0.5 mM EDTA, 1 mM DTT, 10% 

glycerol, 5 µg/ml yeast tRNA (Invitrogen) and 20 U RNase inhibitor (Promega)], 

in a volume of 10.6 µl, on ice for at least 10 mins. Meantime, internally labeled 

RNA (at a final concentration of 1 nM/µl) was folded by incubating it in re-

naturation buffer (50 mM NaCl, 10 mM Hepes/KOH, pH 7.6, 2 mM MgCl2) at 

85°C for 3 minutes and then at room temperature for 15 mins. One µl of the 

renatured RNA (~1 nM/µl) mix was added to the pre-incubated Rev binding 

buffer mix with or without Rev. The resulting mixture was incubated on ice for 10 

minutes before loading it onto a 4% native polyacrylamide gel. To indirectly 

ensure that the bands were migrating on the gel, 10 µl of the RNA loading DNA 

was also to one of the wells of the gel and the migration of the dye tracked. The 

gel was run at constant 20 mA current (4 Watts power) at 4°C until the xylene 

cyanol dye migrated to the end of the gel. The gel was then vacuum dried at 
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80°C for 90 minutes. The gel was exposed to a phosphorimaging screen for >16 

hours and visualized with a phosphorimager (Molecular Dynamics) and 

ImageQuant software.  

 

Rev dose response assay 

This assay was used to study the efficiency of different RREs to mediate 

Gag expression at different concentration of Rev expression plasmid. One day 

before the transfection, 22 mm diameter wells of 12 well tissue culture plates 

were seeded with 2x105 293T cells in 2 ml of culture medium (IMDM 

supplemented 10% BCS, and 10ug/ml of Gentamycin). Just before the 

transfection, transfection DNA mixtures were prepared. Each transfection mixture 

contained 2 µg of pCMV_GagPol-RRE reporter, 100 ng of secreted placental 

alkaline phosphatase (SEAP), 2-fold increasing concentrations (0-32 ng) of 

pCMV_Rev plasmid, and empty pCMV plasmid to equalize the total amount of 

DNA in all the mixtures. The final volume of each transfection DNA mixture was 

brought to 200 µl using un-supplemented IMDM medium. 3 µl of turbofect 

reagent (Thermo Scientific) was added to each mixture. The mixtures were 

mixed well and then left at room temperature for 20 minutes after which each 

mixture was added drop-wise to the cells on the respective well. 48 hours later, 

transfection supernatants were collected. The supernatants were spun at 

3000rpm for 3 minutes at 4°C. The levels of p24 and SEAP in the supernatants 

were determined as described above. The Rev dose response curves for Rev-
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RRE activity were generated by plotting the SEAP normalized p24 values against 

Rev plasmid concentration for each pCMV_GagPolRRE. 

 

Hygromycin Resistance Assay 

This assay was used to study the Rev-RRE activity of different RREs in 

their native position. It measures the packaging efficiency of the genomic mRNA 

as a function of Rev-RRE activity. Transducing viral stocks were produced in 

293T cells. For this, 3.5x106 293T cells in 10 ml of culture medium (IMDM 

supplemented 10% Bovine Calf Serum, and 10 µg/ml of Gentamycin) were 

seeded on 100 mm diameter tissue culture plates. After about 24 hours, cells 

were co-transfected with 20 µg of pTR 167 Nef- w/ RRE, 15 µg of pCMVΔR9, 

and 5 µg of pCMV_VSV-G by calcium phosphate method. 48 hours post 

transfection, culture medium was harvested and spun at 3000 rpm for 3 minutes 

at 4°C. Cell-free transfection supernatant (the viral stock) containing the 

transducing viruses were stored at -80°C for future use. 

The viral stock was used to infect the target Hela cells. Twenty-four hours 

prior to infection, 60 mm tissue culture plates were seeded with 5 x105 Hela cells 

in 4 ml of culture medium. Just before infection, the medium was sucked out of 

the plates and the cells were infected with 1 ml of 10-fold serial dilutions of the 

viral stocks (prepared in the IMDM full medium). DEAE dextran was added to 

each plate at a concentration of 8 µg/ml to facilitate viral adsorption. After 6 hours 

at 37°C, 3 ml of fresh medium was added to each plate and the incubation was 

resumed.  After 2 days of infection, the medium was replaced with fresh medium 
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containing 200 µg/ml of Hygromycin B. The hygromycin medium was changed 

after every 3rd day. After 14 days under hygromcyin selection, the cells were 

washed twice with PBS and then fixed and stained using 0.5% crystal violet in 

50% methanol. The titer of hygromycin resistant colonies was determined. The 

differences in the titer were analyzed for statistical significance at 99% 

confidence level by one way unrepeated ANOVA assuming homoscedasticity. 

The multiple comparison error was corrected by two-sided Dunnett post-hoc test. 

The titer values were confirmed to follow normal distribution by residual plots and 

by D'Agostino & Pearson omnibus normality test. The values were tested for 

homoscedasticity by Levene statistics. Both normality and homoscedasticity tests 

were done at 95% confidence level prior to ANOVA analysis. These statistical 

analysis were performed using IBM SPSS Statistics 21and PRISM Graphpad 5. 

 

Replication kinetic assay 

The Rev-RRE activities of different RREs were also studied using this 

assay (also called spreading infection) that more closely mimics the natural HIV 

infection.  Here, viral stocks made from proviral constructs were tested in SupT1 

cells. The proviral constructs used were the pNL4-3 Nef- RRE- /long RRE 

constructs. Transfection viral stocks were prepared by seeding 3 X 106 293T 

cells in a 75 cm2 flask a day prior to transfection. These cells were transfected 

with 5 µg of the proviral DNA by calcium phosphate method. Transfection 

supernatant was collected after 48 hrs and was spun briefly at 2500Xg for 5 

minutes at 4°C to get rid of cell debris. SupT1 cells were infected with the 
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transfection viral stocks by DEAE dextran method and by unaided infection. 

DEAE dextran mediated infections were done by adding 100 ng p24 equivalent 

of viral stocks to 6X106 SupT1 cells in 1 ml of culture medium (RPMI 

supplemented 10% fetal bovine serum, and 10 ug/ml of gentamycin) containing 8 

µg/ml of DEAE. Infections were carried out in a loosely capped 50 ml falcon tube 

at 37°C. Six hours after infection, the infected cultures were centrifuged at 

2500Xg for 5 minutes at 4°C and the supernatants were discarded. The infected 

cells were washed with 1X PBS twice and then gently suspended in 5 ml of 

medium. The culture was then transferred to 25 cm2 flask for further incubation. 

The unaided infections were carried out by infecting 6X106 SupT1 cells in 10 ml 

of culture medium with 300 ng p24 equivalent of viral stocks in 25 cm2 flasks and 

then incubating the cultures at 37°C.  

 In both the DEAE mediated and unaided infections, after every 3-4th day, 

2/3rd of the culture was replaced with fresh medium needed to maintain the 

culture volume to 5 ml or 10 ml respectively. The replaced culture was spun at 

2500 g for 5 minutes at 4°C to remove the cell debris. The secreted p24 in the 

cell-free replaced culture was determined by ELISA to generate the growth 

curve. 

 The transfer replication kinetic assay: The infection culture from the 

peak p24 day of the replication kinetic assay was spun at 2500 g for 5 minutes at 

4°C. The TCID50 value of the cell-free infection supernatant was determined. 

The MOIs of the SupT1 passaged viral stocks were determined as described (1) 

with p24 levels used as the measure of viral replication instead of RT activity 
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(Table 2 and Table 3). 6X106 SupT1 cells were infected with 5X10-6 MOI (100ng 

p24 equivalent) of SupT1 passaged viral stocks by DEAE dextran method. 

 

Table 2: SupT1 infection to determine TCID50 for set A viruses. p24 levels in 

the supernatant of triplicate SupT1 cultures 12 days after infection with p24 

normalized SupT1-passaged virus are shown. 10-fold serial dilutions of the A set 

(set A) of WT, mutant A, and mutant B viruses were used as input virus such that 

all the dilution 0 cultures were infected with 100 µl of 100 ng p24/100 µl of viral 

stock. These p24 values (in picograms/ml) were used to determine the TCID50 

values of these set A viruses. 

 

overflow* = p24 value higher than the linear limit of detection 

 

 

Dilutions 
WT 

Percent infected Infection-1 Infection-2 Infection-3 

0 Overflow* overflow* overflow* 100 
101 8842.2 8967.2 12573.9 100 

102 <0.0 <0.0 <0.0 0 
103 <0.0 <0.0 <0.0 0 
104 <0.0 <0.0 <0.0 0 
105 <0.0 <0.0 <0.0 0 
106 <0.0 <0.0 <0.0 0 
107 <0.0 <0.0 <0.0 0 

Dilutions Mutant A Percent infected 
1 2 3 0 overflow* overflow* overflow* 100 

101 11169.7 13679.9 11823.7 100 

102 <0.0 <0.0 <0.0 0 
103 <0.0 <0.0 <0.0 0 
104 <0.0 <0.0 <0.0 0 
105 <0.0 <0.0 <0.0 0 
106 <0.0 <0.0 <0.0 0 
107 <0.0 <0.0 <0. 0 

Dilutions 
Mutant B 

Percent infected 1 2 3 

0 overflow* overflow* overflow* 100 

101 16420.9 16517.1 overflow* 100 

102 <0.0 <0.0 <0.0 0 
103 <0.0 <0.0 <0.0 0 
104 <0.0 <0.0 <0.0 0 
105 <0.0 <0.0 <0.0 0 
106 <0.0 <0.0 <0.0 0 
107 <0.0 <0.0 <0.0 0 
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Table 3: SupT1 infection to determine TCID50 for set B viruses. p24 levels in 

the supernatant of triplicate SupT1 cultures 12 days after infection with p24 

normalized SupT1-passaged virus are shown. 10-fold serial dilutions of the B set 

(set B) of WT, mutant A, and mutant B viruses were used as input virus such that 

all the dilution 0 cultures were infected with 100 µl of 100 ng p24/100 µl of viral 

stock. These p24 values were used to determine the TCID50 values of these set 

B viruses. 

 

 

overflow* = p24 value higher than the linear limit of detection 

 

 

Dilutions 
WT Percent 

infected 1 2 3 

0 Overflow* Overflow* Overflow* 100 
101 18151.8 20397.5 20867.8 100 

102 <0.0 <0.0 <0.0 0 
103 <0.0 <0.0 <0.0 0 
104 <0.0 <0.0 <0.0 0 
105 <0.0 <0.0 <0.0 0 
106 <0.0 <0.0 <0.0 0 
107 <0.0 <0.0 <0.0 0 

Dilutions 
Mutant A Percent 

infected 1 2 3 

0 Overflow* Overflow* Overflow* 100 
101 17744.5 22309.0 21212.3 100 

102 <0.0 <0.0 <0.0 0 
103 <0.0 <0.0 <0.0 0 
104 <0.0 <0.0 <0.0 0 
105 <0.0 <0.0 <0.0 0 
106 <0.0 <0.0 <0.0 0 
107 <0.0 <0.0 <0.0 0 

Dilutions 
Mutant B Percent 

infected 1 2 3 
0 Overflow* Overflow* Overflow* 100 

101 21786.8 23520.7 22089.7 100 

102 <0.0 <0.0 <0.0 0 
103 <0.0 <0.0 <0.0 0 
104 <0.0 <0.0 <0.0 0 
105 <0.0 <0.0 <0.0 0 
106 <0.0 <0.0 <0.0 0 
107 <0.0 <0.0 <0.0 0 
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MOI calculation for the viruses: 

Since the number of infected cultures at a certain dilution was identical for 

all the viruses, the TCID50 and the MOI values were also identical for all the 

viruses. These values were calculated as follows for each virus using Reed 

Muench method(192). 

 

 

 

=(100-50)/(100-0) 

=50/100 

=0.5 

Apply the index calculated using this formula to the dilution that produced the 
infection rate immediately above 50 percent = 10-1.5 

This dilution of the virus suspension contained one TCID50 unit of virus in 0.1 ml 

Therefore, infectivity titre of virus suspension in TCID50/mL = 10 × 101.5 = 102.5 = 
316.227766 infectious dose. 
Or, 100 ng of the viral stock contained 31.6 infectious units. 

1 ng of the viral stock contained 0.316 infectious units 

For the transfer replication assay, 6,000,000 SupT1 cells were infected with 100 
ng p24. Therefore, the MOI used in this experiment was 5X10-6 . 

For the competition assay, 60,000 SupT1 cells were infected with 1 ng p24 
equivalent virus. 

Or, 60,000 cells were infected with 0.316 IU. Therefore, the multiplicity of 
infection was 5X10-6 . 

 

(% infected at dilution immediately above 50% -50%) 

(% infected at dilution immediately above 50%) – (% dilution immediately below 50%) 

X 100 

	
  
	
  Index(h) = 

fitness	
  of	
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Growth Competition Assay:  

Here, the growth kinetic of two different viruses containing different RREs 

were measured in a dual infection assay that provided identical culture condition 

to both the viruses. The viral stocks used in this assay were the cell-free infection 

cultures from the peak p24 day from the replication kinetic assay. Thirty-six well 

plates were seeded with 6 X104 SupT1 cells/well in a volume of 1ml RPMI full 

medium. 5X10-6  MOI (p24 equivalent) of each of the two different SupT1 

passaged viral stocks were added to the appropriate well. The same MOI of each 

of the viral stocks was also added separately to appropriate wells for use as 

mono-infection controls. After 3 days, 500 µl of the cell-free culture was carefully 

removed and replaced with 500 µl of fresh culture medium in the place of RT 

activity. Ten µl of cell-free infection culture was taken out on days 6, 8, and 10 

(optional) post-infection and the p24 levels in the culture were determined.  On 

day 10, the cells were harvested and the proviral DNA from the cells was 

extracted using DNeasy blood and tissue DNA kit (Qiagen) according to 

manufacturer’s instruction. The amount of proviral DNA coming from each of the 

two viruses in the dual infections was determined by hetero-duplex tracking 

assay. For this, the proviral DNA was amplified by nested PCR using outer PCR 

oligo pair (forward oligo 2760 and reverse oligo 2761) and inner PCR oligo pair 

(forward oligo 2767 and reverse oligo 2768). The final nested PCR product was 

216-nt long starting at nt-116 and ending at nt-331of the 351-nt long RRE.  

To prepare the HTA probe amplicons, the forward oligo 2767 was first 

end-radiolabeled. The end-labelling reaction contained 20 µl of oligo 2767, 10 µl 
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of 5X forward reaction buffer, 3 µl T4 PNK (NEB), 3 µl of γ32P dATP (3000 

Ci/mmol, 10 mCi/mL), and 14 µl of water. The mixture was incubated at 37°C for 

60 minutes after which it was passed through G-25 column resin (Roche) 

according to the manufacturer’s manual. Next, the labeled oligo was used to 

PCR amplify a part of the RRE region. The PCR reaction contained 2.5 µl of 

10ng/µl of nested outer PCR product of pHR 4874, 10 µl of 10X PCR buffer (with 

1.5 mM final MgCl2 ), 1.5 µl of 10 mM  dNTPs, 7 µl of  γ32P labeled forward oligo 

2767 (4 pmol/µl), 3 µl of reverse oligo 2768 (10 pmol/ µl), 0.5 µl Taq  DNA 

polymerase (5 U/µl), and water in 100 µl volume.  

The proviral DNA amplicons were annealed with the probe. This was 

accomplished by setting up the HTA reaction. Each reaction contained 10 µl of 

nested PCR product, 1 µl of 10X annealing buffer (100mM Tris-HCl pH 7.8, 

10mM NaCl, 2mM EDTA), 1 µl of probe reaction (~300–400 CPM final or 0.1 

pmol per reaction).  The mixture was heated at 95°C for 3 minutes, 37°C for 5 

min, and then held at 4°C in a thermocycler. The reaction mixtures were placed 

on ice and 3 µl of HTA loading dye (5ml of glycerol, 0.03g of Tris-HCl, 5 µl of 1M 

DDT, 0.25% of bromophenol blue, 0.25% of xylene cyanol in a final volume of 10 

ml) was added to each tube. The tubes were briefly spun and the tube contents 

were loaded on separate wells of the 8% non-denaturing polyacrylamide gel. The 

gel was run at constant 200V at room temperature for 3 hours till the xylene 

cyanol dye had migrated to ¾ down the gel. The gel was then vacuum dried at 

80°C for 60 minutes and exposed to a phosphorimaging screen for >16 hours. 

The bands on the gel were visualized with a phosphorimager (Molecular 
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Dynamics) and ImageQuant software and the intensity of each band was 

quantitated using ImageQuant software. The relative fitness of each virus (say A 

and B) in a dual infection was determined as follows: 

Let the intensity of the virus A signature band in the mono-infection be MA  

Let the intensity of the virus A signature band in the dual-infection be DA 

Similarly, 

Let the intensity of the virus B signature band in the mono-infection be MB 

Let the intensity of the virus B signature band in the dual-infection be DB 

                                                            

 

 

 

 

 

 

The 0.75 mm thick HTA gel was prepared before starting the HTA 

reaction. To prepare the gel, 15 ml of 40% acrylamide/bis solution (19:1), 10 ml 

of 10X non-denaturation gel shift buffer (0.25 M Tris-HCl, 1.9 M electrophoresis-

grade glyxine, 10 mM EDTA), and 75 ml of water were combined. Two ml of 10% 

APS, 120 µl of TEMED were added to the acrylamide solution just before pouring 

the mixture into the gel mold.  The gel comb with 15 teeth and 0.75 mm thickness 

was used to create the wells. The polymerized gel cassette was placed into the 

protean II xi (Bio-Rad) vertical gel electrophoresis unit and filled with appropriate 

(DA/MA) 

(MA+MB) 
X 100 Then,	
  relative	
  fitness	
  of	
  virus	
  A	
  (in	
  %)	
  =	
  

(DB/MB) 

(MA+MB) 
X 100 Relative	
  fitness	
  of	
  virus	
  B	
  (in	
  %)	
  =	
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volume of running buffer. 1X non-denaturation gel shift buffer was used as the 

running buffer for the PAGE. 

Sequence information of oligos used in HTA 

Oligo # 2760: Forward outer primer for HTA that anneals to position nt-8560 to 

nt-8581 of pHR 4874 

5’ cgaggattgtggaacttctggg 

 
Oligo # 2761: Reverse outer primer for HTA that anneals to position nt-9288 to 

nt-9308 of pHR 4874 

5’ gtgactggaaaacccacctc 

 
Oligo # 2767: Forward inner primer for HTA that anneals to position nt-8943 to 

nt-8962 of pHR 4874 

5’ aatgacgctgacggtacaggccagac 

 

Oligo# 2768: Reverse inner primer for HTA that anneals to position nt-9155 to 

nt-9180 of pHR 4874 

5’ caactagcattccaaggcacagcagtgg 
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CHAPTER III - RESULTS 

Evidence for two secondary structures of the WT NL4-3 RRE  

In a previous joint study from our lab and Dr. Stuart Le-Grice’s lab (NIH, 

Frederick), (137), using conventional selective 2’ hydroxyl acylation analyzed by 

primer extension (SHAPE), we have shown that the WT NL4-3 RRE could adopt 

a homogeneous 4 stem-loop structure which combined stem-loops III and IV, and 

that single base changes could shift the structure into a 5 stem-loop form with 

separate stem-loops III and IV. Conventional SHAPE is an RNA secondary 

structure chemical probing technique that interrogates the local flexibility of ribo-

nucleotides of RNA in an aqueous solution on the basis of their reactivity to a 

hydroxyl-selective electrophile. The 2’-hydroxyl group of unconstrained or non 

base-paired nucleotides (bulge loop, junction, hairpin loop, single stranded 

region) have enhanced nucleophilicity and are therefore more reactive to the 

chemical than the base-paired or constrained nucleotides (242). The reaction 

forms a 2’ bulky adduct and hence the chemically modified nucleotide can be 

identified as stops to primer extension of the RNA by reverse transcriptase. Since 

the reactivity is not significantly affected by the identity of the nucleo-base (243), 

this technique provides structural information of RNA at single nucleotide 

resolution.       

Shortly after our report, a second conventional SHAPE study (238), 

performed in another laboratory, examined the structure of the entire HIV 

genome prepared from virions, and concluded that within this context the WT 

NL4-3 RRE folded as a 5 stem-loop structure.  All other studies on the structure 
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of the HIV-1 RRE also support either the 4 stem-loop structure or the 5 stem-loop 

structure (32, 57, 125, 155). Both the 4 and 5 stem-loop RREs retain the same 

secondary structure in the regions other than stem-loops III and IV of the RRE 

including the primary Rev binding site. Both the structures fold with nearly equal 

predicted free energy. The Gibbs free energy change values of the 5 stem-loop 

structure RRE and the 4 stem-loop structure RRE were found to be -647.26 

kJ/mol and -636.8kJ/mol respectively by RNAStucture v-5.5 (Figure 5). These 

findings led us to hypothesize that the RRE is a metastable structure that can 

readily switch between these two forms. To test this hypothesis, we revisited the 

secondary structure of the RRE.  

The secondary structure of the 232-nt RRE sequence (“short RRE” Figure 

5) was determined using the SHAPE technique. This RRE sequence consisted of 

pNL4–3 nucleotides 7760–7992 (GenBank accession number AF324493). It is 

numbered as nucleotides 60–292 based on the RRE sequence of Charpentier et 

al. (32). To determine the secondary structure, the RRE, adjacent to a short 

primer binding cassette, was synthesized in vitro with T7 polymerase, heated to 

85°C, and cooled slowly to 25°C to allow refolding. After refolding, it was 

analyzed on a native 8% polyacrylamide gel at 4°C run slowly at 200V constant 

voltage for 22 hrs. Figure 9C shows that the RRE migrated as two bands. Similar 

results have been observed previously by others (172). Because conventional 

SHAPE cannot distinguish the reactivity signals from different structural forms of 

an RNA population, the RRE structure was determined by in-gel SHAPE 

technique.  
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Figure 9: Secondary structure of the 232-nt short NL4-3 RRE determined by 
in gel-SHAPE. 
(A). The energetically most favorable SHAPE structure of the WT RRE (the 5 
stem-loop structure) in the faster migrating band shown in part C. 
(B). The energetically most favorable SHAPE structure of the WT RRE (the 4 
stem-loop structure) in the slower migrating band shown in part C.  
(C). The two bands of the RRE on a native polyacrylamide gel visualized by UV 
shadowing.   
Approximately 75 picomoles of in-vitro transcribed and PAGE purified RRE RNAs 
were heated to 85°C in renaturation buffer (10 mM Tris pH 8.0, 100 mM KCl, 0.1 
mM EDTA) and slow cooled to 25°C. The folded RNAs were run on a 8% native 
polyacrylamide gel at 200V at 4°C for about 22 hours in the presence of 5 mM 
MgCl2 both in the gel and in the 1XTBE running buffer. The two RRE bands were 
excised and the RREs in the gel matrix chemically modified by 100 mM NMIA. 
Secondary structure was generated by RNAstructure (v5.5) software under 
SHAPE reactivity constraint using a slope of 1.8 kcal/mol and an intercept of -0.6 
kcal/mol. Representative data from two replicates. [SHAPE experiments and data 
analysis by Chringma Sherpa and Jason Rausch (Le-Grice’s Lab, NIH)] 

B 

C 
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In-gel SHAPE is a variation of SHAPE, where different structural 

conformers of the RNA are resolved into different bands on a native gel so that 

the structure of each conformer trapped within the gel matrix can be probed 

separately (123). To examine the structure of the RNA in each RRE band, they 

were both excised separately and subjected to in-gel SHAPE analysis using N-

methylisatoic anhydride (NMIA) as the SHAPE reagent. The reactivity values of 

the first 17 nucleotides at the 5’ end and last 11 nucleotides at the 3’ end of the 

RRE were unquantifiable due to the loss of signal resolution of the longer cDNA 

products and abortive transcription initiation by reverse transcriptase. Out of the 

remaining RRE nucleotides, reactivity values were obtained for > 92 % (Figure 

9A and 9B). Almost all of the unscored nucleotides (nt 216 to 219, nt 171-172, nt 

129-131, nt 143-144, 231-232) were found consistently unquantifiable, which 

might reflect some inherent property of the enzyme to pause at these bases, 

possibly due to higher order RRE structure at these positions. The results 

indicate that the faster moving band folded as a 5 stem-loop structure, while the 

slowly moving band folded as the 4 stem-loop structure. Figure 9A and 9B shows 

the SHAPE reactivity for each base placed on the most energetically favorable 

RRE structure predicted by RNAStructure 5.5, using the SHAPE reactivity 

constraints, for each gel band. Thus, we conclude that the NL4-3 RRE can exist 

as an approximately equal mixture of the two structures.  

 

 

 



	
  

	
  

102	
  

Creation of RRE mutants with altered secondary structures.  

We next attempted to create RRE mutations that favored one or the other 

of the secondary structures. Mutant A (Figure 10) was expected to disrupt the 

base pairing at the base of the combined stem-loop III/IV structure in the 4 stem-

loop structure, but maintain base pairing in stem-loop IV in the 5 stem-loop 

structure, and thus likely adopt only the 5 stem-loop structure. Mutant B (Figure 

11) was expected to disrupt the base pairing in both stem-loop III and stem-loop 

IV of the 5 stem-loop structure, but keep the combined stem-loop III/IV intact, and 

thus likely adopt only a 4 stem-loop structure.  Mutant C (Figure 12) created 

aberrant base pairing within the combined stem-loop III/IV structure and thus 

likely would form a severely altered stem-loop III/IV but maintain a 4 stem-loop 

structure due to disruption of base pairing in stem-loop IV. Mutants D (Figure 13) 

and E (Figure 14) were expected to disrupt both the combined stem-loop III/IV in 

the 4 stem-loop structure and stem-loop IV in the 5 stem-loop structure and thus 

likely would not form either the 4 stem-loop or 5 stem-loop structure.  
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Figure 10: SHAPE derived secondary structure of RRE mutant A.  
(A). Mutations of mutant A mapped on the 5 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown). 
(B). Mutations of mutant A mapped on the 4 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown).   
(C). SHAPE derived secondary structures of RRE mutant A.  
 
In-vitro transcribed mutant A RRE RNA, folded by slow cooling at 25°C, was 
probed in solution by NMIA. Secondary structure was generated by RNAstructure 
5.5 software under SHAPE reactivity constraint using a slope of 1.8 kcal/mol and 
an intercept of -0.6 kcal/mol. The mutated nucleotides are enclosed by green 
border. [SHAPE experiments and data analysis by Chringma Sherpa and Jason 
Rausch (Le-Grice’s Lab, NIH)] 
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Figure 11: SHAPE derived secondary structure of RRE mutant B.  
(A). Mutations of mutant B mapped on the 5 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown). 
(B). Mutations of mutant B mapped on the 4 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown).   
(C). SHAPE derived secondary structures of RRE mutant B.  
 
In-vitro transcribed mutant B RRE RNA, folded by slow cooling at 25°C, was 
probed in solution by NMIA. Secondary structure was generated by RNAstructure 
5.5 software under SHAPE reactivity constraint using a slope of 1.8 kcal/mol and 
an intercept of -0.6 kcal/mol. The mutated nucleotides are enclosed by green 
border. [SHAPE experiments and data analysis by Chringma Sherpa and Jason 
Rausch (Le-Grice’s Lab, NIH)] 



	
  

	
  

105	
  

 

Figure 12: SHAPE derived secondary structure of RRE mutant C.  
(A). Mutations of mutant C mapped on the 5 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown). 
(B). Mutations of mutant C mapped on the 4 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown).   
(C). SHAPE derived secondary structures of RRE mutant C.  
 
In-vitro transcribed mutant C RRE RNA, folded by slow cooling at 25°C, was 
probed in solution by NMIA. Secondary structure was generated by RNAstructure 
5.5 software under SHAPE reactivity constraint using a slope of 1.8 kcal/mol and 
an intercept of -0.6 kcal/mol. The mutated nucleotides are enclosed by green 
border. [SHAPE experiments and data analysis by Chringma Sherpa and Jason 
Rausch (Le-Grice’s Lab, NIH)] 
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Figure 13: SHAPE derived secondary structure of RRE mutant D.  
(A). Mutations of mutant D mapped on the 5 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown). 
(B). Mutations of mutant D mapped on the 4 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown).   
(C). SHAPE derived secondary structures of RRE mutant D.  
 
In-vitro transcribed mutant D RRE RNA, folded by slow cooling at 25°C, was 
probed in solution by NMIA. Secondary structure was generated by RNAstructure 
5.5 software under SHAPE reactivity constraint using a slope of 1.8 kcal/mol and 
an intercept of -0.6 kcal/mol. The mutated nucleotides are enclosed by green 
border. [SHAPE experiments and data analysis by Chringma Sherpa and Jason 
Rausch (Le-Grice’s Lab, NIH)] 
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Figure 14: SHAPE derived secondary structure of RRE mutant E.  
(A). Mutations of mutant E mapped on the 5 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown). 
(B). Mutations of mutant E mapped on the 4 stem-loop WT RRE structure (only 
the stem-loop III and stem-loop IV regions are shown).   
(C). SHAPE derived secondary structures of RRE mutant E.  
 
In-vitro transcribed mutant E RRE RNA, folded by slow cooling at 25°C, was 
probed in solution by NMIA. Secondary structure was generated by RNAstructure 
5.5 software under SHAPE reactivity constraint using a slope of 1.8 kcal/mol and 
an intercept of -0.6 kcal/mol. The mutated nucleotides are enclosed by green 
border. [SHAPE experiments and data analysis by Chringma Sherpa and Jason 
Rausch (Le-Grice’s Lab, NIH)] 
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 Since these mutants were used to study the functional importance of 

defined RRE structures, it was imperative that all the mutant RRE RNAs included 

in the study form homogenous structures. To test the structural homogeneity of 

these mutants, the mutant RRE RNAs, with same 3’ tag used with the WT RRE, 

were prepared by in vitro transcription, re-folded and run on a native 8% 

polyacrylamide gel, together with the WT RRE, using similar conditions utilized 

for the in-gel SHAPE experiment described above. Figure 15F shows that each 

of the five mutant RREs formed only a single homogeneous band. Importantly, 

Mutant A RRE migrated to the position of the 5 stem-loop WT RRE and the 

mutant B RRE migrated to the same position as the 4 stem-loop WT RRE as 

predicted.  Mutant C migrated close to the mutant B band and mutants D and E 

migrated to higher positions on the gel. On one hand, this experiment indicated 

that each of the mutant RREs formed only one structure. On the other hand, it 

also provided preliminary evidence that these mutants indeed form their 

respective predicted structures.  

Since all the mutant RRE RNAs appeared structurally homogenous on the 

native gel, we used conventional SHAPE to determine the secondary structure of 

each of these mutants (Figures 10-14; Figure 15A-E).   
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Figure 15: SHAPE Structure and native gel migration pattern of all the RRE 
mutants.  
(A). SHAPE derived secondary structures of mutant A. 
(B). SHAPE derived secondary structures of mutant B. 
(C). SHAPE derived secondary structures of mutant C. 
(D). SHAPE derived secondary structures of mutant D. 
(E). SHAPE derived secondary structures of mutant E. 
In Figure 15 A-E, only the stem-loop III and stem-loop IV regions are shown; the 
SHAPE structure of the other regions of the RRE were identical to that of WT 
RRE.   
(F). Migration pattern of the RRE mutants along with WT RRE bands on a native 
polyacrylamide gel visualized by UV shadowing.  
Approximately 20 picomoles of in-vitro transcribed and PAGE purified mutant 
RRE RNAs were heated to 85°C in re-naturation buffer (10 mM Tris pH 8.0, 100 
mM KCl, 0.1 mM EDTA) and slow cooled to 25°C. The folded RNAs were ran on 
a 8% non-denaturing polyacrylamide gel for at 200V at 4°C in the presence of 
5mM MgCl2 both in the gel and in the 1XTBE running buffer. The folded RNAs 
were probed in solution by 30 nM NMIA. Secondary structure was generated by 
RNAstructure 5.5 software under SHAPE reactivity constraint using a slope of 
1.8 kcal/mol and an intercept of -0.6 kcal/mol.  Consistent data (not shown) were 
obtained under two other conditions 1. RNAs were folded by snap cooling at 4°C 
and NMIA was used as the electrophile and 2. RNAs were folded by snap cooling 
at 4°C and 1M7 was used as the electrophile. [SHAPE experiments and data 
analysis by Chringma Sherpa and Jason Rausch (Le-Grice’s Lab, NIH)] 
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 Graphs showing the NMIA reactivity plots for all of the RREs are shown in 

Figure 16. Essentially, the same results were obtained when these RNAs were 

folded by snap cooling and probed with either NMIA or 1M7 (data not shown). 

Hence, both the non-denaturing gel-shift data and the SHAPE analysis data 

supported the predicted secondary structure of the RRE mutants. 
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Figure 16: Comparison of the SHAPE reactivity plots of the two structural 
forms of the WT RRE derived by in-gel SHAPE (A, B) and of the mutant 
RREs derived by conventional SHAPE (C-G).  
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Primary binding of Rev to the RRE and multimerization are largely not 

affected by the alterations in stem-loop III/IV secondary structure.  

We next tested the ability of each RRE mutant to bind Rev in vitro and act 

as a scaffold for Rev multimerization. To do this, increasing amounts of NL4-3 

Rev protein, purified from E.coli, were incubated in a binding reaction at 4°C with 

a constant amount of the different radiolabeled RREs. The resulting complexes 

were separated on a polyacrylamide gel and detected using a phosphorimager 

(Figure 17).  

In order to establish the specificity of our binding assay, Rev protein was 

incubated with the WT NL4-3 RRE or with an RRE containing a mutation 

(A131G) in stem loop IIB, the primary Rev binding site. The nt-131 of the RRE is 

one of the four nucleotides involved in forming the two non-Watson Crick base 

pairs that mediate primary Rev binding. This A131G RRE mutation has been 

shown to reduce the Rev affinity by 40-100 fold (51, 117). It is also reported to 

impair Gag expression from pCMV-GagPol construct by ~3.3 fold (51). In our 

study, this mutant RRE was used as a negative control for primary Rev binding. 

Primary binding of Rev to the WT RRE, as measured by the formation of slower 

migrating complex was observed with 25 ng of Rev in the reaction mix. Slower 

migrating bands started to appear at 50 ng. In contrast, for the mutated RRE, 

weak Rev binding was only detected at the highest Rev concentrations (Figure 

17). 

 

  



	
  

	
  

113	
  

 
Figure 17: Rev primary binding and multimerization on the 234-nt RRE 
RNAs determined by electrophoretic mobility shift assay (EMSA). In-vitro 
transcribed and PAGE purified 1 nM α32P-internally labeled RRE RNA was 
heated at 85°C for 3 min in renaturation buffer (50 mM NaCl, 10 mM 
Hepes/KOH, pH 7.6, 2 mM MgCl2) followed by cooling at room temperature for 
15 min. The folded RNA was then either incubated without Rev or with increasing 
concentration of bacterially derived purified, codon optimized GB1-full-length 
NL4-3 Rev protein in Rev binding buffer (10 mM Hepes/KOH, pH7.8, 20 mM 
KCL, 2 mM MgCl2, 0.5 mM EDTA, 1 mMDTT, 10% glycerol, 5 µg/ml yeast tRNA 
and 20 U RNase inhibitor) on ice for at least 10 minutes. The Rev-RRE 
complexes were resolved on a 4% native polyacrylamide gel run at 20 mA 
constant current for 4 hours at 4°C. Representative EMSA gel-image shown. N 
(independent experiments) = 5 for WT, 1 for A131G, 4 for A, 4 for B, 3 for C, 4 for 
D, 5 for E. 
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Having validated the binding assay, we next examined the binding of NL4-

3 Rev to each of the RRE mutants (A-E). These assays were repeated multiple 

times with different preparations of Rev protein and RRE and each time 

essentially the same results were obtained. The images shown in Figure 17 are 

representative of the data (see figure legend). Examination of the different gels 

reveals that within the limitations of this assay, very little difference in either 

primary binding or multimer formation was observed. However the pattern 

observed with the WT RRE clearly shows the presence of noticeable doublet 

bands, especially in the faster migrating Rev-RRE complexes. These doublet 

bands might have resulted from the two structural conformers of the WT RRE. In 

the slower migrating complexes, the higher molecular mass of the complexes 

might have prevented the resolution of the complexes differing only in the RRE 

structure.  The doublet bands, however, were not present in the mutants. In 

addition, a comparison of the mutant A and mutant B gel shifts shows 

reproducible spacing differences that are especially obvious between the lower 

bands. Thus these results are consistent with our finding that the WT RRE is 

composed of a mixture of 4 stem-loop and 5 stem-loop structures, while each of 

the mutant RREs has a single structure. The results also strongly suggest that 

there is little difference in the ability of each RRE structure to bind Rev and act as 

a platform for Rev multimerization, although small differences in the rates of 

migration of the comparable complexes formed by each RRE can be observed.  
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Alterations in SLIII/IV secondary structure affect the ability of the RRE to 

mediate expression of HIV GagPol from a reporter construct.  

Each RRE was then tested for its ability to provide functional activity by 

inserting it into a GagPol reporter construct that has been used previously to 

quantitate Rev/RRE function (214).  In this assay, each HIV-1 GagPol reporter 

plasmid containing the different mutant RREs was transfected into 293T cells, 

together with differing amounts of a plasmid that expressed the NL4-3 Rev 

protein. A third plasmid that expressed secreted alkaline phosphatase (SEAP) 

was also transfected as an internal control (see Materials and Methods). Under 

these conditions, Rev/RRE activity could be quantified by measuring the amount 

of p24 capsid protein secreted into the media. The results of this experiment 

(Figure 18) show that each RRE promoted a different level of Gag and GagPol 

expression in response to each concentration of Rev plasmid used. Thus, we 

conclude that although the results of the in-vitro Rev binding assay revealed no 

reproducible differences in Rev binding to the various RRE mutants, the 

alterations made to RRE secondary structure by the mutations affected their 

activity in cells. In this assay the RRE with 5 stem-loop structure (mutant A) 

appeared to be more active than WT RRE and the RRE with the 4 stem-loop 

structure (mutant B) appeared to be less active. The mutants that severely 

altered the stem-loop III/IV structure (mutant C) or that abolished stem-loop IV 

(mutant D and mutant E) were even less active. 
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Figure 18: Rev dose response curves for WT and mutant RREs. 2 X 105 

293T cells were co-transfected with 2 µg of pCMVGag-Pol reporter plasmid 

containing the WT or mutant RRE, increasing concentration (0-32ng) of codon 

optimized NL4-3 Rev expression plasmid, 100 ng of SEAP expression plasmid, 

and compensatory amount of empty plasmid. The p24 and SEAP levels in the 

culture medium were measured 48 hours post transfection. Error bars represent 

standard error of mean from two replicates. A and B panels represent two 
independent experiments. 
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Alterations in RRE stem-loop III/IV secondary structure affect HIV 

replication rates in a spreading infection.  

We next tested the ability of each mutant RRE to promote HIV replication 

in the context of a spreading infection in SupT1 cells.  Normally mutations in the 

RRE would be expected to alter or disrupt the envelope protein coding region, 

making a comparison of the replication rates of viruses with different RRE 

mutations problematic. To overcome this problem, we inserted each RRE into the 

Nef region of an NL4-3 proviral clone that had its normal RRE inactivated by 

mutations that did not change the envelope protein sequence.  Since Nef is not 

required for HIV replication in SupT1 cells, this allowed us to create a series of 

replication competent proviral clones that were isogenic except for the mutations 

contained within the RRE that was being tested.  These proviral clones were 

transfected into 293T cells and all produced enough p24 to allow us to prepare 

viral stocks for infection of SupT1 cells. SupT1 cells were then infected with each 

transfection supernatant containing equal amounts of p24. The cells were 

maintained in long-term culture by replacing three-fifths of the culture every 3rd or 

4th day with the fresh medium and p24 released into the supernatant was 

monitored. The results of this experiment show that each mutant virus replicated 

at a different rate, with the order of efficiency being mutant A > WT >mutant B 

>mutantC. Additionally, no detectable replication was observed for either mutant 

D or mutant E.  These results were the same whether 300 ng (Figure 19A) or 100 

ng (Figure 19C) of input p24 were used. 	
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Figure 19: Replicative fitness of HIV with WT or mutant RREs in spreading 
infection assay.  
(A). Growth curves using 300 ng p24 equivalent of transfection viral stocks. 300 
ng p24 equivalent of viral stocks, prepared by transfection of 293T cells with 5 µg 
NL4-3 Nef- RRE-/long RRE plasmids, were used to infect 6 X 106 SupT1 cells. 
The peaks of viral replication were monitered by determining the p24 levels in the 
infection supernatant after every 3-4 days  
(B). Growth curves using 5 X 10-6 MOI of SupT1 passaged viral stocks from the 
peak days of Figure 19A. Fresh 6 X 106  SupT1 cells were infected with 5 X 10-6 

MOI (100 ng) of SupT1 passaged viral stocks using DEAE-dextran. The peaks of 
viral replication were monitered by determining the p24 levels in the infection 
supernatant after every 2-3 days.  
(C). Growth curves using 100 ng p24 of transfection viral stocks. Viral stocks 
were prepared by transfection of 293T cells with NL4-3 Nef- RRE-/long RRE 
plasmids. 100 ng p24 equivalent of viral stocks were used to infect 6 X 106 

SupT1 cells by DEAE-dextran method. The peaks of viral replication were 
monitered by determining the p24 levels in the infection supernatant after every 
3-4 days. 
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To further compare the replication efficiency of some of these viruses, the 

peak fractions of the SupT1 supernatants from the WT, mutant A and mutant B 

infections shown in Figure 19A were harvested and used to infect fresh SupT1 

cells. Infections were done with 5X10-6 MOI of input virions (p24 equivalent). 

Essentially, the same relative replication kinetics were observed with these viral 

stocks (Figure 19B). Thus, in accordance with the data obtained from the p24 

reporter assay (Figure 18), this experiment shows that the secondary structure of 

stem loops III and IV strongly influence the efficiency of viral replication. The data 

also show that the 5 stem-loop RRE promotes HIV replication in SupT1 cells 

more efficiently than either the WT or the 4 stem-loop RRE. A comparison of the 

growth curves generated using 100 ng p24 equivalent transfection viral stocks 

(Figure 19C) and SupT1 passaged viral stocks (Figure 19B), showed that the 

peak replication day was reached much later in the former. Such difference in the 

replication peak days might indicate the possibility of a higher p24/infectivity ratio 

in the transfection viral stocks.  

	
  

Abrogation of a correct SLIII/IV secondary structure in the RRE diminishes 

the titer of a Rev-dependent HIV vector.  

We next tested each of the mutated RREs in the context of a modified 

proviral vector (pTR167nef-). This vector (Figure 20A) was created by deletion of 

5,491 nucleotides from the central region of pNL4-3, followed by the insertion of 

an SV40 early promoter-driven hygromycin resistance gene (Hygr) in the middle 

of the env region. It also has a small deletion that inactivates the Nef gene and 
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the vector transcribes a modified HIV genomic RNA whose trafficking is 

dependent on Rev-RRE function. When co-transfected with an HIV packaging 

system, the genomic RNA gets packaged into virus-like particles that are capable 

of transducing Hygr to target cells. Thus the magnitude of the virus titer derived 

from the packaging cell is directly reflective of Rev-RRE functional activity. 

Each mutant RRE was exchanged with the WT NL4-3 RRE to create a 

series of isogenic vectors, which differed only in the RRE mutations they 

contained.  In these vectors, each RRE resided in its normal position within the 

env intron.   The vectors were transfected into 293T cells together with plasmids 

that supplied Gag/GagPol, Tat, Rev and VSV-G. Supernatants were collected 

after 48 hrs, assayed by p24 ELISA, and titered for hygromycin resistant colony 

formation on HeLa cells. Figure 20B shows the results of this experiment. It is 

clear that disruption of the normal stem-loop IV structure (mutants C and E) 

greatly decreased the vector titer.  However, titer differences between the WT 

and the A and B mutants did not reach statistical significance, although the data 

trended towards Mutant A having a slightly higher titer than Mutant B. Thus, this 

experiment clearly shows that the stem-loop III/IV region, a region lying outside 

of the primary Rev binding site, must be folded into either the 4 stem-loop or 5 

stem-loop structure to allow efficient RNA trafficking and packaging into virus 

particles, but it did not show a clear difference in activity between the WT and the 

mutants with the 4 stem-loop and 5 stem-loop structures.  
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Figure 20: Packaging efficiency of virus with WT or mutant RREs.  
(A). Schemetic representation of pTR nef- construct. The construct was derived 
from pNL4-3 by deleting a part of gag, env (excluding the RRE region) and nef, 
and the entire pol. A cassette containing the hygromycin resistant gene (hygr) 
driven by SV40 early promoter-enhancer was inserted in the remaining env 
sequence. Each test RRE was cloned into the native RRE position.  
(B). p24 normalized - hygromycin resistant colony titer for each RRE.  The viral 
stocks were prepared by co-transfecting the producer 293T cells with pTR nef- 
transducing plasmid and two helper plasmids (pCMVΔR9 and pCMV_VSV-G). 1 
ml of serially diluted transfection supernatant was used to infect 5 X 105 Hela 
cells and the cells were hygromycin selected from day 3 to day 15 post-infection 
and the hygromycin resistant colonies were counted The statistical significance 
of the differences in the relative activities of the RRE mutants with respect to wt 
RRE was determined at 99% confidence level by one way unrepeated ANOVA 
assuming homoscedasticity and corrected for multiple comparison error by two-
sided Dunnett post-hoc test. Here * denotes p value < 0.05, ** denotes p value < 
0.01.  
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Competition growth experiments demonstrate that a virus containing a 5 

stem-loop RRE is more fit than a virus contains a 4SL RRE.  

The data presented thus far suggest that the 5 stem-loop RRE is a more 

active form of RRE compared to the 4 stem-loop and WT structures.  However, 

the differences observed are slight, so it was of interest to directly compare the 

viruses capable of forming only the 4 stem-loop or 5 stem-loop RRE to each 

other and to WT in competition growth assays. To perform these assays, two 

SupT1-passaged viruses, each with a different RRE inserted into the Nef region, 

were added to the same culture of SupT1 cells at an equal and low multiplicity of 

infection.  Input virions for the infection were normalized for MOI. The viruses 

were then allowed to replicate and spread throughout the cultures until all cells 

became infected.  At that time, the cultures were harvested and the amount of 

proviral DNA that was produced by each virus was measured using a PCR-

based heteroduplex tracking assay (see materials and methods). The assay 

exploits the fact that each of the mutants differ significantly in sequence from 

each other and wild type in the stem-loop III/IV region. As a result of these 

sequence differences, heteroduplexes, formed by a PCR product amplified from 

the stem-loop III/IV region in each proviral DNA and a 32P-labeled WT probe, 

migrate significantly differently on a polyacylamide gel.  

To test the resolution of this assay, we performed a control experiment 

(Figure 21) where different ratios of proviral constructs (pNL4-3 Nef-/long RRE 

plasmids) containing the test RRE (WT or mutant A or mutant B) were mixed.  
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Figure 21: Proof of principle HTA experiment. Different ratios and 
combinations of WT, mutant A, and mutant B RRE containing proviral plasmids 
(pNL43 nef- RRE-/long RRE) were annealed to γ32P-end labeled WT RRE probe 
and the mixtures were run on a 8% native polyacrylamide gel run at room 
temperature for 3 hours. 
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The oligos used to amplify the RRE region from the proviral DNA in the 

competition assay were then used to amplify the same RRE region from each of 

the plasmid mixtures.  The resulting PCR amplicons were annealed to the WT 

probe, and run on a native gel. As shown in Figure 21, the relative intensities of 

the heteroduplexes formed by the PCR product of a plasmid mixture were equal 

or almost equal to the relative ratio of the corresponding plasmids in that mixture. 

Thus, our competition assay protocol could be reliably used to determine the 

amount of proviral DNAs coming from different viruses in the dual infections.  

Figure 22A and 22B show the results of several representative experiments.  The 

left most lanes in each figure show the gel bands generated from mono infections 

of the WT, mutant A and mutant B viruses and establish the migration position of 

each specific heteroduplex.  The reminder of each figure shows the various dual 

infection competitions with infection by MOI equivalent of two viruses. Each of 

the specific bands produced by each virus in the dual infections was then 

quantified and used to calculate a relative replicative “fitness” in a manner similar 

to assays that have been previously used to determine the replicative “fitness” of 

viruses between different HIV clades. From these results we conclude that the 5 

stem-loop RRE conveyed a selective growth advantage over both the WT and 4 

stem-loop structures and that the WT RRE conveyed a selective growth 

advantage over the 4 stem-loop structure. 
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Figure 22: Replicative fitness of HIV with WT or mutant RREs in growth 
competition /HTA assay. Proviral DNA bands of WT, mutant A, and mutant B 
RREs from the competition assay are shown. SupT1 cells were dually infected 
with 0.000005 MOI of each SupT1 passaged viruses in three combinations 
namely 1. virus with the WT RRE and virus with the mutant A RRE, 2. virus with 
the WT RRE and virus with the mutant B RRE, and 3. virus with the mutant A 
RRE and virus with the mutant B RRE. The proviral DNA was extracted 10 days 
post infection and quantitated by HTA using γ32P-end labeled WT RRE probe on 
a 8% native polyacrylamide gel run at room temperature for 3 hours. (A) and (B) 
panels represent two independent experiments carried out using two 
independently produced set A and set B viruses. (See materials and 
methods)  
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Table 4: Summary of results 
 
 Predicted 

structure RRE 
native gel 
migration 

SHAPE 

structure  

Rev-RRE 

gel shift 

GagPol 
expression 

Spreading 
infection 

Packaging 
efficiency 

Growth 
competition  

WT both 5 
and 4 

doublet 
(both 5 
and 4) 

both 5 
and 4 

same Rev 
affinity 
/doublet 
seen 

    

A 
5 5 5 

        
same Rev 
affinity/ 
 

slightly 
more 
active than 
WT 

replication 
peaks in 
the order 
A>WT>B>C 

almost 
same as 
WT 

A>WT>B 

B 
4 4 4 same Rev 

affinity 
slightly 
less active 
than WT 

replication 
peaks in 
the order 
A>WT>B>C 

almost 
same as 
WT 

A>WT>B 

C 
4 close to 4 pseudo 4 same Rev 

affinity 
much less 
than WT 

replication 
peaks in 
the order 
A>WT>B>C 

much less 
than WT 

A>WT>B 

D 
neither 5 
nor 4 

much 
slower 
than 
either 5 or 
4 

neither 5 
nor 4 

same Rev 
affinity 

much less 
than WT 

             
does not 
peak 

         
much less 
than WT 

 

E 
neither 5 
nor 4 

much 
slower 
than 
either 5 or 
4 

neither 5 
nor 4 

same Rev 
affinity 

much less 
than WT 

            
does not 
peak 

         
much less 
than WT 

 

 
 

Structural and functional analysis of mutant F 

 Mutant F was one of the RRE mutants that was designed to form only the 

5 stem-loop structure. This mutant was created by introducing mutations at the 

top stem of stem-loop IV of the 5 stem-loop structure such that base-pairing in 

this region remained intact. These mutations, however, were expected to disrupt 

the base-pairing at the bottom stem of the combined stem-loop III/IV of the 4 

stem-loop structure - thus favoring the formation of the 5 stem-loop structure 

alone (Figure 23). However, when analyzed, this mutant migrated as two distinct 

bands on a native polyacrylamide gel (Figure 24), suggesting that the RRE 

folded into two distinctly different conformers. This mutant is a good example of 
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why RNA secondary structure prediction solely on the basis of base-pairing can 

fail at times. Therefore, RNA structure prediction should be confirmed using 

biochemical and biophysical methods. However, the faster migrating band of this 

mutant RRE did have a migration rate equal to the 5 stem-loop band of the wt-

RRE. Because of the structural heterogeneity of this mutant, the experimental 

data obtained with it is difficult to interpret. However, for the record, it is 

presented separately in this section.  
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Figure 23: Predicted secondary structure of RRE mutant F.  
(A). Mutations of RRE mutant F mapped on the 5 stem-loop WT RRE structure 
(only the stem-loop III and stem-loop IV regions are shown). 
(B). Mutations of RRE mutant F mapped on the 4 stem-loop WT RRE structure 
(only the stem-loop III and stem-loop IV regions are shown). 
 
 
 

 
Figure 24: Comparison of the migration pattern of mutant F RRE RNA with  
other RRE RNAs on a native 8% polyacrylamide gel. (Data provided by Jason 
Raush, (LeGrice lab, NIH) 
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 Mutant F was tested in the transient transfection assay using GagPol 

constructs and we observed that mutant F was significantly more active than the 

RRE mutants with disrupted stem-loop III and IV (mutant D and mutant E) at 32 

ng and 64 ng of Rev expression plasmid (Figure 25A).  Furthermore, the activity 

level of this RRE was very comparable or even higher than mutant A. This 

indicated that even though this RRE did not exclusively form the 5 stem-loop 

structure, its activity level was similar to the 5 stem-loop locked RRE.  

Although we were able to observe a clear difference in the Rev-RRE 

activity among the RRE mutants (including mutant F) in the Rev dose response 

GagPol expression assay and in our viral replication studies, it was puzzling that 

we failed to see any difference in particle production when 293T cells were 

transfected with the proviral constructs containing the mutant RREs (Figure 25B). 

We hypothesized that, in the latter assay, there was high overexpression of Rev 

since very high numbers of genomes get expressed during transient expression 

using the proviral clones. As the proviral constructs contain an intact Rev ORF, 

the level of Rev protein cannot be titrated independently of the proviral plasmid. 

In contrast, in the GagPol reporter assay, Rev can be expressed at much lower 

levels since it is made from a separate plasmid whose concentration can be 

greatly reduced (ng versus µg).  
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Figure 25: Functional assays of mutant F.  
(A). Rev dose response curves for mutant F along with other RREs generated 
from GagPol reporter assay. 2 X 105 293T cells were co-transfected with 2 µg of 
pCMVGag-Pol reporter plasmid containing the WT or mutant RRE, increasing 
concentration (0-32ng) of codon optimized NL4-3 Rev expression plasmid, 100 
ng of SEAP expression plasmid, and compensatory amount of empty plasmid 
(pCMV). The p24 and SEAP levels in the culture medium were measured 48 
hours post transfection. Error bars represent standard error of mean from two 
replicates. 
(B). Transient transfection of 293T cells with proviral DNA. 3 X 106 293T cells 
were transfected with 5 µg of proviral plasmid and the p24 in the culture medium 
was measured 48 hours post transfection.  
(C). Rev dose response curves for mutant F and mutant E RRE using proviral 
plasmids. 2 X 105 293T cells were co-transfected with 2 µg of pCMVGag-Pol 
reporter plasmid containing the WT or mutant RRE, increasing concentration (0-
32 ng) of codon optimized NL4-3 Rev expression plasmid, 100 ng of SEAP 
expression plasmid, and compensatory amount of empty plasmid (pUC18). The 
p24 and SEAP levels in the culture medium were measured 48 hrs post 
transfection. Error bars represent standard error of mean from two replicates. 
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To test this idea, we created Rev- versions of the proviral constructs and 

performed the proviral construct transfection assay almost exactly like the 

GagPol reporter assay, supplying Rev at very low levels from a separate 

plasmid. In this assay, we observed that the mutant F was now significantly more 

active than mutant E (Figure 25C). Thus, we conclude that, in a transient 

transfection, the differential Rev-RRE activity among the RRE mutants can only 

be observed at low Rev concentrations. This would be expected to more closely 

mimic what goes on in an HIV infected cell where only a few viral genomes are 

present to produce Rev.  

 

Structural heterogeneity of patients RRE  
 

We also tested if the RREs from clinical HIV isolates have a propensity to 

display structural heterogeneity like NL4-3 RRE on a native polyacrylamide gel 

(Figure 26). The RREs tested were from a previously published longitudinal study 

of sequence and functional variation of patients’ Revs and RREs in plasma 

samples (214). These RREs were in-vitro transcribed without the 3’ structure 

cassette tag, heated to 85°C and then slow cooled to 25°C. As controls, we ran 

the WT RRE, the 5 stem-loop locked RRE (mutant A), 4 stem-loop locked RRE 

(mutant B) and RRE61 RRE (137) (lane 12 to lane 15). All the control RREs’ did 

not contain the structure cassette. We found that the controls migrated as 

expected – the WT RRE formed two bands and among the latter three RREs, 

mutant A migrated the fastest followed by the mutant B and then the RRE61 

RRE (137).  
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Lane	
  #	
  	
  	
  	
  	
  	
  	
  	
  	
  RRE	
  	
  name 
	
   

1. 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1005-­‐M0	
  
2. 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1005-­‐M41-­‐B	
  
3. 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SC3-­‐MO-­‐A	
  
4. 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SC3-­‐M57-­‐A	
  
5. 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SC3-­‐M57-­‐B	
  

	
  	
  	
  	
  	
  	
  	
  6.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SC3-­‐M0-­‐B 
	
  	
  	
  	
  	
  	
  	
  7.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3024-­‐M0 
	
  	
  	
  	
  	
  	
  	
  8.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3024-­‐M43-­‐A 
	
  	
  	
  	
  	
  	
  10.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SC1-­‐M0 
	
  	
  	
  	
  	
  	
  11.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SC1-­‐M121-­‐A	
  
	
  	
  	
  	
  	
  	
  12.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  WT-­‐RRE 
	
  	
  	
  	
  	
  	
  13.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5	
  SL	
  RRE 
	
  	
  	
  	
  	
  	
  14.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4	
  SL	
  RRE	
  
	
  	
  	
  	
  	
  	
  15.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  RRE61	
  

 

 
 

 

 

 

 

 

 

 

 

Figure 26: Migration pattern of patients’ RREs on a native polyacrylamide gel. 

Approximately 20 picomoles of in-vitro transcribed and PAGE purified mutant 

RRE RNAs were heated to 85°C in re-naturation buffer (10 mM Tris pH 8.0, 100 

mM KCl, 0.1 mM EDTA) and slow cooled to 25°C. The folded RNAs were run on 

a 8% non-denaturing polyacrylamide gel at 200V at 4°C in the presence of 5mM 

MgCl2 both in the gel and in the 1XTBE running buffer. In the RRE names, the 

numbers 1005, SC3, 3024, and SC1 are patients’ code number. M”0” indicates 

the RRE observed at the earliest time point. M”X” indicates the late RRE, where 

X refers to the months after M0. The letters A and B refers to different RRE 

sequence from the same patient and from the same time-point. 
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Since RRE migration pattern for the WT RRE, mutant A, and mutant B 

was identical to what we previously observed with the structure cassette tagged 

RREs, we conclude that, indeed, the structure cassette does not change the 

migration pattern of the RREs 

In one (SC3) out of the four patients, we observed that one of the late 

time-point RRE (lane 5; SC3-M57B) appeared to have two distinctly different 

structural forms, one of which co-migrated with an another late time-point RRE 

band from the same patient [SC3-M57A (lane 4)]. Additionally, both the early and 

late RREs from patient 3024 appeared to migrate as doublets (lanes 7 and 8), 

with migration rates very similar to the WT RRE bands. Patients’ 1005 and SC3 

RREs appeared to form predominantly a single band, hence a single structure.  It 

will be interesting to determine if the patients’ RREs are some variations of the 4 

and the 5 stem-loop structures or if they form some unique RRE structures.  
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CHAPTER IV - DISCUSSION 
 

Past studies (32, 57, 128, 137, 155, 238) on the secondary structure of the 

subtype B RRE have either supported a 5 stem-loop structure or a 4 stem-loop 

structure. Early studies on the secondary structure of the RRE were done on the 

HXB2 short RRE, which supported a 5 stem-loop structure. Mann et al. (155) 

showed for the first time that the 351-nt long NL4-3 RRE adopts an alternative 4 

stem-loop structure. However, since the NL4-3 and the HXB2 RRE sequences 

differ only by two nucleotides, the authors suggested that the longer stem-loop I 

region of the long RRE might have allowed the RRE to fold into an alternative 

structure. In contrast to their suggestion, more recent studies using SHAPE 

technology have shown that the short RRE forms the alternative 4 stem-loop 

structure (137) and the long RRE forms the 5 stem-loop structure (238). 

Therefore, a consensus on a definitive secondary structure of the RRE has been 

still lacking.  

 In this study, we have shown that the short NL4-3 RRE (both 232-nt RRE 

with the SHAPE structure cassette and the 234-nt RRE without the SHAPE 

structure cassette) migrate as two bands on a native polyacrylamide gel, 

indicating that the RRE might exist in two structural forms. This data is consistent 

with a recent report by Pallesen et al. (172) who have shown that the long NL4-3 

RRE (370-nt) forms a doublet band on a native gel. The authors speculated that 

the two bands of the RRE represent the 5 and the 4 stem-loop structures. They 

further studied the 3D structure of the RRE using atomic force microscopy but 

the resolution of this technique was not high enough to separate the two 
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structural forms of the RRE. In our study, we have successfully applied the in-gel 

SHAPE technique to show that the RREs in the faster migrating band form the 5 

stem-loop structure, while the slower migrating RRE band consists of an RRE 

with the 4 stem-loop structure. Thus, we have shown, for the first time, that an in-

vitro transcribed NL4-3 RRE can exist in both the 5 stem-loop and the 4 stem-

loop structure.  

 Since both bands of the short NL4-3 RRE in our study and those of the 

long NL4-3 RRE [from Pallesen et al. (172) study] were of equal intensity, we 

also conclude that the RRE distributes equally into the 5 stem-loop and the 4 

stem-loop structures. This observation is further supported by the fact that the 

Gibbs free energy of formation predicted by the RNAStructure program is very 

similar for both structures. As such, it is conceivable that both the structures 

might exist in dynamic equilibrium at least under the conditions used in these 

studies.  Furthermore, the data does not support the Mann et al. (155) prediction 

that the length of stem-loop I might play a role in determining which of the two 

structures predominates.  

 By creating mutants capable of forming only one or the other of these 

structures, we also demonstrated functional differences between the two 

structures. We have shown that the 5 stem-loop structure was more active in 

promoting viral replication than its 4 stem-loop counterpart. The replication 

results cannot be easily explained by either differences in RRE-Rev binding 

affinities or in Rev binding co-operativity between either the wild type RRE or any 

of the RRE mutants, since our electrophoretic mobility gel shift experiments failed 
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to indicate consistent quantitative differences. Closer inspection of the gels 

reveal slight differences in the relative migration rates of some complexes, 

suggesting that differences in conformation might account for the effects on 

replication by potentially altering the ability to recruit additional proteins needed 

for Rev function in vivo. A detailed understanding of why these RREs behave 

differently in promoting viral replication will require structural studies beyond 

those reported here, including both in vivo and in vitro structural determinations.   

 A detailed 3 dimensional structure of the RRE, as determined by small 

angle X-ray scattering (SAXS), was recently reported (71).  By modeling the 4 SL 

secondary structure of the RRE on the SAXS envelope, the authors deduced a 

SAXS structural model where the distance between the Rev binding sites on 

stem loop IIB (the primary Rev binding site) and stem loop I (the secondary Rev 

binding site) is ~55 Å. This distance matches the previously shown distance 

between the two RRE binding motifs in a Rev dimer (52, 62). However, the study 

did not attempt to fit the 5 SL RRE structure into the SAXS envelope; thus, it 

sheds no light on the basis for the replication differences observed here. 

 Cell-type specific effects of RRE mutations on viral replication kinetics 

have been previously documented by Dayton et al. (54).  They studied the 

replication kinetics of RRE mutants in different cell types representative of 

monocytic and lymphocytic lineages, namely A3.01  (transformed T cells derived 

from CEM cells), the lymphoid lines Jurkat, MT4, and SupTl  and the monocytoid  

lines THP1 and U937. They found that many of their RRE mutants showed 

severely impaired viral replication in some cell type while producing only a 
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minimal effect on viral replication in other cell-types. Interesting, like both the 5 

and 4 stem-loop locked RRE mutants used in our study, the RRE mutants used 

in this study, had mutations in regions outside the primary Rev binding region of 

the RRE. Therefore, such cell type specific effects might be attributed to cell-type 

specific cellular factors, which might be interacting directly with the RREs outside 

the primary Rev binding regions. It is also possible that such factors might 

promote secondary Rev binding events or other Rev-RRE dependent steps in the 

viral life cycle.  It would be interesting to determine if our RRE mutants behave 

differently in different cell types.  

 Contrary to our findings, a previously published short study (252) has 

shown that both structural forms of the RRE were functionally equivalent. In the 

study, different mutant RREs designed to distort or maintain the 5 stem-loop and 

the 4 stem-loop structures were created and the Rev-RRE function of these 

mutants were determined in a transient transfection assay. The study, however, 

has many shortcomings. First, the structures of the RRE mutants used in the 

study were not confirmed experimentally. Second, the functional data of the 

study came only from one assay. Moreover, the assay consisted of determining 

Rev-RRE activity from transient transfection of COS-7 cells with GagPol reporter 

plasmid containing the test RRE and the Rev expression plasmid containing the 

SV40 promoter. Since the COS-7 cells expressed T-antigen, in this assay, the 

Rev-RRE activity was measured at very high levels using a replicating Rev 

expression plasmid. We have shown in this study that the Rev-RRE activity 

difference among the RRE mutants in a transient transfection was observed only 
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at very low level of Rev plasmid, as occurs during HIV infection. Therefore, the 

use of higher levels of the Rev expression plasmid in their assay could explain 

why they were unable to notice any functional difference between the two 

structural forms. 	
  

 As described in the Introduction section, several studies have indicated 

potential links between HIV Rev/RRE function and pathogenesis. For example, 

Bobbitt et al. (19) found that in asymptomatic infected patients with an active 

immune response, infected cells were more resistant to anti-Gag and anti-Env 

CTL killing compared to infected cells from advanced AIDS patients. This was 

attributed to attenuated rev alleles in the viral DNA of the healthy patients 

lowering cellular expression levels of Gag and Env. Other studies have also 

reported the contribution of less-active rev alleles to long-term survival of HIV-1 

infection in some patients (110, 114) and there have also been a few studies on 

the evolution of Rev and RRE function in individual patients. These studies have 

concluded that RREs of varying activity can evolve over time (178, 180).  RRE 

functional variation has also been studied in a longitudinal cohort (178, 181, 188), 

where a correlation was observed between the rates of CD4+ decline and RRE 

activity at the late time points. Thus, RRE evolution may be an important 

regulator of HIV pathogenesis and disease progression.  

 In the present study, we have shown that HIV can achieve differential 

replication rates simply by alternating RRE structure, which presumably might 

occur in the absence of virus evolution. The ability of the RRE to adopt different 

structural conformations that promote different replication activities may allow 
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HIV to modulate its rate of replication under distinct conditions, or in distinct 

compartments, to better survive in the environment of the host. It is striking that 

HIV has evolved an RNA export element that is larger and more complex than 

the CTEs found in the simpler retroviruses and it has remained a puzzle as to 

why such a large RNA element has been conserved. It may be that the complex 

structure of the RRE is necessary to confer the ability to rearrange and promote 

differential Rev activity. This might provide a novel heretofore unstudied 

mechanism to regulate virus growth in response to various cellular cues. While 

factors promoting formation of different RRE conformers remain to be elucidated, 

it is striking that the free energies of each are extremely similar, making it 

plausible that minor differences in the concentration of yet unidentified cellular 

factors could dynamically influence RRE folding in vivo. 

 In this study, we also tested if the RREs from clinical HIV isolates have a 

propensity to display structural heterogeneity like NL4-3 RRE on a native 

polyacrylamide gel. While most of the RREs migrated as single bands under the 

assay conditions, we did observe that in one patient, one of the late-time point 

RRE appeared to be a mixture of the corresponding early-time point RRE 

structure and a structurally distinct late-time point RRE. What was even more 

interesting was that some of the patients’ RREs from early and late time-points 

produced bands with strikingly different migration rates that were also distinct 

from the two NL4-3 RRE bands. Evidently, these RREs form structures distinctly 

different from both the NL4-3 RRE and from each other. It will be interesting to 

see what regions of these RREs vary structurally. Such studies will provide us 
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with insights into the structural plasticity of functional RREs. Since our current 

understanding of RRE structure comes mainly from studies of the HIV molecular 

clones NL4-3 and HXB2 RREs, there is a clear need in the field to expand the 

RRE structural studies to patients’ RREs. 
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