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Abstract 
 

Retrovirus entry follows receptor binding by the surface-exposed glycoprotein, which 

triggers the transmembrane glycoprotein (TM) to refold into a membrane fusion-active 

state.  The trimer of hairpins is the best-characterized TM protein conformer and is 

composed of a central trimeric coiled coil associated with an outer antiparallel layer of 3 

C-terminal segments.  The trimer of hairpins represents the end point of a refolding 

pathway that apposes and catalyses fusion of the virus and cell membranes.  The structure 

of pretriggered or „prefusion‟ TM is unknown. 

Cysteine replacement mutagenesis was applied to the human T cell leukemia virus 

type 1 TM, gp21, to ask if it resembles the prefusion form of its structural homologue, 

Ebola virus GP2, which is maintained as a trimer via a short coiled coil.  Structural 

homology predicted that Ala-375 of gp21 is at the N-terminus of a corresponding short 

coiled coil and is oriented towards the 3-fold symmetry axis.  The A375C substitution 

enabled interprotomer disulfide bonding, indicating that gp21 protomers are in close 

proximity in the Ala-375 region.  I propose that prefusion gp21 resembles GP2 with a short 

coiled coil maintaining trimerization and functioning as a structural scaffold for the 

transition to fusion-active conformations. 

The fusion activation of the human immunodeficiency virus type-1 TM, gp41, 

involves its transition to the trimer of hairpins via a prehairpin intermediate.  Cysteine-

replacement mutagenesis was used to examine the structures of prefusion gp41 and 

recombinant models of the prehairpin and trimer of hairpins.  The T569C mutation, in the 

C-terminal segment of the predicted coiled coil enabled quantitative interprotomer 

disulfide bonding in prefusion gp41, whereas T538C in the N-terminal region did not.  

Thus the coiled coil appears to be also present in prefusion gp41.  By contrast, S538C led 

to efficient interprotomer disulfide formation in the prehairpin and trimer of hairpins.  

Threonine-538 is within the N-terminal “polar segment” which mediates functionally 
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important hydrophobic interactions with the membrane-proximal ectodomain region 

(MPER) in the trimer of hairpins.  A model for gp41 conformational activation is 

proposed, whereby a trimeric coiled coil in prefusion gp41 becomes extended into the 

polar segment in the prehairpin, providing a packing surface for C-terminal sequences to 

form a hairpin structure that extends to the terminal membrane-interactive sequences. 

The disulfide-bonded region (DSR) of gp41 mediates association with the 

receptor-binding glycoprotein, gp120, and transmission of the activation signal from 

receptor-bound gp120.  Forced evolution of the W596L.K601D DSR mutant that lacks 

gp120-gp41 association, was used to identify functional determinants that are linked to the 

DSR and therefore may be involved in the activation process.  A D601H pseudoreversion 

in the DSR restored gp120-gp41 association but required an additional D674E mutation in 

the MPER for optimised replication competence.  In an independent culture, D601H 

emerged together with D674N and deletion of Thr-389-Trp-390 in variable region 4 of 

gp120.  Conservative substitutions at Asp-674 modulated virus entry in the context of 

W596L.K601H, indicating for the first time that the MPER is functionally linked to the 

association/activation synapse of gp120-gp41.  My results reveal new information about 

the fusion-activation mechanism employed by retroviruses. 
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http://en.wikipedia.org/w/index.php?title=Broadly_neutralizing_antibody&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Broadly_neutralizing_antibody&action=edit&redlink=1
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Single letter code for amino acids 
 

Amino acid    Abbreviation   Single letter code 

 

Alanine    Ala     A 

Arginine    Arg     R 

Aspargine    Asn     N 

Aspartic acid    Asp     D 

Cysteine    Cys     C 

Glutamic acid    Glu     E 

Glutamine    Gln     Q 

Glycine    Gly     G 

Histidine    His     H 

Isoleucine    Ile     I 

Leucine    Leu     L 

Lysine     Lys     K 

Methionine    Met     M 

Phenylalanine    Phe     F 

Proline     Pro     P 

Serine     Ser     S 

Threonine    Thr     T 

Tryptophan    Trp     W 

Tyrosine     Tyr     Y 

Valine     Val     V 



General Introduction 

 

  
Page 1 

 
  

Chapter 1: General Introduction 
 

1.1 Introduction 

 

Retroviruses were discovered in the early 1900‟s with the isolation of avian 

sarcoma/leukosis viruses (ASLV) from a chicken tumor (Ellerman and Bang, 1908; Rous, 

1911). Twenty five years later John Bittner linked mammary carcinoma in mice to a 

filterable agent which was subsequently isolated by Ledwick Gross as the first murine 

leukemia virus (MLV) (Gross, 1951; Bittner, 1936). The isolation of retroviruses from 

other mammalian species, including cats, sheep and monkeys, in the mid twentieth century 

led to the search for human cancer viruses. In 1977, an epidemiological study showed a 

clustering of adult T-cell leukemia in specific parts of Japan (Takatsuki et al., 1978; 

Uchiyama et al., 1977), which was indicative of a transmissible agent. Three years later, 

Poiesz et al isolated the first human retrovirus, human T-cell leukemia virus 1 (HTLV-1) 

as the causative agent (Poiesz et al., 1980). At around the same time, an epidemic of AIDS 

arose in several developed countries with human immunodeficiency virus (HIV) being 

isolated as the causative agent (Barre-Sinoussi et al., 1983; Gallo et al., 1984). 

1.1.1 The Retroviridae: Evolution and Classification  

 

Retroviruses are 80-100 nm-diameter enveloped RNA viruses.  Their outer lipid 

envelope, derived from host cell membrane, displays the viral glycoproteins encoded by 

the env gene.  The virion RNA is 7–12 kb in size, and it is linear, single-stranded, 

nonsegmented, and of positive polarity. Two copies of genomic RNA are packaged into 

each retroviral particle.  Retroviruses have a unique distinguishing feature, which is the 

process of reverse transcription. The retrovirus genome exists in two major forms: single 

stranded RNA in the virion; and double stranded DNA integrated into the host cell 

genome.  The conversion of viral genomic RNA to DNA is mediated by the virally 
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encoded enzyme reverse transcriptase (RT), whereas the transcription of integrated DNA 

to RNA is carried out by the cellular transcription machinery.   

Retroviral classification schemes were initially based on virion morphology. In 

this system, B type particles were characterized by an eccentric core and prominent 

glycoprotein spikes, C type particles by a centric core, D type particles by a cone shaped 

core, and lentiviruses by a truncated cone shaped core (Coffin, 1992).  With the availability 

of nucleotide sequence information, classification schemes based on molecular phylogeny 

could be produced.  A scheme based on amino acid similarities of the RT (Llorens et al., 

2010) is shown in Figure 1.1.   

The genomic organisation of retroviruses is characterised by 5' and 3' long 

terminal repeat (LTR) sequences, which flank the coding region comprised of the gag, pol 

and env genes.  gag encodes the core structural proteins (matrix, capsid, nucleocapsid), pol 

encodes the viral replicative enzymes (RT/RNaseH, protease, integrase), while env 

encodes the envelope glycoproteins (Env).  This basic genome organisation has undergone 

considerable diversification during the evolution of the Retroviridae.   

Retroelements represent the most basic examples of the Retroviridae.  

Retroelements are mobile genetic elements that have the capacity to "jump" from one 

chromosomal location to another via an RNA intermediate that is reverse-transcribed to 

DNA by its encoded RT, and then integrated into a new location within the host genome 

by the integrase enzyme. The location of the insertion in the genome determines whether 

or not the transposition results in genetic alteration in the cell. Retroelements constitute a 

significant part of the genome, 60-70% in plants and ~ 50% in mammals (Sanmiguel and 

Bennetzen, 1998; Li et al., 2004). The human genome content of retroelements reaches 

around 42% (Lander et al., 2001). Retroelements are divided into two groups: the LTR and 

non-LTR elements. The non-LTR group includes the long interspersed repetitive elements 
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Figure 1.1: Classification of the retroviruses 

 
This classification was based on RT amino acid sequence similarity. Abbreviations are: RSV, Rous 

sarcoma virus; SMRV, squirrel monkey retrovirus; MMTV, mouse mammary tumor virus; MPMV, 

Mason-Pfizer monkey virus; HERV, human endogenous retrovirus; FIV, feline immunodeficiency 

virus; HIV, human immunodeficiency virus; SIV, simian immunodeficiency virus; BLV, bovine 

leukemia virus; HTLV, human T-cell leukemia virus; HFV, human foamy virus; SFV, simian foamy 

virus; ZFERV, zebrafish endogenous retrovirus; FeLV, feline leukemia virus; MuLV, murine 

leukemia virus. This figure was reproduced with modifications from Gypsy Database (GyDB). 
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 (LINEs, e.g. the Alu and MIR repeats), and the short interspersed repetitive elements 

(SINEs; e.g. the L1 and L2 sequences) (Figure 1.2) (Medstrand et al., 2002). SINEs do not 

have protein coding capacity and depend on LINEs for their amplification.  The LTR class 

include the retrotransposons and endogenous retroviruses (ERVs) (Figure 1.2).  Because 

the LTR elements resemble the terminal regions of infectious retroviral genomes, Temin 

proposed that infectious retroviruses evolved from retroelements (Temin, 1980).  It is now 

assumed that ERVs originated from a retroviral infection that led to integration of the viral 

genome into the germ line of the host and subsequent transmission of proviral elements to 

following generations. ERVs are generally degenerate and dormant with disrupted ORFs, 

except for a few examples, which retain their genes and express the corresponding proteins 

as intra-cisternal A-type particles with an envelope (IAPE) (Ribet et al., 2008; Ribet et al., 

2004; Dewannieux et al., 2004). MLVs include both endogenous and exogenous 

(infectious) viruses and have evolved into 4 classes: the ecotropic MLVs, which are 

capable of infecting murine cells in culture, polytropic and modified polytropic MLVs 

which infect murine and nonmurine cells, and xenotropic MLVs, which infect nonmurine 

cells only (Stoye and Coffin, 1987). 

The human immunodeficiency viruses are members of the Lentivirinae genus.  All 

known lentiviruses are exogenous, infect a wide variety of vertebrate hosts (primates, 

horses, cattle, goat, sheep and cats) and characteristically cause overt symptomatic disease 

after long incubation periods.  In addition to the canonical 5‟-LTR-gag-pol-env-3‟-LTR 

genomic organisation, lentiviruses also comprise regulatory and accessory genes. Such 

genes can be involved in the synthesis and processing of viral RNA and in the modulation 

of host cell processes that favour the viral replicative cycle.  
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Figure 1.2  Structural features of important retroelements  

 
The SINEs and the LINEs represent the non-LTR elements whereas the LTR class include 

retrotransposons and endogenous retroviruses. Abbreviations are: APE, apurinic-apyrimidinic 

endonuclease; RT, reverse transcriptase; RH, RNase H; IN, integrase. The usual length of the 

retroelements is shown in parenthesis. Modified from Bannert and Kurth (2004).  
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1.1.2 The Retroviridae: Genome Organisation 

 

All Retroviridae share a similar genomic organization with a number of 

functionally homologous open reading frames. The viral genes are flanked by LTR 

sequences at both the 5‟ and 3‟ ends of the genome. The LTRs are involved in several steps 

in the retrovirus life cycle including reverse transcription, integration of the viral genome 

into the host cell genome, viral gene expression and generation of viral genomes for virus 

assembly (Garcia et al., 1987; Coffin, 1990; Bushman, 2003). Retroviral LTRs are 

comprised of unique 3‟ (U3), flanking R and unique 5‟ (U5) regions and they are 

positioned at either end of the proviral DNA in the reverse transcription phase (Starcich et 

al., 1985; Coffin, 1990; Bushman, 2003). The ends of the LTRs subsequently participate in 

the integration of the provirus into the host genome (Bushman, 2003). After virus 

integration, the 5‟ end of the LTR serves as a promoter for the entire retroviral genome, 

while the 3‟ end provides for viral RNA polyadenylation.  

The coding regions of the retroviral genome include gag, pol and env genes, 

which encode the structural and enzymatic polyprotein precursors. The gag gene encodes 

the capsid (CA), matrix (MA) and nucleocapsid (NC) structural proteins, which form the 

virion core structure, while the pol gene encodes the viral enzymes: RT/RNaseH, protease 

(PR) and integrase (IN), the latter of which is responsible for proviral integration into the 

host genome.  The env gene encodes the envelope glycoprotein precursor, which will be 

discussed in greater detail below.  

With the exception of Gammaretroviruses such as MLV, all other retroviruses 

have additional genes that encode regulatory and/or accessory proteins. For example, HIV-

1 and HTLV-1 encode regulatory proteins that modulate transcription (HIV-1 tat, HTLV-1 

tax), and efficient cytoplasmic expression of unspliced and incompletely spliced viral RNA  
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transcripts encoding the viral structural and enzymatic proteins (HIV-1 rev, HTLV-1 rex).  

In addition to these regulatory genes, HIV-1 encodes 4 accessory genes: vif, vpu, vpr and 

nef.  The accessory proteins translated from these genes are not absolutely required for 

infectivity in cell culture but play significant roles in HIV-1 infection in vivo.  For 

example, host antiviral defense mechanisms such as the APOBEC 3G and 3F cytidine 

deaminases, which promote A-to-G hypermutation of the viral genome during reverse 

transcription, and tetherin, which blocks HIV-1 egress from infected cells, are counteracted 

by Vif and Vpu, respectively.  Nef plays a role in immune evasion by mediating CD4 and 

MHC class-I down-regulation, while Vpr is involved in G2/M cell cycle arrest and nuclear 

targeting of the viral preintegration complex (Re and Luban, 1997; Emerman and Malim, 

1998; Hout et al., 2004; Levesque et al., 2004; Le Rouzic and Benichou, 2005).  Another 

example of a retroviral accessory protein is v-src (viral-sarcoma) of the alpharetrovirus 

Rous sarcoma virus (RSV), which is essential for sarcoma formation in chickens. v-src is a 

constitutively active homologue of the c-src tyrosine kinase proto-oncogene, which 

regulates cellular proliferation and movement.  v-src is believed to have been acquired by 

the virus in the course of its interaction with the host genome (Stehelin et al., 1977; 

Stehelin et al., 1976).  This discovery indicated that proto-oncogenes in the normal cellular 

genome could have potent transforming ability when inappropriately activated or over-

expressed. This was an important landmark, which transformed the understanding of 

cancer. 

1.2 Human Immunodeficiency Virus  

 

Human immunodeficiency virus was discovered in 1983 by Luc Montagnier‟s 

group (Barre-Sinoussi et al., 1983), and was later verified by the groups of Robert Gallo 

and Jay Levy (Gallo et al., 1984; Popovic et al., 1984; Levy et al., 1984). It was initially 

given three different names (lymphadenopathy associated virus (LAV), human T-
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lymphtropic virus type III (HTLV-III), AIDS-associated retrovirus (ARV)), but was 

renamed human immunodeficiency virus (HIV) in 1986 (Coffin et al., 1986). It is the 

causative agent of acquired immunodeficiency syndrome (AIDS), and comprises two 

distinct species: HIV-1 and HIV-2. HIV-1 is considerably more pathogenic than HIV-2. 

Although the predominant mode of transmission for both HIV-1 and HIV-2 is through 

sexual contact, the higher viral load of HIV-1 contributes to a greater frequency of 

transmission and, as such, contributes to the majority of global infections (Reeves and 

Doms, 2002). HIV-1 strains are divided into three major groups, M, O, and N with group 

M being further divided into 9 subtypes (Hu et al., 1996). Subtype B is the most prevalent 

subtype in western countries, while subtype C is predominant in Asia and sub Saharan 

Africa. 

1.2.1 Epidemiology of HIV-1  

 

The World Health Organization (WHO) estimates 33 million people worldwide are 

infected with HIV with slightly more than half being female; children less than 15 years of 

age represent 2 million cases (UNAIDS/WHO, 2010). Over the past few years the rate of 

new infections has declined due to the expansion of prevention programs, which focused 

on condom use, raising awareness about the risks of early sexual debut and multiple 

partners especially in developing countries. The introduction and expansion in the use of 

antiretroviral drugs has led to a drop in the rate of AIDS-related deaths from 2.1 million in 

2004 to 1.8 million in 2009, and increased survival with a better quality life 

(UNAIDS/WHO, 2010).  These figures highlight the importance of putting forward new 

strategies to prevent the spread of HIV-1.   

There is great geographical variation in the distribution of HIV/AIDS (Figure 

1.3). The highest prevalence rate (11 %) is seen in Sub-Saharan Africa with 22.5 million  
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people living with HIV-1. Poor resources, limited access to treatment and the absence of 

public education in developing countries represent a major challenge to the control and 

prevention of the disease. In Australia there are 17,000 people living with HIV-1, 

representing less than 0.1% of the population (UNAIDS/WHO, 2010).  In Australia, the 

epidemic is mainly confined to the homosexual community. 

1.2.2 HIV-1 virion structure 

 

The virion is 80-120 nm in diameter, with approximately 14 envelope spikes 

embedded in an outer lipid bilayer envelope (Zanetti et al., 2006; Zhu et al., 2006). It 

contains two copies of positive sense genomic RNA strands, matrix, capsid, nucleocapsid 

proteins, and the virally encoded enzymes (Figure 1.4).  The envelope spikes comprise the 

viral envelope glycoproteins (Env), gp120 and gp41, which exist as a trimer of 

heterodimers that are embedded in the lipid membrane.  The transmembrane subunit, gp41, 

anchors the Env trimer into the viral plasma membrane and is non-covalently associated 

with the surface subunit, gp120.  The Env trimer determines viral tropism and initiates 

viral entry into the cell via gp120-receptor interactions, while gp41, as a class I fusion 

glycoprotein, facilitates the fusion of the viral and target cell membranes.  The MA protein 

(p17) lies immediately beneath the lipid bilayer, while the capsid protein (p24) forms the 

cone-shape structure seen under electron microscopy that contains the nucleocapsid 

comprised of NC (p7), two strands of genomic RNA, RT, and IN.   

The RT enzyme lacks proof reading activity and therefore plays a major role in 

viral diversification through error-prone reverse transcription and retroviral recombination. 

It also contains RNase H activity, allowing it to degrade RNA from RNA:DNA hybrids. 

The NC protein surrounds the viral genomic RNA and plays an important role in virus 

packaging. Also packaged into the virion are the viral accessory proteins, Vif (Virion 

Infectivity Factor), Vpr (Viral Protein R), and Nef (Negative Regulatory Factor).    
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Figure 1.4  Schematic of the structure and composition of the mature HIV-1 virion 

Adapted from Karlsson Hedestam et al (2008). 
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1.2.3 HIV-1 replication cycle 

 

The primary cellular targets of HIV-1 are the cluster of differentiation 4 (CD4)-

expressing cells of the immune system: T-cells, monocytes, macrophages and dendritic 

cells. HIV-1 replication, illustrated in figure 1.5, begins with the binding of the virion 

surface protein, gp120, to the host cell, followed by gp41-mediated virus-cell membrane 

fusion and entry of the viral capsid into the cytoplasm. A conserved region in gp120 binds 

to CD4 on the target cell inducing conformational changes in gp120 that expose a binding 

site for an additional receptor, i.e. the chemokine receptors (Kwong et al., 1998).  The G-

protein coupled receptors, CXCR4 and CCR5, are the main co-receptors that mediate HIV-

1 entry in vivo, but other receptors such as CCR3, apj, CX3CR1, Gpr1, Gpr15 and STRL33 

can be used by HIV-1 as a coreceptor in vitro (Choe et al., 1996; Choe et al., 1998; 

Edinger et al., 1998; Combadiere et al., 1998; Alkhatib, 2009; Ray and Doms, 2006). The 

binding of gp120 to CD4 and co-receptor induces further conformational changes that 

result in the refolding of gp41 (Furuta et al., 1998; Koshiba and Chan, 2003; Si et al., 

2004), which exposes the fusion peptide and leads to its insertion into the target cell 

membrane and eventual fusion with the virion envelope (Eckert and Kim, 2001; Colman 

and Lawrence, 2003). Release of the capsid into the cytoplasm and its uncoating are the 

following steps in the HIV-1 life cycle. The mechanism of envelope mediated HIV-1 entry 

is discussed in more details in section 1.3.5. 

Retroviruses have acquired their name from the reverse transcription step where 

linear single stranded RNA (ssRNA) genome is converted into double stranded DNA 

(dsDNA). This conversion takes place in the cytoplasm of the newly infected host-cell by 

the RT enzyme in a process called reverse transcription. The double stranded DNA 

intermediate migrates to the nucleus in a process called nuclear translocation where the 

viral IN catalyses the integration of the viral genome into the host‟s genome, forming the  
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Figure 1.5  HIV-1 replication cycle 

 
The virus particles bind to the cell-surface receptor (CD4) and coreceptors (CXCR4 and CCR5) (1) 

and enter the cell following viral and cellular membrane fusion releasing the viral RNA (2). The 

RNA is reverse transcribed into double stranded DNA (3), which is translocated into the nucleus 

and integrates into the host DNA (4) via the HIV-1 integrase. The proviral DNA is transcribed by 

host cell and viral factors and then exported into the cytoplasm for translation into new viral protein 

(5) which together with new viral RNA migrate to the cell surface for assembly (6) and shed from 

the cell as progeny HIV-1 virions (7). Adapted from nwabr.org,  

URL:http://www.nwabr.org/education/pdfs/hiv_lifecycle.jpg. 

 

http://www.nwabr.org/education/pdfs/hiv_lifecycle.jpg
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provirus. After integration the viral genome is transcribed into mRNA from the promoter 

sequences in the LTR under the control of HIV-1 tat. The full-length and partially spliced 

RNA transcripts are transported to the cytoplasm in a rev controlled process via the rev-

responsive element (RRE), an assembly of stem-loop structures present in the gp41 coding 

region (Felber et al., 1989).  Translation of the gagpol region gives rise predominantly to 

the Gag precursor protein. However, a rare frameshifting event, due to the presence of a 

stem-loop structure on the 3' side of NC, enables read-through of the pol region to yield 

GagPol precursor.  The ratio of Gag to GagPol is approximately 20:1.  The Gag and 

GagPol precursors assemble into arrays at the cell membrane predominantly via an N-

terminal myristoyl group and a basic domain within MA.  The p6 domain at the C-terminus 

of the Gag precursor recruits the host cell Endosomal Sorting Complex Required for 

Transport (ESCRT) machinery that facilitates the severing of nascent immature virions 

from the cell membrane. Activation of the viral PR leads to the cleavage of the Gag 

precursor to the virion structural proteins MA, CA, NC, the spacer peptides SP1 and SP2 

and the C-terminal p6 protein (Dorfman et al., 1994).  GagPol is cleaved to the viral 

replicative enzymes, RT, RNaseH, PR and IN.  These cleavage events enable virions to 

mature into infectious particles with the characteristic cone-shaped core. 

1.3 The HIV-1 envelope glycoproteins 

 

The HIV-1 Env glycoprotein is synthesized in the rough endoplasmic reticulum 

(ER) to generate the Env precursor protein, gp160 (Freed and Martin, 1995). In the ER, 

gp160 acquires high-mannose oligosaccharides, forms intramolecular disulfide bonds and 

undergoes oligomerization (Earl et al., 1991).  gp160 is then transported to the Golgi 

where it is cleaved by the cellular enzyme furin to generate the mature surface unit (SU) 

glycoprotein, gp120, and a transmembrane unit (TM) glycoprotein, gp41.  
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After gp160 cleavage, the gp41 anchors the Env complex in the membrane while 

gp120 remains associated with it through a non-covalent interaction. The Env glycoprotein 

complexes are then transported to the cell surface where they are either incorporated into a 

budding virus particle or internalized (Freed, 2001). The relatively weak gp120-gp41 

interaction results in significant amounts of gp120 being spontaneously shed from the 

surface of Env-expressing cells and virions in a process thought to play a role in viral 

evasion from the host immune responses (Schneider et al., 1986; Moore et al., 2006).  

Biophysical and cryoelectron tomography approaches have revealed that the mature Env 

complex comprises a trimer of gp120 molecules in association with a trimer of gp41 

molecules (Center et al., 2002; Liu et al., 2008). 

1.3.1 Structure of the gp120 surface glycoprotein   

 

The surface glycoprotein gp120 comprises 5 conserved regions (C1-C5) that 

alternate with 5 hypervariable regions (V1-V5) (Kuiken et al., 2000). The conserved 

regions (C1-C5) are heavily glycosylated and form core structures, which are important for 

interaction with receptors and gp41 association (Kwong et al., 2000; Wyatt et al., 1998). 

The sequence variability and extensive glycosylation of the variable regions (V1-V5), 

which are exposed on the surface of the protein, act as a screen against the host immune 

response (Kwong et al., 1998; Wyatt et al., 1998). Kwong et al. was the first to solve the 

crystal structure of gp120 bound to domains 1 and 2 of CD4 and a Fab fragment derived 

from monoclonal antibody (mAb) 17b, which is directed to a portion of the chemokine 

receptor binding site (Kwong et al., 2000; Kwong et al., 1998). It consisted mainly of the 

gp120 core with the highly flexible V1/V2 and V3 variable loops deleted. The gp120 core 

structure can be divided into a conserved inner domain, a less conserved outer domain and 

the bridging sheet, which comprises 4 antiparallel -strands (Figure 1.6A). The outer 

domain is exposed on the surface of the Env trimer, forming a heavily glycosylated surface 
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Figure 1.6  HIV-1 gp120 structure 

 
(A) Ribbon diagram of HXBc2 gp120, core is comprised of helices in red and β-strands in salmon. 

Three structures constitute the gp120 core; the inner domain, bridging sheet and outer domain. 

The CD4 loop is also shown. Adapted from Kwong et al. (2000). (B) Homology model representing 

unliganded gp120 and the CD4-bound crystal structures of the HIV-1YU2 core gp120. Fragments 

are colored and numbered according to their position in sequence. In the unliganded gp120 

structure, the V1/V2 loop stem (fragment 4) from the inner domain and fragment 14 from the outer 

domain are far apart from each other but upon CD4 binding the two fragments move closer to each 

other to form the bridging sheet. Adapted from Kong et al.  (2010).  
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which plays an important role in evading cellular and humoral immunity (Kwong et al., 

2002). The inner domain faces the trimer axis and is likely to interact with gp41 (Liu et al., 

2008). From distal strands of the bridging sheet, the V1/V2 loops arise and are proposed to 

function as a conformational mask of the CD4 and co-receptor binding sites (Kwong et al., 

2000; Kwong et al., 1998). The anti-parallel bridging sheet is highly conserved and plays 

an important role in co-receptor binding in the presence of CD4 (Kwong et al., 2000; 

Trkola et al., 1996).  The crystal structure of CD4-bound gp120 containing the V3 loop in 

complex with an Fab fragment derived from a sulfated antibody mimic of the N-terminus 

of CCR5 was solved by Huang et al. (Huang et al., 2007; Huang et al., 2005). This 

structure showed that the V3 loop extends from the gp120 core by ~7 Å towards the target 

cell membrane, facilitating an interaction with the co-receptor.  

More recent studies comparing the un-liganded gp120 (Chen et al., 2005; Kong et 

al., 2010) structure to the CD4-bound structure have shown extensive conformational 

changes upon CD4 binding, especially in the inner domain. The most significant 

conformational change is the formation of the bridging sheet. In the unliganded gp120 

structure, the V1/V2 loop stem (“fragment 4” in Figure 1.6B) from the inner domain and 

“fragment” 14 from the outer domain are not adjacent to one another. Upon CD4 binding 

the two fragments become juxtaposed, forming the bridging sheet (Kong et al., 2010; Chen 

et al., 2005).  The V1/V2 loop is believed to shield the V3 loop and the CD4 and co-

receptor binding sites in the unliganded state, while in the CD4-bound state the V3 loop is 

pointed towards the cell membrane.  The V3 loop mediates important contacts with the co-

receptor (Huang et al., 2007; Huang et al., 2005), and determines the co-receptor 

preference of HIV-1 strains, which largely determines its tropism. Therefore the V3 loop 

represents an important target for neutralizing antibodies (Pantophlet and Burton, 2006). 
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In 2010, Pancera et al revealed the structure of CD4-bound gp120 with intact 

gp41 interactive regions where more than 70 amino acids were added to the previously 

determined core structure (Chen et al., 2005; Chen et al., 2009a; Zhou et al., 2007; Pancera 

et al., 2010). The new gp120 structure shows the gp41-interactive N- and C- termini of the 

mature protein clustered together and forming an ~ 35-Å projection at the envelope-

proximal base of the molecule. The gp41-interactive termini are connected to the inner 

domain via a 7-stranded β-sandwich, which links together 3 structurally plastic layers that 

form excursions from the β-sandwich itself (layer 1), V1V2 (layer 2) and the outer domain 

(layer 3) (Figure 1.7A).  CD4 engagement by residues in the outer domain and bridging 

sheet is believed to cause remodelling of the layers and transmission of this structural 

change to the gp41 association site via the β-sandwich, thereby releasing gp41 from the 

metastable state (Finzi et al., 2010) (Figure 1.7B). 

1.3.2 gp120 determinants of cellular tropism and disease progression  

 

The main targets for HIV-1 in vivo are CD4-positive T-cells, macrophages and 

dendritic cells.  Tropism within these cellular subsets is strongly determined by the co-

receptor preference of HIV-1 strains.  HIV-1 strains that use CXCR4 as a co-receptor are 

called X4 viruses, while those that use CCR5 are called R5 viruses (Alkhatib et al., 1996; 

Dragic et al., 1996; Feng et al., 1996).  Some strains are capable of infecting cells bearing 

either co-receptor and are known as R5X4 viruses (Doranz et al., 1996).  X4 strains can 

infect CXCR4+/CD4+ naïve T-lymphocytes and CCR5+/CXCR4+/CD4+ memory T-

lymphocytes (Bjorndal et al., 1997). On the other hand R5 strains preferentially infect 

CCR5+/CXCR4+/CD4+ memory T-lymphocytes, monocytes, macrophages, dendritic cells 

and microglia in the CNS (Alkhatib et al., 1996; Deng et al., 1996; Gartner et al., 1986). 

While co-receptor usage strongly predicts HIV-1 tropism, it is not the case at all times. 

Some recent studies have shown that primary X4 viruses demonstrate macrophage  
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Figure 1.7  Structure of an HIV-1 gp120 core with intact gp41-interactive region 

 
(A) Ribbon diagram showing HXBc2 gp120 core with intact N and C-termini, the invariant β-

sandwich and the structurally plastic layers (1-3). (B) Model showing the role of gp120 layers in 

mobility and immune evasion. The β-sandwich holds gp41 in a metastable state via the N and C 

termini, while the layers are flexible enough to reposition the three highly glycosylated components: 

β-sandwich, V1/ V2 loops, and outer domain in response to CD4 binding. In the unliganded state 

(Left), the glycosylated structures arrange to form a protective shield against most antibodies. In 

the CD4-bound state (Right), the layers organize with outer domain to form the high-affinity binding 

sites for CD4 and coreceptor. Adapted from Pancera et al. (2010).  
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tropism, while some R5 primary viruses were incapable of infecting macrophages (Li et 

al., 1999; Gorry et al., 2001). The V3 loop in gp120 plays a major role in determining the 

co-receptor preference, where the absence of basic amino acids at position 11 and 25 

favour CCR5 usage while their presence switch the preference to CXCR4 (Milich et al., 

1997; Hoffman et al., 2002; Fouchier et al., 1995). Other sites in gp120 such as V1/V2, V4 

and V5 can also contribute to efficient utilization of a particular co-receptor (Cho et al., 

1998). The cytoplasmic tail of g41 has been shown to have an indirect effect on 

determining co-receptor usage through inducing allosteric changes in the gp120 (Taylor et 

al., 2008).  

The clinical course of HIV-1 infection can be divided into three stages. The acute 

phase is characterised by a peak in viral load, subsequent drop in the CD4+ cell number 

and the production of HIV-1 specific antibodies. The predominance of the R5 strains in 

this phase could be explained by the findings of Zhou et al. where they have shown that the 

exposure of resting CD4+ T-cells to X4 HIV-1 strains led to rapid cytolysis in cells that 

required virus entry, while this was not the case in activated CD4+ T-cells which could be 

seen late in the clinical course (Zhou et al., 2008). This means that X4 strains are cytotoxic 

at this initial stage of infection.  Neutralizing antibodies and cytotoxic T cells control virus 

replication to a great extent, and lead to a rebound in the CD4+ T-cell numbers in addition 

to viral load drop. The next stage is the asymptomatic phase where the viral replication is 

maintained at the minimal level and the CD4+ T-cell counts are stable or slowly declining. 

The length of this phase varies greatly between individuals depending on various viral and 

host factors. The third stage of the disease is characterised by a rebound in viral replication 

and a very fast drop in the T-cell counts that leads to the progression of the disease from 

HIV infection to the full blown picture of AIDS. In this final stage the immune system is 

very weak leading to the development of opportunistic infections and cancer.  
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During the late stages of the disease the viral co-receptor preference in 40-50% of 

patients was seen to switch from R5 into X4 and R5X4 (Connor et al., 1997; Scarlatti et 

al., 1997). The rapid progression of disease seen after co-receptor switch was thought to be 

due to higher cytotoxicity of the X4 strains (Picchio et al., 1998), however other studies 

has shown that both R5 and X4 are equally cytopathic (Grivel and Margolis, 1999). It is 

the infection of the larger population of T-cells bearing the CXCR4 receptor which cause 

this rapid destruction of CD4+ T-cells (Penn et al., 1999). On the other hand the majority 

of patients progress to AIDS while maintaining the R5 viral strains, even though at a 

slower pace than patients with X4 and R5X4 viruses. Disease progression in individuals 

infected with R5 strains is not only associated with enhanced viral tropism for the 

monocyte/macrophage lineage (Li et al., 1999; Tuttle et al., 2002), but also increased entry 

efficiency via CCR5 receptors (Jansson et al., 1999; Low et al., 2008; Coetzer et al., 

2008). Certain functional changes in R5 Env proteins have been determined in "late stage" 

individuals. These include the loss of N-linked glycosylation site in V2 that diminishes the 

ability of virus to use DC-SIGN for infectivity (Borggren et al., 2008), while in other 

cases, an increase in positively-charged residues in V1/V2 and V4/V5 resulted in increased 

viral fitness and reduced sensitivity to entry inhibitors (Repits et al., 2008).  Enhanced 

fusogenicity due to the addition of an N-linked glycosylation site (N362) near the CD4 

binding site has also been shown to be associated with disease progression in individuals 

exclusively harbouring R5 viruses (Sterjovski et al., 2007).  These studies has emphasised 

the important role of Env in directing the course of the disease.  
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1.3.3 Structure of the gp41 fusion glycoprotein 

 

The gp41 is a class I fusion glycoprotein and consists of an N-terminal 

ectodomain, and a C-terminal transmembrane domain (TMD) and cytoplasmic tail. The 

ectodomain comprises an N-terminal fusion peptide (FP) connected via a polar segment to 

an α-helical coiled coil forming segment (helical region 1, HR1) (Chan et al., 1997; 

Poumbourios et al., 1997; Farzan et al., 1998).  The disulfide loop region (DSR) connects 

HR1 to a second α-helical segment (helical region 2, HR2), which is followed by the 

membrane proximal external region (MPER); the TMD and cytoplasmic tail (CT) are at 

the C-terminus (Figure 1.8A). The HR1 has a pocket-forming domain which is assembled 

in the coiled coil and enables an interaction with the pocket binding domain of HR2, 

largely through hydrophobic and aromatic amino acids (Chan et al., 1998; Jiang et al., 

2002; Liu et al., 2005).  The 3-dimensional structure of gp41 in the prefusion state is 

unknown.  A major focus of this project is to model the prefusion structure of gp41 on the 

fusion activation mechanism of the Ebola virus (EBOV); prefusion and postfusion 

structures of the EBOV glycoproteins are well characterised.  

Prefusogenic gp41 is believed to be trapped in a metastable state via interactions 

with gp120.  CD4 and co-receptor binding leads to conformational changes in gp120 that 

release gp41 and enable it to refold into low energy conformers.  In one such conformer, 

the prehairpin intermediate, it is believed through structural homology with the 

hemagglutinin (HA) of influenza virus, that HR1 from 3 gp41 protomers form an extended 

trimeric coiled coil structure with the N-terminal FP being inserted into target cell 

membrane (Wild et al., 1994; Furuta et al., 1998; Si et al., 2004). The post-fusion 

configuration is characterised by a well-defined, highly stable structure known as the six-

helix bundle (6-HB), in which 3 HR2 segments pack into hydrophobic grooves on the 

exterior of the coiled coil in an antiparallel orientation (Figure 1.8B).  Interactions between  
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Figure 1.8  Schematic representation of HIV-1 gp41 

 
 (A) Linear schematic of gp41 (class I fusion protein) showing the key structural features from N to 

C-terminus: a fusion peptide (FP) at the N-terminus, an N-heptad repeat (HR1), a C-heptad repeat 

(HR2), a transmembrane domain (TMD), and a cytoplasmic tail. (B) Postfusion conformation of 

gp41 where the fusion peptide insert into the target cell membrane and the HR2 pack into 

hydrophobic grooves on HR1 forming the 6-HB.  
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pocket forming and binding domains contribute to 6-HB stability.  The 6-HB conformation 

would appose the N- and C-terminal membrane-inserted ends of gp41, and the associated 

viral and cellular membranes for merger (Weissenhorn et al., 1997a; Tan et al., 1997; Chan 

et al., 1997; Caffrey et al., 1998; Yang et al., 1999). The energy liberated as a result of the 

transition from the unstable prehairpin intermediate into the stable 6-HB is thought to be 

necessary for the creation of the fusion pore (Weissenhorn et al., 1996; Hughson, 1997; 

Chan and Kim, 1998).  

1.3.4 Structure of the Env trimeric spike 

 

Biophysical approaches indicated that the Env spike on the surface of HIV-1 is 

trimeric (Chan and Kim, 1998).  These data have been confirmed in cryo-electron 

tomography microscopy studies of the three dimensional (3D) structure of the virion-

associated Env spike and its key features (Zhu et al., 2006; Zanetti et al., 2006; Liu et al., 

2008).  

The 3D averaging of the first model released by Zhu et al. showed that the gp120 

SU is composed of three lobes: a main lobe with two secondary lobes (lateral and 

proximal). Emanating from each proximal lobe was a short leg that meets with the viral 

membrane forming a foot. This structure was believed to be gp41, with the feet being the 

MPER (Zhu et al., 2006). The model released months later by Zanetti et al showed great 

variation to Zhu‟s model despite using the same SIV mutant, but this could be due to the 

use of different data collection methods and analysis approaches. Zanetti‟s model showed 

three distinct gp120 lobes sitting on top of a narrow stalk (gp41) with a cavity in the 

gp120-gp41 interface (Zanetti et al., 2006). The most recent model by Liu et al (Figure 

1.9) showed the HIV-1 spike in the unliganded and CD4 bound states (Liu et al., 2008).  

The CD4 moiety enabled the authors to dock the crystallographically determined gp120 

monomers into the cryotomogram in a reliable manner.  The unliganded HIV-1 Env spike  
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Figure 1.9  Electron tomographic structure of trimeric HIV-1 Env 

 
Left panel: Side view of the trimeric Env spike. Right panel: gp120 (red ribbon) bound to domain 

1 and 2 of CD4 (blue ribbon) was fitted into the Env spike and is shown from top. The asterisks 

show the predicted location of gp41 and V1/V2 loop of gp120. Stumps of the V1/V2 and V3 loops 

are shown in yellow and green, respectively. Adapted from Liu et al. (2008).   
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showed greater similarity with Zanetti‟s SIV model for both the SU and TM, while the 

CD4 bound structure showed an opening up of the gp120 lobes coupled with 

conformational changes in gp41 allowing it to move closer to the target cell membrane 

(Liu et al., 2008). A precise 3D structure of HIV-1 Env would be very helpful in 

understanding the viral entry mechanism and in designing a neutralizing antibody eliciting 

vaccine.   

1.3.5 Mechanism of Env-mediated HIV-1 entry 

 

HIV-1 entry is initiated by the high affinity binding of gp120 to the CD4 receptor 

via the Phe-43 cavity, which is created by residues in the inner domain, bridging sheet and 

outer domain of gp120 (Kwong et al., 1998; Wyatt et al., 1998). This binding event leads 

to conformational changes in gp120 associated with the movement of V1/V2 loops to 

expose the coreceptor binding site comprised of the V3 loop and bridging sheet (Kwong et 

al., 2000; Kwong et al., 1998). This step is followed by the engagement of CCR5 at both 

the N terminus and ECL2 region triggering additional conformational changes (converts 

the flexible V3 stem into a rigid β-hairpin) leading to HIV-1 entry (Huang et al., 2007). 

Receptor binding leads to conformational changes in gp41 exposing the N-terminal FP 

followed by its insertion into the target cell membrane (Freed et al., 1990; Furuta et al., 

1998; Si et al., 2004).  

Membrane fusion begins with the insertion of gp41 FP into the outer leaflet of the 

target membrane and the gp41 adopts a prehairpin intermediate conformation bridging the 

viral and cellular membranes (Figure 1.10B) (Furuta et al., 1998; Eckert and Kim, 2001). 

In the prehairpin conformation the trimeric coiled coil (HR1) is exposed and accessible to 

HR2-derived peptides like C34 which are capable of blocking further steps in the fusion 

cascade (Chan et al., 1998). The prehairpin intermediate form is followed by the 

antiparallel packing of HR2 segments into hydrophobic grooves on the exterior of the  
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Figure 1.10  The HIV-1 fusion cascade 

 
(A) The prefusion gp120-gp41 trimer, which is activated by the interactions of gp120 to CD4 and 

chemokine receptor. (B) Prehairpin intermediate formation and FP insertion into target cell 

membrane, followed by the packing of HR2 on to the N-terminal coiled coil in an antiparallel 

manner forming the 6-HB (C, D). Those steps are followed by hemifusion where the outer leaflets 

of the viral and cellular membrane starts to mix, then pore formation and expansion allowing the 

viral core to enter the target cell. Modified from Bellamy-McIntyre et al. (2007). 
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coiled coil forming the 6-HB (Figure 1.10C and D) (Kilgore et al., 2003). This process is 

believed to juxtapose the cellular and viral membranes, located at the N- and C- terminal 

ends of the gp41, for merger (Weissenhorn et al., 1997b; Chan et al., 1997). The mixing of 

the outer leaflets of the viral and cellular membranes is called lipid mixing (hemifusion), 

which is followed by small pore formation and pore expansion allowing for the viral 

nucleocapsid to be expelled into the cytoplasm (Eckert and Kim, 2001; Melikyan et al., 

2000). 

1.4 Activation mechanisms of class I viral membrane fusion proteins 

 

Class I fusion proteins share a number of key structural features (Figure 1.8A). 

The FP is found at the N-terminus but there are some exceptions like the α-retroviruses 

(ASLV) and filoviruses (EBOV), which have internal FPs located near the N-terminus 

(Adam et al., 2004; Cheng et al., 2004). The next structural feature is the N-terminal 

amphipathic α-helical region (HR1), followed by the C-terminal amphipathic α-helical 

region (HR2), the TMD and a CT of varying length.  For HIV and SIV, the CT is an ~ 150-

residue domain.  Connecting these structures together are variable length linkers, their 

structure and role in the fusion mechanism will be discussed for each individual virus.  

The fusion mechanism of enveloped viruses is mediated by one (e.g. retroviruses) 

or more (e.g. herpesviridae, poxviridae) of the viral glycoproteins. Viral glycoprotein 

attachment to cellular receptors can initiate the fusion process for some viruses 

(retroviruses), while a minority of viruses such as ASLV require an acidic environment in 

addition to the cellular receptors to trigger the fusion process (Chu et al., 2006; Delboy et 

al., 2006). Low pH, in the endocytic compartment, serves as the only trigger for fusion 

process activation in a wide range of viruses (Orthomyxo-, Flavi- and Alphaviridae) 

through protonation of certain pH-sensing residues like histidine (Skehel and Wiley, 2000; 

Chanel-Vos and Kielian, 2004; Kampmann et al., 2006; Thoennes et al., 2008). The 
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triggering step is followed by structural rearrangements which lead to the partial separation 

of the receptor binding subunit, allowing the metastable fusion subunit to move closer and 

eventually insert into the target cell, bridging the viral and cellular membranes.  

This intermediate structure which adopts a homotrimer conformation is called a 

prehairpin; most of the time this conformation is short lived, except for the ASLV where it 

represents a stable state until further triggering (Narayan et al., 2003). Following 

prehairpin formation the three C-terminal regions pack against the trimeric N-terminal 

region, pulling the N- and C-terminal ends together forming the trimer of hairpins (6-HB 

of HIV-1 gp41).  The 6-HB represents a lower energy conformation than the metastable  

prefusion structure.  6-HB formation liberates energy, which is exploited in the catalysis of 

lipid mixing (hemifusion), small pore formation and pore expansion. The number of viral 

glycoproteins required to overcome the energy barrier to pore formation and expansion is a 

matter of debate.  In the case of HIV-1 gp41, Yang et al suggest that one glycoprotein 

complex is enough while Herrera et al propose that 4-5 complexes are needed (Yang et al., 

2005; Herrera et al., 2005). 

1.4.1 Influenza virus HA – the prototype 

 

The influenza virus HA is one of the best characterised class I fusion 

glycoproteins. HA is produced as the trimeric HA0 precursor protein, which is then 

cleaved in the trans-Golgi network, or by proteases present in the mucosa of the 

respiratory tract in released viruses, into two subunits; the receptor-binding subunit (HA1) 

and the fusion subunit (HA2), which remain connected to each other via a disulfide bond. 

The prefusion structure, which exists as a trimer, was solved 30 years ago (Wilson et al., 

1981; Wiley et al., 1981). Figure 1.11A shows the prefusion conformation of an HA1-HA2 

monomer which consists of a globular head domain (HA1) and a fibrous stalk (HA2).  A 

prominent feature of the HA2 is the 54-residue amphipathic -helical trimerization  
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Figure 1.11  structure of influenza HA subunits in the pre and postfusion conformations 

 
(A) HA1-HA2 prefusion monomer consists of a globular head domain (HA1) and a fibrous stalk 

(HA2). Low endosomal pH induce conformational changes in which the binding subunit (HA1) 

opens up to expose the fusion subunit (HA2). In the postfusion conformation, the green loop (red 

arrow in A) has undergone a coil-to-helix transition leading to the formation of HR1.  The C-terminal 

part of the coiled coil melts to form HR2 that packs antiparallel to the HR1 (B). Adapted from Lamb 

and Jardetzky (2007). 
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domain.  This -helix stabilizes the HA1-HA2 trimer by forming a central triple-stranded 

coiled coil.   

The N-terminus, as in most other class I fusion proteins, is occupied by the FP 

that is sheltered in a pocket along the three fold axis; it is connected to an outer layer of 

short -helices via two β-strands.  The transition from the prefusion conformation to the 

postfusion follows HA binding to sialic acid on glycoproteins or glycolipids leading to 

internalization into the endosomes (Weis et al., 1988). The acidic environment of the 

endosomes leads to protonation of three conserved residues (two aspartates and a histidine) 

in the FP leading to a conformational change in which the binding subunit (HA1) opens up 

to expose the fusion subunit (HA2) (Bullough et al., 1994; Skehel et al., 1982). The 

following step is a helical extension of the loop connecting the FP and coiled coil leading 

to a longer coiled coil (HR1) and FP insertion into the target membrane in a prehairpin 

conformation. Subsequently, the C-terminal segment of the coiled coil (HR2) becomes 

unstructured and inverts against the N-terminal portion of the central coiled coil.  The C-

terminal portion of the HA2 ectodomain continues to refold and pack against the central 

coiled coil in an antiparallel manner, forming the postfusion trimer of hairpins (a monomer 

is shown in Figure 1.11B).  The trimer of hairpins is terminated and stabilised by an 

annular cap that directs the FP away from the 3-fold axis of symmetry.  These refolding 

events bring both the C- and N-terminal ends of the HA2 into closer proximity and allow 

for merger between both membranes (Bullough et al., 1994). In this trimer of hairpins 

structure the packing of the C-terminal "leash" into the grooves of the coiled coil is 

necessary for lipid mixing (Park et al., 2003).  The annular N-cap structure mediates 

interactions with membrane proximal residues and is important for pore formation and 

expansion (Chen et al., 1999; Borrego-Diaz et al., 2003). 
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It is generally agreed that a successful fusion event requires cooperativity between 

3-6 HA trimers (Blumenthal et al., 1996; Danieli et al., 1996).  Membrane fusion may also 

be promoted by the action of triggered HA trimers which are not at the fusion site but close 

to it in a phenomenon called the bystander effect (Kozlov and Chernomordik, 2002). 

1.4.2 Ebola virus GP 

 

The EBOV is an enveloped, negative stranded RNA virus of the filoviridae 

family. It causes severe hemorrhagic fever associated with up to 90% mortality. The 

EBOV genome has 7 genes which lead to the synthesis of 8 proteins; transcription of the 

4
th

 gene results in the expression of the envelope glycoprotein, GP (Sanchez et al., 1996). 

GP is further cleaved by furin to yield two disulfide-linked subunits, GP1 and GP2. GP1 

has a receptor-binding domain (Kuhn et al., 2006), while the GP2 subunit is a class I 

fusion glycoprotein which comprises an internal FP in the form of a loop that is close to 

the N-terminus.  As for retroviruses, HR1 is linked to HR2 via a DSR and a C-terminal 

TMD is present. The mechanism of entry into the host cell is still not well characterised 

but it is thought to proceed by endocytosis through clathrin coated pits and caveolae 

(Sanchez, 2007), or by macropinocytosis (Saeed et al., 2010). The acidic environment of 

the endosomes is not only important for EBOV entry and infectivity (Takada et al., 1997; 

Chandran et al., 2005), but also for providing optimal conditions for the activity of the 

endosomal proteases, cathepsin B and L, which are essential for viral entry (Schornberg et 

al., 2006; Lee et al., 2008).  Cleavage of GP by cathepsin B and L leads to the removal of 

the glycan cap and the mucin-like domain, and exposes the conserved residues involved in 

receptor binding triggering fusion (Chandran et al., 2005; Hood et al., 2009).  

Exposure to low pH and cathepsin cleavage leads to conformational changes that 

allow binding to the TIM-1 receptor (Kondratowicz et al., 2011) and subsequent 

conformational changes in GP1 that expose the fusion subunit GP2. The prefusion form of 
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EBOV GP2 was solved three years ago (Lee et al., 2008) and it shows a structured HR1 

domain; sequences that are C-terminal to HR1, including the retrovirus-like CX6CC DSR 

motif and HR2 are disordered.  The HR1 region is divided into 4 segments: HR1A and 

HR1B helices lie at   90   to the HR1D helix and are connected together via the HR1C loop 

(Figure 1.12). Three HR1D segments come together forming a trimer, which represents the 

nucleus from which the extended central trimeric coiled coil of the postfusion 

conformation originates. The disulfide bond and the β strands near the internal FP seem to 

play a role in stabilising the HR1A-D assembly, indicating a conformational signalling 

pathway between HR1 and the internal FP (Lee et al., 2008).  In the post fusion 

conformation, a loop-to-α-helix transition is seen in HR1C, which extends the central 

coiled coil in an N-terminal direction along the trimer axis (Figure 1.12).  This extension of 

HR1 allows for fusion loop insertion into the target membrane in a putative prehairpin 

conformation.  Further C-terminal, the CX6CC DSR motif forms a chain reversal region at 

the base of the coiled coil, which is followed by the antiparallel packing of the C-terminal 

"leash" against the grooves of the coiled coil, in a trimer of hairpins conformation 

(Weissenhorn et al., 1998b). 

1.4.3 Retroviruses: HIV, HTLV-I and ASLV 

 

gp120-CD4 binding is sufficient to induce a detectable gp41 prehairpin, however 

further interactions between CD4-gp120 and chemokine receptor appear to be required to 

drive the refolding of gp41 beyond this point (Furuta et al., 1998). The post fusion trimer 

of hairpins structure of gp41 is well characterised (Weissenhorn et al., 1997b), however the 

prefusion conformation is still a mystery.  The overall organisation of structural elements, 

including the FP, HR1, DSR and HR2, and the postfusion trimer of hairpins conformation 

are conserved for gp41, gp21 and GP2 (Figure 1.13). This level of functional and structural 

conservation suggests that GP2 represents an attractive model for understanding retroviral  
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Figure 1.12  Pre and postfusion conformational differences in the Ebola virus GP2 

 
 Low pH and Cathepsin induces the transformation into the postfusion conformation where 

segments A-C of the HR1 helix extend to form the coiled coil and insert into the target cell 

membrane. Adapted from Lee et al. (2008). 
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Figure 1.13  Conservation of the postfusion trimer of hairpins structure 

 

 Diagram showing the structural similarities of the post fusion conformation of the TM from two 

retroviruses (HIV-1 and HTLV-1), the Influenza virus HA2 and the EBOV GP2 suggesting a 

common mechanism of membrane fusion among these viruses. 
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TM proteins, as the pre- and postfusion forms of GP2 have been structurally characterised.  

In the prefusion form of GP2, we have seen that the C-terminal one-third of HR1 forms the 

trimeric coiled coil oligomerization domain, and upon triggering the unstructured regions 

of HR1 extend the coiled coil in the direction of the target cell.  In chapters 3 and 4 of this 

thesis, I will describe the outcomes of using cysteine insertion mutagenesis to test the 

hypothesis that the pre-to-postfusion structural transition of gp21 and gp41 is analogous to 

GP2. 

The mechanism whereby conformational signals evoked in retroviral SU 

glycoproteins by receptor(s) are transmitted to their partner TM glycoproteins, to trigger 

their refolding into fusion-active forms is being elucidated.  Evidence is accumulating to 

suggest that the association site formed by the DSR of gp41 and the terminal C1 and C5 of 

gp120 could be a synapse for SU-to-TM conformational signalling (Poumbourios et al., 

2003; Maerz et al., 2001; Binley et al., 2003).  For example, the simultaneous introduction 

of a Cys residue to the DSR and to C5 covalently links the gp41-gp120 heterodimer. This 

disulfide-linked glycoprotein complex is trapped in a fusion-inactive state and reduction of 

the intersubunit disulfide is required to activate membrane fusion (Binley et al., 2003).  

Furthermore, in 2010 Bellamy-McIntyre et al have shown that W596L and W610F 

mutations in the DSR block formation of the gp41 prehairpin intermediate that is induced 

by gp120-CD4 interactions and the initial lipid mixing (hemifusion) phase of the 

membrane fusion cascade (Bellamy-McIntyre et al., 2010).  These workers proposed a 

model whereby the C1 and C5 regions form a clamp around the DSR to trap gp41 in a 

metastable conformation. 

Mutational approaches have indicated that the 7-stranded β-sandwich, to which 

the terminal C1 and C5 protrusions are connected, also plays an important role in 

mediating association with gp41 (Sen et al., 2008; Wang et al., 2008; Yang et al., 2003) 



General Introduction 

 

  
Page 37 

 
  

and in regulating its activation state (Finzi et al., 2010).  Evidence for the latter idea was 

provided by Finzi et al. (2010) who found that mutations in the layer 1 and 2 excursions 

from the β-sandwich increased resistance to sCD4-induced gp120 shedding and 

neutralization. The layer 1 mutations stabilized the sCD4-activated HIV-1 Env 

intermediate by slowing its reversion into the inactive form indicating its role in 

modulating conformational transition in gp41 (Finzi et al., 2010).  A model based on the 

involvement of layer 1 and 2 residues and the C1 and C5 regions in the CD4-induced 

activation of gp41 is shown in figure 1.14. 

 The results of a previous study by Bellamy-McIntyre et al. (2007) provided 

evidence that CD4-induced conformational activation of gp41 also involves a cooperative 

interaction between the polar segment (which connects the fusion peptide to the coiled 

coil) and the MPER at the C-terminus of the ectodomain.  In this case, simultaneous 

mutations in these 2 regions ablated the responsiveness of the gp120-gp41 complex to CD4 

ligation and the initiation of membrane fusion.  In chapter 5 of this thesis, I will explore 

potential functional linkages between the DSR and MPER and how these relate to 

membrane fusion function. 

Significant progress has been made in our understanding of the activation 

mechanisms for 2 other retroviruses: HTLV-1 (deltaretrovirus) and ASLV 

(alpharetrovirus). In the case of HTLV-1, entry involves the cell surface molecules glucose 

transporter protein I and neurophilin-1 (Manel et al., 2003; Ghez et al., 2006). In HTLV-1 

the presence of a CXXC thiol-disulfide exchange motif in the C-terminal region of the SU 

(gp46) forms a labile disulfide bond with the CX6CC motif within the DSR of the TM 

(gp21) subunit (Pinter et al., 1997). Upon receptor binding, Ca++ release activates the 

CXXC motif, leading to reduction of the inter-subunit disulfide and enabling the 

conversion of gp21 into a fusion-active state (Li et al., 2008; Wallin et al., 2004). gp21   
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Figure 1.14  Activation model of HIV-1 Env glycoproteins triggered by CD4 binding 

 

In the unliganded state (left), layer 1 and layer 2 assume a conformation that allows them to 

interact with the gp41 ectodomain. Upon CD4 binding, apposition of layer 1 and 2 occur leading to 

gp120 inner domain rearrangement, slowing CD4 off rate and allowing the gp41 ectodomain to 

undergo additional conformational changes necessary for HIV-1 entry. Note that the terminal C1 

and C5 protrusions (light blue) are clamped to the DSR (forming the association site) in the 

unliganded state, but are released after CD4 binding. The β-sandwich is coloured red; layer 1, 

magenta; layer 2, green; layer 3, yellow; outer domain (OD), yellow; and the β 20-β 21 loop, blue. 

Modified from Finzi et al. (2010). 



General Introduction 

 

  
Page 39 

 
  

activation appears to involve the expulsion of a Phe residue, that is immediately adjacent to 

the CX6CC DSR motif, from the core of the prefusion SU-TM complex (Maerz et al., 

2000). 

Recent work has now revealed that the DSRs of HTLV-1, ASLV and EBOV have 

conserved roles in the activation of the fusion glycoprotein (Delos et al., 2010).  For 

ASLV, fusion activation requires 2 steps: SU-Tva receptor binding, which triggers the 

prehairpin intermediate and hemifusion, and low-pH-induced protonation of His-428 of SU 

within the endosome, which enables progression of the fusion cascade (Damico et al., 

1998; Hernandez and White, 1998; Narayan et al., 2003; Delos et al., 2010).  A consensus 

functional model for the DSR of these viruses has now emerged based on the original work 

of Maerz et al. (2000).  The expulsion of the hydrophobic residue following the CX6CC 

motif from the prefusion SU-TM core is necessary for early conformational changes in the 

fusion glycoprotein including receptor-triggered membrane binding (Delos et al., 2010).  

The Gly-Gly diad preceding the CX6CC motif provides flexibility and enables the DSR to 

pack against the base of the central coiled coil to form a chain reversal.  This chain reversal 

allows the C-terminal "leash" to pack against the surface of the coiled coil in an antiparallel 

orientation to form the trimer of hairpins (Maerz et al., 2000; Delos et al., 2010).  The base 

of the coiled coil of N-helices contains a stretch of hydrophobic residues which functions 

in all three viruses to stabilise the postfusion hairpin (Delos et al., 2010). 
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1.5 Aims and hypothesis 

 

The overall aim of this thesis is to gain a better understanding of the activation mechanism 

of HIV-1 gp41 and the role of its structural elements in the conformational 

signalling/fusion activation pathway. We hypothesised that a portion of the central coiled 

coil of gp41 is formed in the prefusion conformation of gp120-gp41, which is induced to 

extend toward the membrane-inserted end of gp41 following receptor activation.  The 

second aim is to identify regions within gp120-gp41 that interact functionally with the 

gp41 DSR.  I hypothesise that the characterisation of such linkages will reveal structural 

determinants of the conformational signalling pathway in gp120-gp41. The outcomes of 

these studies will advance our understanding of HIV-1 Env structure and assist in the 

design of novel fusion inhibitors that target a fusion intermediate and/or a structural 

element involved in conformational signalling between gp120 and gp41.  
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Chapter 2: Materials and Methods 

2.1 Studies with HTLV-1 Env 

2.1.1 Cells 

Human Embryonic Kidney 293T cells were cultured in DMEM-10 [Dulbeco 

Modified Eagle Medium (DMEM) (Sigma-Aldrich, USA), 10 % (v/v) heat inactivated 

foetal calf serum (HI-FCS) (Invitrogen), 2 mM L-glutamine (GE Healthcare, UK), 15 mM 

HEPES buffer solution (Invitrogen)] and supplemented with 40 μg/ml gentamycin (GE 

Healthcare) and 2 μg/ml minomycin-hydrochloride salt (Sigma, USA).  

HeLa cells, which are an immortalized cell line derived from cervical carcinoma 

from Henrietta Lacks, were cultured in DMEM-10 and supplemented with 40 μg/ml 

gentamycin (GE Healthcare) and 2 μg/ml minomycin-hydrochloride salt (Sigma-Aldrich). 

Cells were incubated at 37 ˚C humidified with 5 % CO2 and passaged twice weekly.  

2.1.2 HTLV-1 Expression vectors 

pCELT.1 is an HTLV-1 Env expression vector under the control of a CMV 

promoter. The HTLV-1 C-terminal tail is tagged with the mAb C8 epitope (Abacioglu et 

al., 1994; Center et al., 1998). pMBP/gp21(338-425) drives expression of the MBP-gp21 

core domain chimera from a Tac promoter in E.coli (Kobe et al., 1999; Center et al., 

1998).  

2.1.3 Antibodies  

The HTLV-1 gp46-specific mAb 67/5.5.13.1 is a mouse mAb that binds to an 

epitope located between residues 210-306 of the SU, gp46 (Abcam, USA).  The anti-gp41 

mAb C8 binds to the Pro-Asp-Arg-Pro-Asp-Gly sequence within the cytoplasmic tail.  It 

was obtained through the AIDS Research and Reference Reagent Program from G. Lewis 

(Abacioglu et al., 1994).   
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2.1.4 In vitro mutagenesis of pCELT.1 

The QuikChange XL site-directed mutagenesis kit was used to introduce the 

A375C mutation into pCELT.1 and pMBP/gp21(338-425) using the primers: 5'-

CTACTCAAAATTGCGCAGTATTGTGCCCAGAACAGACGAGGCC (HTLV-1 

A375CqcF, forward primer) and 5'-

GGCCTCGTCTGTTCTGGGCACAATACTGCGCAATTTTGAGTAG (HTLV-1 

A375CqcR, reverse primer).  Alanine-375 was chosen as the mutagenic target because it is 

the only hydrophilic residue that occupies an a or d position within the gp21 coiled coil.  

The sequences of mutants were confirmed by the ABI Prism BigDye terminator system 

(Applied Biosystems, USA). 

2.1.5 HTLV-1 western blot 

293T cells were transfected with 1 μg of wild type (WT) and A375C-mutated 

pCELT.1 using FuGENE HD (Roche, Switzerland), according to the manufacturer‟s 

instructions.  The transfected cells were incubated at 37 C for 48 h, washed twice in PBS 

and resuspended in 50 μl of ice-cold western lysis buffer (1 % Triton X-100, PBS, pH 7.4, 

1 mM EDTA, 0.02 % sodium azide) for 20 minutes.  The lysates were clarified by 

centrifugation at 10,000 x g at 4 °C for 10 min to remove cell debris.  For sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), 5 μl of 5-times sample buffer 

[10% (w/v) SDS, 250 mM Tris-HCl pH 6.8, 0.5% (w/v) bromophenol blue, 25 % (v/v) 

glycerol] was added to 25 μl of lysate in the presence of 5 mM iodoacetamide, and then 

boiled for 5 minutes.  Samples were then electrophoresed in 12 % polyacrylamide gels in 

SDS-PAGE buffer [25 mM Tris, 190 mM glycine, 0.1% (w/v) SDS] under reducing (100 

mM dithiothreitol (DTT)) (Thermo Fisher Scientific, USA) and non-reducing conditions.  

In some experiments, the stability of the A375C gp21 dimer was determined by including 

0, 0.5, 5, 25 and 100 mM of DTT in the sample buffer.   

http://www.thermofisher.com/
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The proteins were electrophoretically transferred to Hybond-C nitrocellulose 

membrane (Amersham, England) in transfer buffer [25 mM Tris, 190 mM glycine, 20 % 

(v/v) methanol] at 100 V for 1 h.  The membranes were blocked with 5% (w/v) skim milk 

powder in PBS to prevent non-specific binding for 16 h at 4°C, washed seven times with 

PBST [PBS containing 0.2% (v/v) Tween 20], then probed with mAbs C8 or 67/5.5.13.1 

for 16 h in 2.5 % skim milk powder-PBST at 4°C. The membranes were washed again 

seven times, and then probed for 1 h with goat anti-mouse Alexa Fluor 680 antibody 

(Invitrogen, USA) in 2.5 % skim milk powder-PBST at room temperature. After washing 

seven times with PBST, the membranes were visualised using the Odyssey infrared 

imaging system (LI-COR Biosciences, USA). 

2.1.6 HTLV-1 cell-cell fusion assay 

293T effector cells (500,000 cells per well of a 12-well culture plate [TPP, 

Switzerland]) were cotransfected with pCELT.1 and pT4luc (Maerz et al., 2001).   HeLa 

target cells (250,000 cells per well of a 12-well culture plate) were transfected with pCAG-

T7, which directs the expression of T7 RNA polymerase from the CMV immediate-early 

enhancer and chicken β-actin promoter (Takikawa et al., 2000) . At 24 h post-transfection, 

targets and effectors were each resuspended in 1 ml of complete medium; targets (100 µl) 

were co-cultured with effectors (100 µl) in a 96-well plate for a further 18 h at 37 °C. The 

cells were assayed for luciferase activity using the Promega SteadyGlo reagent (Promega, 

USA) according to the manufacturer‟s instructions. 

2.1.7 Expression and purification of MBP/gp21 chimera 

An E. coli strain BL21(DE3) colony representing each of the maltose-binding 

protein (MBP)/gp21 chimeras was grown in 100 ml terrific broth [TB, 1.2 % (w/v) bacto-

tryptone, 2.4 % (w/v) bacto-yeast extract, 72 mM K2HPO4, 17 mM KH2PO4 and 0.4% 

glycerol] at 37 °C for 24 h.  The 100 ml culture was then used to inoculate another 900 ml 

http://www.exptec.com/Bacterial%20E.coli%20Growth%20Media.htm#bacterial E.coli growth medium: TB or Terrific Broth#bacterial E.coli growth medium: TB or Terrific Broth
http://www.exptec.com/Bacterial%20E.coli%20Growth%20Media.htm#bacterial E.coli growth medium: TB or Terrific Broth#bacterial E.coli growth medium: TB or Terrific Broth
http://www.exptec.com/Bacterial%20E.coli%20Growth%20Media.htm#bacterial E.coli growth medium: TB or Terrific Broth#bacterial E.coli growth medium: TB or Terrific Broth
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of TB and agitated for another 4 h at 37 °C until the OD600 (optical density measured at a 

wavelength of 600 nm) was ≥ 1.8.  The MBP/gp21 chimeras were induced at room 

temperature using 0.2 mM isopropyl--D-thiogalactopyranoside (IPTG, Sigma-Aldrich) 

for 18 h.  The cells were pelleted at 18,000 x g in a 4°C cold centrifuge and lysed by 

sonication in 100ml ice-cold S-buffer [100 mM Tris-HCl pH 8, 300 mM NaCl, and 1 mM 

EDTA] and clarified by centrifugation (1 h, 20,000 x g, 4°C). MBP/gp21 was affinity-

purified using amylose–agarose according to the manufacturer‟s instructions (New 

England Biolabs, USA). Briefly, the MBP/gp21 chimera present in a lysate obtained from 

1 L of bacterial culture was adsorbed to 10 ml amylose-agarose.  Following a wash step 

with 10 column volumes of S-buffer, the protein was eluted with 10 mM maltose in S-

buffer. The MBP/gp21 oligomers were further purified using the AKTA-FPLC (Fast 

Protein Liquid Chromatography) and a Superdex 200 (HiLoad 26/60) gel filtration column 

equilibrated in S-buffer. Peak trimeric fractions were pooled together and concentrated by 

centrifugation at 4,800 x g in Ultracel 30 centrifugal columns (Amicon Ultra, Millipore 

Corporation, USA). MBP/gp21 protein concentration was quantified at 280 nm using a 

spectrophotometer ND-1000 (NanoDrop, Thermo Fisher Scientific, USA).  

2.1.8 Coommassie staining of protein gels 

A 10-16 % polyacrylamide step gradient tricine gel was made as follows: 16 % 

acrylamide solution [1 M Tris-HCl (pH 8.45), 0.1 % SDS, 16 % (w/v) acrylamide, 0.532 % 

(w/v) bisacrylamide, 0.05 % (w/v) ammonium persulphate, 0.05 % (v/v) TEMED 

(Invitrogen)] was overlayed with 10 % acrylamide solution [1 M Tris-HCl (pH 8.45), 0.1 

% SDS, 10 % (w/v) acrylamide, 0.332 % (w/v) bisacrylamide, 0.05 % (w/v) ammonium 

persulphate, 0.05 % (v/v) TEMED (Invitrogen)] and left to set for 2 h at room temperature.  

The separating gel was overlayed with a 4 % polyacrylamide stacking gel [0.75 M Tris-

HCl (pH 8.45), 0.075 % SDS, 4 % (w/v) acrylamide, 0.133 % (w/v) bisacrylamide, 0.05 % 
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(w/v) ammonium persulphate, 0.075 % (v/v) TEMED (Invitrogen)], which was left to set 

for 1 h prior to electrophoresis.  Samples were prepared by adding 7 μg of each of the 

MBP/g21 chimeras to double-strength tricine sample buffer [150 mM Tris-HCl pH 7, 3% 

(w/v) SDS, 30 % (v/v) glycerol, 0.05 % (w/v) Coommasie brilliant blue G-250 (Bio-Rad 

Laboratories, USA)] and electrophoresed for 2.5 h using 100 mM Tris-HCl pH 8.9 as the 

anode buffer and 100 mM Tris-HCl pH 8.25, 100 mM tricine, 1 % SDS as the cathode 

buffer. The gels were stained in Coomassie brilliant blue solution [7.5 % (v/v) acetic acid, 

50 % (v/v) methanol, 0.025 % (w/v) Coomassie brilliant blue R-250 (Bio-Rad 

Laboratories)] for 16 h, and then destained using 10% (v/v) acetic acid, 10 % (v/v) 

methanol for 24 h.  The gels were then scanned in the LI-COR Odyssey infrared imager 

(LI-COR Biosciences). 

2.2 Studies with HIV-1 Env 

2.2.1 Cysteine mutagenesis 

2.2.1.1 Cells 

293T cells were cultured as described, above.  BHK21 cells, which are derived 

from baby hamster kidney fibroblasts, were cultured in DMEM-10 and supplemented with 

40 μg/ml gentamycin (GE Healthcare) and 2 μg/ml minomycin-hydrochloride salt (Sigma). 

Cells were incubated at 37 ˚C humidified with 5 % CO2 and passaged twice weekly. 

2.2.1.2 HIV-1 and HIV-2 Env Expression vectors 

The pTMenv.2 Env expression vector (Figure 2.1) contains the full-length env gene 

[BH8 clone of HIV-1LA1 (Ratner et al., 1985) under the control of the bacteriophage T7 

DNA-dependent RNA polymerase promoter (Poumbourios et al., 1997)].  The expression 

of Env from the T7 promoter requires cotransfection with pCAG-T7. The original plasmid 

pTM.1 (Moss et al., 1990) was used as a negative control.  The pMBP/gp41(528-L-677) E. 

coli expression vector comprises MBP linked to gp41 residues 528-677 of HIV-2ST  
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Figure 2.1 pTMenv.2 vector 

 
This vector expressed the Env of the BH8 clone of HIV-1LA1. Cysteine mutations were introduced 

into the BH8 env gene using this vector as a template in Quick Change PCR. The Env of the 

different cysteine mutants were expressed from this vector by co-transfecting 1 μg of pTMenv.2 

and 1 μg of pCAG-T7 into 293T cell line for 48 hrs. 
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through an Asn-Ala linker incorporating a unique NotI site (Lay et al., 2004; Bellamy-

McIntyre et al., 2007).  In this construct, the native DSR sequence has been replaced with 

an artificial Ser-Gly-Gly-Arg-Gly-Gly linker. The expression of MBP/gp41(528-L-677) in 

E. coli is controlled by an inducible Tac promoter. 

In the pT4luc bicistronic vector, human CD4 is constitutively expressed from the 

CMV immediate early promoter, while firefly luciferase is inducibly expressed from the 

bacteriophage T7 promoter by T7 DNA-dependent RNA polymerase (Maerz et al., 2001). 

The pc.FUSIN (CXCR4) vector expresses the CXCR4 co-receptor from a CMV promoter, 

and was obtained through the AIDS Research and Reference Reagent Program from N. 

Landau (Deng et al., 1996).  

2.2.1.3 Antibodies 

The details of the anti-gp41 mAb C8 are described above.  DV-012 is a sheep 

polyclonal antibody specific for gp120 and was obtained through the AIDS Research and 

Reference Reagent Program from M. Phelan (Hatch et al., 1992).  

2.2.1.4 Construction of pTMenv.2 cysteine mutants 

The pTMenv.2 plasmid was used as the backbone vector for introducing the 

cysteine mutations into HIV-1BH8 env.  The cysteine substitution mutations were 

introduced at six different locations within the coiled coil and polar segment of gp41 at a 

or d positions (facing inwards towards the 3-fold axis of symmetry of the coiled coil).  The 

hydrophilic residues mutated were Ser-534 (S534C), Thr-538 (T538C), Ala-541 (A541C), 

Gln-552 (Q552C), Gln-562 (Q562C) and Thr-569 (T569C) (Figure 2.2). A control cysteine 

mutant was made at a b position (facing outwards from the coiled coil) at Gln-567 

(Q567C).  The forward primers used for each mutant are listed in Table 2.1.  The reverse 

primers are complementary to the forward primers (not shown).  The QuikChange  
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Figure 2.2 Alignment of gp41 amino acid sequences 

 
The HIV-1BH8 and HIV-2ST sequences represent the strains of interest in this study. The yellow 

segment represents the fusion peptide while the green and magenta represent the polar segment 

and HR1, respectively. The numbers show the sites where the cysteine mutations were introduced. 

 

 

Primer 

name 

Primer sequence 5‟- 3‟ Length 

mer 

Tm  

˚C 

BH8-
S534CqcF 

GCACTATGGGCGCAGCGTGTATGACGCTGACGGTACAG 
 

36 83.1 

BH8-
T538CqcF 

GGCGCAGCGTCAATGACGCTGTGTGTACAGGCCAGACAATTATTG 
 

42 81.3 

BH8-
A541CqcF 

GCGTCAATGACGCTGACGGTACAGTGTAGACAATTATTGTCTGGTATAGTG 
 

51 79.2 

BH8-

Q552CqcF 

GTCTGGTATAGTGCAGCAGTGCAACAATTTGCTGAGGGCTATTGAG 
 

46 80.3 

BH8-
Q567CqcF 

GAGGCGCAACAGCATCTGTTGTGTCTCACAGTCTGGGGCATCAAGCAG 

 
48 83.7 

 

 
Table 2.1 HIV-1BH8 mutagenesis primers 
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XL site-directed mutagenesis kit was used according to the manufacturer's instructions 

(Stratagene, USA). In brief, the reaction mixture had the pTMenv.2 template, the forward 

and reverse primers with the single site mutation, the reaction buffer and the Pfu turbo 

DNA polymerase enzyme. The PCR cycling conditions were as follows: initial 

denaturation at 95 ˚C for 1 min; 18 cycles of 95 ˚C for 50 sec, 60 ˚C for 50 sec, 68 °C for 8 

min (1 min/kb of plasmid length); a final extension step at 68 ˚C for 7 min. PCR tubes 

were left on ice for 2 minutes, digested with DpnI restriction enzyme at 37˚C for 1hr. The 

XL10-Gold Ultracompetent Cells were used for transformation.  Plasmid DNA was 

extracted from five colonies per mutant (MOBIO Laboratories, USA), and the sequences 

of Env mutants were confirmed by the ABI Prism BigDye terminator system (Applied 

Biosystems).  

2.2.1.5 Construction of MBP/gp41 chimera mutants 

The cysteine substitution mutations were introduced into pMBP/gp41(528-L-677) 

at six different locations within the coiled coil and polar segment of gp41 at an a or d 

position. The hydrophilic residues mutated were Ser-534 (S534C), Ser-538 (S538C), Ser-

541 (S541C), Gln-552 (Q552C), Gln-562 (Q562C) and Thr-569 (T569C) (Figure 2.2), four 

residues are conserved among the HIV-1BH8 and HIV-2ST sequences.  A control mutant 

wherein cysteine was introduced at an f position (i.e. facing outwards from the coiled coil), 

was made by replacing threonine-536 with Cys. The forward primers used for each mutant 

are listed in Table 2.2.  The reverse primers are complementary to the forward primers (not 

shown). The mutagenesis was carried out using the QuikChange XL site-directed 

mutagenesis kit, and the sequences of cysteine mutants confirmed by the ABI Prism 

BigDye terminator system (Applied Biosystems).    
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Primer 

name 

Primer sequence 5‟-3‟ Length 

mer 

Tm 

˚C 

HIV-2ST-

S534CqcF 

GCCGCGATGGGCGCGGCGTGTTTGACGCTGTCGGCTCAGTC 

 
41 91 

HIV-2ST-

T536CqcF 

GGCGCGGCGTCCTTGTGTCTGTCGGCTCAGTCT 

 
33 79.6 

HIV-2ST-

S538CqcF 

GCGGCGTCCTTGACGCTGTGTGCTCAGTCTCGGACTTTATTG 

 
39 80.4 

HIV-2ST-

S541CqcF 

GACGCTGTCGGCTCAGTGTCGGACTTTATTGGCCGGG 

 
37 80.3 

HIV-2ST-

Q552CqcF 

GCCGGGATAGTGCAGCAATGTCAACAGCTGTTGGACGTGGTC 

 
42 81 

HIV-2ST-

Q562CqcF 

CTGTTGGACGTGGTCAAGAGATGTCAAGAAATGTTGCGACTG

ACC 

 

45 80.3 

HIV-2ST-

T569CqcF 

CAACAAGAAATGTTGCGACTGTGTGTCTGGGGAACAAAAAAT

CTCCAG 

 

48 80.8 

 
Table 2.2 HIV-2ST mutagenesis primers 
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2.2.1.6 Construction of HIV-1AD8-HIV-2ST chimeric MBP/gp41 (528-L-677)
AD.ST

 

expression vectors 

The N-to-C-terminal organization of the MBP/gp41(528-L-677)
AD.ST

 chimera is as 

follows: MBP-(Asn-Ala-Ala-Ala)-HIV-1AD8 polar segment (res. 528-540)-HIV-2ST HR1 

(res. 541-596)-(Ser-Gly-Gly-Arg-Gly-Gly)-HIV-2ST HR2 (res. 611-665)-HIV-1AD8 MPER 

(res. 666-677) and was obtained from Mr. Chan-Sien Lay (Burnet Institute). The T538C 

and I535A/T538C/V539G mutations were introduced to MBP/gp41(528-L-677)
AD.ST

 using 

the QuikChange XL site-directed mutagenesis kit.  The primer pairs used for T538C were: 

5'-GGCGCCGCGTCAATAACGCTGTGTGTACAGTCTCGGACTTTATTG (STMG-

Cys538f, forward primer) and 5'-CAATAAAGTCCGAGACTGTAC 

ACACAGCGTTATTGACGCGGCGCC (STMG-Cys538r, reverse primer), whereas for 

I535A/T538C/V539G, 5'-GCGTCAGCGACGCTGTGTGGGCAGTCTCGGAC (STMG-

IAVG-Cys538f) was the forward primer and 5'-

GTCCGAGACTGCCCACACAGCGTCGCTGACGC (STMG-IAVG-Cys538r) was the 

reverse primer.  DNA sequences were confirmed using ABI Prism BigDye terminator 

system (Applied Biosystems). 

2.2.1.7 Construction of a chimeric HIV-1AD8-HIV-2ST MBP-polar segment-HR1 

chimera, MBP/gp41(528-591)
AD.ST

 

Wild type, T538C- and I535A/T538C/V539G-mutated MBP/gp41(528-L-

677)
AD.ST

 expression vectors were used as templates in PCR to produce corresponding 

MBP/gp41(528-589)
AD.ST

 vectors, which comprise the polar segment of HIV-1AD8 (res. 

528-540) fused to the HR1 of HIV-2ST (res. 541-591).  The forward primer was MBP-

A3(f): 5'-GCCTGTCGTACTGCGGTGATCAAC, while the reverse primer was HIV-2ST 

Nhel-SalI(r): 5‟-CGCCGCGTCGACTTAGTCCTTTAAGTATTTCTCGATAGC.  The 

PCR products were ligated into the pMBP/gp41(528-L-677) vector through unique NotI-
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SalI restriction sites.  DNA sequences were confirmed using ABI Prism BigDye terminator 

system (Applied Biosystems). 

2.2.1.8 Construction of MBP/gp41(528-L-665)
AD.ST

 chimera (tr665) 

The N-to-C-terminal organization of the MBP/gp41(528-665)
AD.ST

 chimera is as 

follows: MBP-(Asn-Ala-Ala-Ala)-HIV-1AD8 polar segment (res. 528-540)-HIV-2ST HR1 

(res. 541-596)-(Ser-Gly-Gly-Arg-Gly-Gly)-HIV-2ST HR2 (res. 611-665).  The vector 

encoding this chimera was obtained from Mr. Chan-Sien Lay (Burnet Institute).  The 

T538C and I535A/T538C/V539G mutations were introduced to MBP/gp41(528-665)
AD.ST

 

by using the corresponding mutants of MBP/gp41(528-L-665)
AD.ST

 in a PCR reaction with 

the primers: MBP-Ala3f as the forward primer and HIV-2ST S665tr-TAA-SalI (r), 5'-G 

GCGGTCGACTTAGCTATTTAATTTTTGTAGTTCATACATG, as the reverse primer.  

The PCR products were ligated into the pMBP/gp41(528-L-677) vector through NotI-SalI 

sites.  DNA sequences were confirmed using ABI Prism BigDye terminator system 

(Applied Biosystems). 

2.2.1.9 HIV-1 cysteine mutants western blot 

293T cells were plated at 500,000 cells per well of a 12-well culture plate (TPP, 

Switzerland) and then co-transfected with 1 μg of pTMenv.2 and 1 μg of pCAG-T7 2 h 

later using FuGENE HD (Roche), according to the manufacturer‟s instructions.  In order to 

promote cleavage of gp160 to gp120 and gp41, the transfected cells were incubated at 34 

C for 48 h prior to 2 phosphate-buffered saline (PBS) washes and lysis in 50 μl PBS 

containing 1 % Triton X-100, 0.02 % sodium azide and 1 mM EDTA for 20 minutes on 

ice.  The lysates were clarified by centrifugation at 10,000 x g at 4 °C for 10 minutes to 

pellet cell debris.   The samples were prepared for SDS-PAGE by adding 7 μl of 5-times 

sample buffer to 35 μl of lysate in the presence of 5 mM iodoacetamide (to alkylate free 

cysteines) and boiled for 5 minutes.  Samples were then run in 10 % polyacrylamide gels 
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and electrophoresed in SDS-PAGE buffer under reducing (100 mM DTT) and nonreducing 

conditions. In some experiments, the samples were reduced with 0, 0.5, 5, 25 and 100 mM 

of DTT and 2 M Urea in the sample buffer.  In this case, the samples were boiled for 1 h, 

prior to SDS-PAGE in a 6 M Urea-10 % polyacrylamide gel.   

Proteins were transferred to Hybond-C nitrocellulose membrane (Amersham) and 

probed with C8 or DV-012 primary antibodies.  Goat anti-mouse-Alexa Fluor 680 

antibody (Invitrogen) or donkey anti-sheep Alexa Fluor 680 antibody (Invitrogen) were 

used as secondary antibodies, respectively, then the membranes were visualised using the 

Odyssey infrared imaging system (LI-COR Biosciences). 

2.2.1.10 Luciferase reporter assay of cell-to-cell fusion for HIV-1 constructs 

293T effector cells (500,000 cells per well of a 12-well culture plate) were 

cotransfected with WT and mutated pTMenv and pCAG-T7 plasmids.  BHK21 target cells 

(250,000 cells per well of a 12-well culture plate) were cotransfected with pT4luc (Maerz 

et al., 2001) and pc.CXCR4 (Deng et al., 1996). At 24 h post-transfection, targets and 

effectors were each resuspended in 1 ml of complete medium; targets (100 µl) were co-

cultured with effectors (100 µl) in a 96-well flat-bottomed plate (BD Bioscience, USA) for 

a further 18 h at 37 °C. The cells were assayed for luciferase activity using the Promega 

SteadyGlo reagent (Promega) according to the manufacturer‟s instructions. 293T cells 

cotransfected with pTM.1 and pCAG-T7 were used as negative controls to determine the 

background level of the luciferase activity.   
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2.2.1.11 Expression and purification of MBP/gp41 chimera 

An E. coli strain BL21(DE3) colony transformed with each of the MBP/gp41 

expression plasmids was grown in 100 ml TB at 37 °C for 24 h with agitation. The 100 ml 

cultures were then used to inoculate 900 ml of TB, which was incubated at 37 °C until the 

OD600 reached between 1.8-2.  The MBP/gp41 chimeras were induced at room temperature 

using 0.2 mM IPTG (Sigma-Aldrich) and incubated for a further 18 hrs.  The cells were 

pelleted by centrifugation (18,000 x g for 1 h, 4 °C), lysed by sonication in 100ml ice-cold 

MES buffer [100 mM 2-N-morpholino ethanesulfonic acid (MES), pH 5, 300 mM NaCl, 

and 1 mM EDTA], and finally clarified by centrifugation (1 h, 20,000 x g, 4°C).  The 

MBP/gp41 chimeras were affinity-purified using amylose–agarose according to the 

manufacturer‟s instructions (New England Biolabs) and as detailed in section 2.1.7. The 

protein-positive fractions were pooled and filtered through a 22 µm filter and then further 

purified by gel filtration using a Superdex 200 (HiLoad 26/60) column equilibrated in 

MES buffer and attached to an AKTA-FPLC system (Lay et al., 2004).  Fractions 

corresponding to trimeric protein were pooled and concentrated by centrifugation at 4,800 

x g in Ultracel 30 centrifugal columns (Amicon Ultra, Millipore Corporation). The 

concentrations of MBP/gp41 samples were quantified at 280 nm using a spectrophotometer 

ND-1000 (NanoDrop). Protein samples were subjected to SDS-PAGE in 10-16 % tricine 

gels and stained with Coomassie brilliant blue following the same procedures in section 

2.1.8. 

2.2.1.12  Crosslinking of MBP/gp41 oligomers using homobifunctional Cys-reactive 

crosslinkers (BMOE and BMH) 

The thiol-reactive crosslinkers used in this study were BMOE, bis(maleimido)ethane (8 Å 

spacer between thiol-reactive groups) and BMH, bis(maleimido)hexane (13 Å spacer) 

(Thermo Scientific, USA). Chimeric MBP/gp41 proteins in PBS containing 200 mM 
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imidazole pH 7.2 were treated with 4 mM BMOE or BMH for 1 h at room temperature. 

The reaction was quenched with 30 mM DTT for 15 minutes at room temperature prior to 

SDS-PAGE in 10–16% polyacrylamide gradient gels as mentioned in section 2.1.8. The 

protein bands were visualized following staining with Coomassie brilliant blue and 

scanning in a LI-COR Odyssey infrared imager (LI-COR Biosciences). 

2.2.2 Forced sequence evolution of pAD8 mutants 

2.2.2.1 Cells 

293T and BHK21 cells were cultured as described, above.  U87.CD4.CCR5 cells 

were obtained from the NIH AIDS Research and Reference Reagent Program from H. 

Deng and D. Littman (Bjorndal et al., 1997). These cells were maintained in DMEM-15 

(15 % (v/v) HI-FCS) and supplemented with 300 μg/ml G418 and 100 μg/ml puromycin 

(Sigma-Aldrich).  The cells were incubated at 37 ˚C in a humidified incubator with 5 % 

CO2.  

2.2.2.2 Plasmids 

pCDNA3.1-AD8env is a CMV promoter driven HIV-1AD8 Env expression vector 

(Poumbourios et al., 2003).  pΔKAD8env was derived by religation of the end-filled HindIII 

and EcoRI sites of pCDNA3.1-AD8env to remove a KpnI site from the vector multicloning 

site (Figure 2.3).  The pAD8 proviral clone was obtained from K. Peden (Theodore et al., 

1996).  The pNL4.3.Luc.R¯E¯ reporter vector was obtained from the AIDS Research and 

Reference Reagent Program from N. Landau (Deng et al., 1996).  pc.CCR5 vector 

expresses the CCR5 co-receptor from a CMV promoter, and was obtained through the 

AIDS Research and Reference Reagent Program from N. Landau (Deng et al., 1996).  The 

plasmids pCAG-T7, pT4luc and pCDNA3.1 were also used in this part of the study.  
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Figure 2.3 pΔKAD8env  expression vector 

 
 This vector was used as a backbone for the ligation of Full-length env gene fragments which were 

generated by PCR amplification of genomic DNA extracted from the infected cells. The PCR 

products generated were subjected to electrophoresis and then purified using QIAEX II Gel 

Extraction Kit.  The eluted DNA was then restricted with KpnI and XbaI and ligated into the 

corresponding restriction sites in pΔKAD8env. 
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2.2.2.3 Antibodies 

Immunoglobulin G number 14 (IgG 14) was purified from the plasma of a HIV-1 

positive individual using protein A-Sepharose (Amersham Biosciences).  Monoclonal 

antibody C8 (against gp41) and polyclonal DV-012 antibody (against gp120) were used 

also.  

2.2.2.4 Preparation of W596L.K601D HIV-1AD8 Env mutants 

The pcDNA3.1-AD8env and pAD8 W596L.K601D mutants were obtained from 

Dr. P. Poumbourios.  Briefly, the W596L.K601D double mutation was initially introduced 

to pcDNA3.1-AD8env by overlap-extension PCR using the overlapping forward primers: 

5'-CTCGGTTGCTCTGGAGATCTCATCTGCACCAC (AD8.18/1A overlap1) and 5'-

CAGCTCCTGGGGATTCTCGGTTGCTCTGGAGATC (AD8.18/1A overlap2), and the 

reverse primer, 5'-AATCCCCAGGAGCTGTTG (BH8.15).  The sequences of mutant 

clones were verified by the ABI Prism BigDye terminator DNA sequencing system.  The 

mutagenized DNA fragment bounded by EcoRI and BfuA1 restriction sites was then 

ligated to the corresponding restriction sites within pAD8 to produce the W596L.K601D 

doubly mutated proviral clone.  The veracity of proviral clones was confirmed by 

restriction analysis (HindIII, EcoRI plus BglI) and DNA sequencing. 

2.2.2.5 Protein composition of virions 

293T cells were plated at 350,000 cells per well of a 6-well culture plate (NUNC, 

Denmark).  The cells were then transfected with 1 μg of pAD8 per well (6 wells per 

construct) using FuGENE HD (Roche, Switzerland).  At 72 h post transfection, culture 

supernatants were filtered through 0.45 μm nitrocellulose filters (Sartorius Stedim Biotech, 

Germany) and virions pelleted through a 1.5 ml 25% (w/v) sucrose/PBS cushion in a 

Beckman ultracentrifuge (SW41 Ti rotor, 2.5 h, 25,000 rpm, 4 ˚C).  Virus pellets were then 
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resuspended in 50 μl SDS-PAGE sample buffer [10% (w/v) SDS, 250 mM Tris-HCl pH 

6.8, 0.5 % (w/v) bromophenol blue, 25 % (v/v) glycerol, 3 % (v/v) β-mercaptoethanol] and 

subjected to reducing SDS-PAGE in 7.5-15% polyacrylamide gradient gels.  The proteins 

were transferred to Hybond-C nitrocellulose membrane (Amersham, England) and probed 

with IgG 14 primary antibody.  The immunoblots were developed with IRDye 800CW-

conjugated rabbit anti human Ig (Rockland, USA) and scanned using Odyssey infrared 

imaging system (LI-COR Biosciences). 

2.2.2.6 Generation of the VSV G pseudotyped HIV-1AD8 virions:  

293T cells were plated at 350,000 cells per well of a 6-well culture plate (NUNC, 

Denmark).  The cells were then transfected with 0.75 μg of pAD8 and 0.25 μg of pHEF-

VSVG (obtained from the NIH AIDS Research and Reference Reagent Program (Chang et 

al., 1999)) per well (6 wells per construct) using FuGENE HD (Roche, Switzerland).  At 

72 h post transfection, culture supernatants were filtered through 0.45 μm nitrocellulose 

filters (Sartorius Stedim Biotech, Germany). Virus produced in 293T cells was normalised 

for RT activity and used to infect U87.CD4.CCR5 cells. 

2.2.2.7 RT assay 

The amount of virus present in cell culture supernatants was determined by 

measuring virion associated RT activity using a modified RT assay (Willey et al., 1988).  

Briefly, 10 μl of culture supernatant was mixed with an equal volume of 0.3 % NP-40 

(Nonyl phenoxypolyethoxylethanol) and combined with 40 μl of RT reaction mix [5 mM 

MgCl2, 2 mM DTT, 50 mM Tris-HCl (pH 7.8), 7.5 mM KCl, 5 μg/ml poly(rA)-(dT) 

(Amersham Biosciences, UK) and 0.5 μCi [
33

P]-dTTP (Perkin Elmer, USA)], in a 96 well 

round bottom microtitre plate (Sarstedt, USA).  Following incubation for 3 h at 37 °C, 6 μl 

of the reaction mixture was spotted onto DE81 ion-exchange paper (Whatman, UK) and air 

-dried. The paper was then washed 5 times in double strength sodium chloride-sodium 
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citrate (SSC) buffer [0.3 M sodium citrate (pH 7), 0.03 M NaCl] (BIO-RAD, USA) and 

twice in 95 % (v/v) ethanol to remove unincorporated [
33

P]-dTTP.  Meltilex scintilant 

(Wallac, Finland) was applied to the paper and RT activity was determined by the level of 

[
33

P]-dTTP bound to the DE81 filter, using a 1450 Microbeta Plus liquid scintillation 

counter (Wallac, Finland). The data were expressed as the average counts per minute 

(cpm) of three replicates. 

2.2.2.8 14-Day Replication assay 

U87.CD4.CCR5 cells (1 x 10
5
 per well of a 96-well flat bottomed plate [BD 

Bioscience, USA]) were infected with equivalent amounts of WT and HIV-1AD8 mutants 

(according to RT activity) starting with neat virus stock (400,000 cpm) in the top row (A) 

of the plate.  Serial 10-fold dilutions were performed until a 10
-7 

dilution was reached in 

the bottom row (H).  Half of the supernatant volume was replaced with fresh DMEM-15 

(half-media change) at 3, 7 and 10 days post infection, and RT assay was done for all viral 

supernatants according to the protocol in section 2.2.2.7. 

2.2.2.9 Sequential passage of cell-free W596L/K601D virus in U87.CD4.CCR5 

U87.CD4.CCR5 cells (1 x 10
6
) in a 25 cm

2
 culture flasks (BD Bioscience, USA) 

were infected with equivalent amounts of WT and W596L/601D-mutated HIV-1AD8 

mutants (according to RT activity) in parallel and maintained in culture for 10 days.  Half-

media changes were done at days 3, 7 and 10, and virus-containing supernatants were 

stored at -80 ˚C.  At day 10, the culture supernatants were filtered (0.45 μm pore size) and 

normalized according to RT activity prior to the next passage (5 passages in total). At the 

end of each passage (day 10) the cells were dislodged using trypsin-versene solution [1% 

(w/v) trypsin, 0.2 g/L EDTA], and then pelleted at 10,000 x g for 1 minute prior to storage 

at -80 ˚C. 
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2.2.2.10 Construction of pΔKAD8 Env revertants 

2.2.2.10.1 Isolation of genomic DNA from viral infected cells 

Genomic DNA was isolated from U87.CD4.CCR5 cells harvested at the end of each 

passage using DNeasy Blood & Tissue Kit (QIAGEN, Germany) according to the 

manufacturer‟s instructions.   

2.2.2.10.2 PCR amplification of full-length HIV-1AD8 env from infected cells 

Full-length env gene fragments were generated by PCR amplification of genomic 

DNA extracted from the infected cells, using Expand High Fidelity Enzyme (Roche, 

Switzerland).  The primers used were 5'-AGAAAGAGCAGAAGACAGTGGCAATGA 

(Env1Bf, forward primer and 5'-

CCCTTTCTAGAGGCCATCCAGCCATACTACGTTTTGACCACTTGC 

(AD8TAAXbaR, reverse primer).  A 50 μl PCR reaction mixture contained 2 μl of 

template DNA, 5 μl 10x reaction buffer, 1 μl 10 mM dNTP mix, 1 μl of each primer at 10 

μM, and 3.5 units Expand enzyme.  The PCR cycling conditions were as follows: initial 

denaturation at 94 ˚C for 2 min; 34 cycles of 94 ˚C for 30 sec, 60 ˚C for 30 sec, 72 °C for 2 

min; a final extension step at 72 ˚C for 7 min.  PCR reactions were carried out using the 

Peltier PTC-200 Thermal Cycler (MJ Research, USA).  PCR products were analysed by 

electrophoresis in 0.8% (w/v) agarose-TAE (40 mM Tris-acetate, 1 mM EDTA, pH 8.3) 

gels containing SYBR Safe (Invitrogen). 

2.2.2.10.3 Cloning of PCR-amplified env DNA 

The PCR products generated in section 2.2.2.10.2 were subjected to 

electrophoresis in 0.8 % agarose gels and then purified using QIAEX II Gel Extraction Kit 

(QIAGEN, Germany) according to the manufacturer‟s instructions.  The eluted DNA was 

then restricted with KpnI and XbaI and ligated into the corresponding restriction sites in 

pΔKAD8env (Figure 2.3).  The entire env region was sequenced using the ABI BigDye 
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terminator system and the primers:  Env1Bf, 5'-

AGAAAGAGCAGAAGACAGTGGCAATGA (forward), Forwarduniseq, 5'-

GTCAGCACAGTACAATGTACACATGG (forward), Tailseqf, 5'-

GTCATTTCAGACCCACCTCCC and REKRf 5'-

CCCACCAAGGCAAAGAGAAGAGTGGTGC (forward).  The sequences were analysed 

using the Vector NTI software package (Invitrogen).  Transfection-quality DNA 

corresponding to clones that were of interest was produced using a QIAGEN Plasmid Midi 

kit as recommended by the manufacturer. 

2.2.2.11 Luciferase reporter assay of cell-cell fusion 

These assays were performed as described in section 2.2.1.10 except that BHK targets 

were transfected with pc.CCR5 instead of pc.CXCR4.  

 

2.2.2.12 Single cycle entry assay 

Single cycle entry assays were conducted as described (Bellamy-McIntyre et al., 

2007). Briefly, Env-pseudotyped luciferase reporter viruses were produced by co-

transfecting 293T cells with pΔKAD8env vectors plus the luciferase reporter virus vector, 

pNL4.3.Luc.RˉEˉ using FuGENE 6.  At 48 h posttransfection, the virus containing 

supernatants were filtered through a 0.45 m nitrocellulose filter prior to addition to 

U87.CD4.CCR5 target cells.  At 48 h post infection, the cells were washed once with PBS 

prior to lysis and assay for luciferase using the Promega Luciferase Assay System. 
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Chapter 3:  Probing the Structure of the gp21 Glycoprotein of 

HTLV-1 Using Cysteine Replacement Mutagenesis  
 

3.1 Aim 

To determine if structural changes occurring in gp21 of HTLV-1 during activation 

can be modelled on those observed for the Ebola virus (EBOV) homologue, GP2, using 

Cys replacement mutagenesis. 

3.2 Introduction 

 Human T cell leukemia virus type 1 is a retrovirus with a wide geographic 

distribution associated with tropical spastic paraparesis (Osame et al., 1986) and adult T 

cell leukemia (Poiesz et al., 1980). Unlike other retroviruses, cell-free virions are non-

infectious, therefore HTLV-1 transmission is believed to occur between infected and 

uninfected cells across a virological synapse (Fan et al., 1992; Donegan et al., 1994; 

Igakura et al., 2003; Jolly and Sattentau, 2004). The HTLV-1 Env is initially synthesised 

as a polyprotein precursor, gp62, which is cleaved to yield a receptor-binding surface-

exposed subunit (SU), gp46, and a noncovalently associated TM, gp21 (Pique et al., 1992). 

The binding of gp46 to the cellular receptors, glucose transporter protein I and neurophilin-

1 (Manel et al., 2003; Ghez et al., 2006), is believed to lead to conformational changes that 

trigger the reduction of a labile disulfide formed between SU and TM (Li et al., 2008), and 

the refolding of gp21 into a fusion-active trimer of hairpins that involves the antiparallel 

packing of the C-terminal ectodomain segment onto the coiled coil (Kobe et al., 1999). 

The ectodomain of class I fusion glycoproteins, including that of retrovirus TMs, 

exhibits a common organization of structural/functional elements including the N-terminal 

FP or N-terminally-located fusion loop that is linked to HR1, a structurally variable 

segment or domain, the HR2, and the C-terminal TMD. X-ray crystallography of EBOV 

GP2 has revealed that HR1 of prefusion GP2 comprises 4 segments: a short trimeric coiled 
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coil formed by the C-terminal HR1D helix, which is connected to the N-terminal helical 

segments, HR1A and HR1B, via a random coil, HR1C (Figure 3.1A) (Lee et al., 2008).  In 

the fusion-activated or postfusion trimer of hairpins structure, HR1A, B and C form a 

continuous helical extension of the HR1D coiled coil (Malashkevich et al., 1999; 

Weissenhorn et al., 1998b), directing the fusion loop towards the target cellular membrane 

for insertion, and forming 3 hydrophobic grooves along the length of the coiled coil for the 

antiparallel packing of HR2 (Figure 3.1B). 

 The EBOV GP2 trimer of hairpins is strikingly similar to HTLV-1 gp21 (Figure 

3.1C), the superpositioning of the 2 structures yielding a root mean square deviation of 1.8 

Å for -carbons within the coiled coil-CX6CC-C-terminl region core (Kobe et al., 1999; 

Malashkevich et al., 1999; Poumbourios et al., 1999; Weissenhorn et al., 1998a). In these 

proteins, the CX6CC motif forms a region of chain reversal at the base of the central coiled 

coil, while the C-terminal region packs against the coiled coil in an antiparallel orientation 

as a coil-helix-coil or "leash."  By comparison, the structure of the gp41 trimer of hairpins 

has diverged from GP2 and gp21.  While the structures of the GP2, gp21 and gp41 coiled 

coils are similar, the chain reversal region of gp41 is not observed in the available 3D 

structures due to disorder, and the antiparallel C-terminal region is completely α-helical 

(Yang et al., 1999; Caffrey et al., 1998; Weissenhorn et al., 1997a; Chan et al., 1997). The 

structural similarities between GP2 and gp21 and to a lesser degree gp41, led us to ask 

whether the structural activation mechanism of EBOV GP2 could be used to model 

retroviral TM protein activation. 

The idea that the activation of retroviral TM proteins involves the N-terminal 

helical extension of a pre-existing trimeric coiled coil, as is the case for filoviruses, 

orthomyxoviruses and paramyxoviruses, is controversial due to the lack of 3D structural 

information for the prefusion form of TM.  Current retroviral fusion activation models are  
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Figure 3.1 Conservation of the postfusion structure among the EBOV GP2 and gp21 of 

HTLV-1 

 

(A) The GP2 prefusion structure of EBOV is comprised of four segments: three helical (HR1A, 

HR1B and HR1D) and the fourth segment has a loop structure (HR1C). Note that Serine 583 

represents the most N-terminal residue in HR1D segment (PDB entry 3CSY). ( B) Upon activation 

by low pH and cathepsins a series of conformational changes lead to the formation of the fusion-

activated structure of GP2, the trimer of hairpins.  A loop-to-helix transition by HR1C causes the 

central coiled coil to become extended in an N-terminal direction (PDB entry 1EBO). (C) The trimer 

of hairpins structures of GP2 and gp21 (PDB entry 1MG1) are very similar. Alanine 375 in gp21 is 

equivalent to Ser-583 in GP2.  Figures drawn with Pymol. 
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based on early biochemical studies of HIV-1 gp41.  The prevailing model is based on the 

initial studies of Wild et al. who proposed that the N-terminal HR1 sequences are not 

associated in the prefusion conformation but assemble into a coiled coil following receptor 

activation (Wild et al., 1994).  This model stems from the findings that the degree of 

helical structural disruption by substitutions in the central a position (Ile-573) of the HR1 

correlated with the inhibition of fusion function, whereas precursor oligomerization was 

not affected by the same mutations.  By contrast, alternative mutagenesis approaches 

indicated that the HR1 of gp41, and the hydrophobic heptad repeat therein, are critical 

determinants of Env oligomer formation (Poumbourios et al., 1995; Poumbourios et al., 

1997; Center et al., 1997). These data favour an alternative activation model for 

retroviruses that is analogous to that of EBOV with a preformed coiled coil within the 

prefusion TM that is extended towards the target membrane following activation.   

In this chapter, I piloted a cysteine replacement mutagenesis approach to ask 

whether a coiled coil is present in the prefusion form of gp21, using the structurally 

homologous EBOV GP2 as a guide.  We reasoned that the introduction of a cysteine to an 

a or d position within HR1 of gp21 should reveal the presence of a coiled coil in the 

prefusion trimer by forming an interchain disulfide, provided that the -carbons of the 

introduced Cys residues are within 5.28 Å of each other (Reiter et al., 1995; Sowdhamini 

et al., 1989). Disulfide formation is indicated by the presence of a gp21 dimer in 

nonreducing SDS-PAGE.   

A close inspection of prefusion EBOV GP2 showed that Ser-583 occupies an a 

position and represents the most N-terminal residue of the HR1D coiled coil (Figs. 3.1A; 

3.2).  Sequence and structural alignments of the GP2 and gp21 trimer of hairpins indicated 

that Ala-375 of gp21 is the structural equivalent of Ser-583 in a trimer of hairpins context.  

In a trimeric context, the -carbon of Ala-375 is within 5.6 Å of the corresponding atom of  
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Figure 3.2 Alignment of retroviral TM protein sequences with EBOV GP2  

 

The HR1 residues occupying a and d positions are highlighted with purple boxes. Serine-583 in 

EBOV GP2 and Ala-375 of HTLV-1 gp21 that was substituted with cysteine occupy analogous a 

positions.  Fusion peptide or loop sequences are shown in red.  Sequences predicted or shown to 

have α-helical structure are indicated by black boxes. Residues in the “a” and “d” positions of the 

heptad repeat are highlighted in magenta, and residues involved in irregular packing of the coiled 

coil are highlighted in yellow. In the chain-reversal region, acidic residues are highlighted in red, 

basic residues are highlighted in blue, hydrophobic residues involved in the formation of the 

hydrophobic core are highlighted in cyan, and glycines are highlighted in gray. Cysteines are 

highlighted in olive. The wheel below shows the heptad repeat in which the “a” and “d” positioned 

residues face inwards towards the trimeric axis. The figure was modified from (Poumbourios et al., 

1999). 
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an adjacent protomer and its small nonpolar side chain is associated with a small cavity in 

the core of the gp21 coiled coil.  This residue therefore represents a good target for 

substitution with the small polar residue, Cys.  By contrast, the remaining a and d positions 

of HR1 are occupied by the branched hydrophobic residues Leu and Ile, which form close 

knob-into-holes packing interactions, and the larger polar residues Asn-364 and Asn-378, 

which coordinate Cl
-
 ions in the coiled coil core (Kobe et al., 1999).  Molecular modelling 

suggests that Cys substitutions at these positions will disrupt such interactions due to 

cavity formation.  The A375C mutation was therefore introduced into pCELT.1, which 

expresses fusion-competent HTLV-1 gp46.gp21, to determine whether an interchain 

disulfide could be mediated via the HR1 cysteine.  The data indicate quantitative 

intermonomer disulfide formation for gp21-A375C consistent with the presence of a coiled 

coil in the prefusion TM. 
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3.3 Results 

3.3.1 Prefusion model of HTLV-1 

3.3.1.1 Expression and processing of gp62 protein 

The pCELT.1 plasmid expresses the precursor protein gp62 which is further 

cleaved by cellular proteases to the SU, gp46, and TM, gp21; gp21 contains a C-terminal 

epitope tag that is recognised by mAb C8 (Maerz et al., 2001; Lee et al., 1984). It was first 

necessary to establish that the cysteine mutant is expressed and processed at wild-type 

levels.  The WT and A375C Env-expressing plasmids were transfected into 293T cells and 

the cell lysates were harvested according to the protocol in section 2.1.5; an empty vector 

(pCDNA3.1) was also included as a control. The mouse mAbs, 67/5.5.13.1 (directed to 

gp46) and C8 (directed to gp21), were used in a western blot under reducing conditions 

(100 mM DTT) to detect the gp62 precursor and the cleavage products gp46 and gp21 

respectively.  Figure 3.3A & B shows that that the presence of the cysteine did not affect 

gp62 expression and processing to gp46 and gp21, as wild-type-equivalent levels of these 

species were observed for A375C.  The antibody specificity was demonstrated by the 

absence of protein bands in the mock (pCDNA3.1) transfection.   

Having confirmed that A375C was successfully expressed in 293T cells, we next 

tested whether this construct was able to mediate membrane fusion.  Wild type, A375C and 

the fusion incompetent mutant, G390P (Maerz et al., 2000) were cotransfected with the 

luciferase-reporter construct pT4luc (Maerz et al., 2001) into 293T cells, while HeLa 

targets were transfected with the bacteriophage T7 RNA polymerase expression vector, 

pCAG-T7.  At 24 h posttransfection, effectors and targets were cocultured for a further 18 

h to enable fusion and expression of the luciferase reporter.  Reporter gene induction 

requires the formation and expansion of a fusion pore to enable the T7 polymerase to 

access the T7 promoter, which controls luciferase expression.  Figure 3.3C shows  
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Figure 3.3 Expression, processing and fusion activity of A375C   

 
293T cells were transfected with WT and A375C-mutated pCELT.1 vectors or the pCDNA3.1 

vector control (No Env).  At 48 h posttransfection, the cells were lysed subjected to SDS-PAGE and 

Western blot with (A) mAb C8, directed to the epitope tag at the C-terminus of gp21 or (B) mAb 

67/5.5.13.1 directed to gp46.  The data are representative of two independent experiments.  (C)  

Cell-cell fusion assay.  293T effector cells were contransfected with pCAG-T7 and WT or mutated 

pCELT.1 vectors, while HeLa targets were transfected with the luciferase reporter plasmid, pT4luc.  

The effectors and targets were cocultured for 24 h prior to lysis and luciferase assay.  The data 

represent the mean relative light units (RLU) ± standard error from 3 independent experiments.  *, 

P < 0.05; 2-sample t-test assuming unequal variances. 
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substantial fusion activity for WT with an ~ 30 % reduction in activity for A375C (P < 

0.05, 2 sample t-test assuming unequal variances).  By contrast, G390P lacked detectable 

fusion activity above the empty vector (pCDNA3.1) control.  Overall, these data indicate 

that the A375C mutant folds into a membrane fusion-competent structure. 

3.3.1.2 DTT titration and quantification of dimer bands in pCELTA375C  

The A375C-mutated Env was expressed and processed successfully to gp46 and 

gp21 and able to mediate fusion.  The next step was to determine whether Cys-375 could 

form an interchain disulfide bond.  293T cells expressing WT and A375C Envs were lysed 

in the presence of the alkylating agent, iodoacetamide to limit the possibility of postlysis 

thiol isomerization by free sulhydryls.  The alkylated lysates were boiled in the presence of 

different concentrations of DTT and then electrophoresed in SDS-12 % polyacrylamide 

gels.  gp21 monomers and dimers were detected with mAb C8 in a western blot (Center et 

al., 1998).  Two prominent bands corresponding to epitope-tagged gp62 and gp21 were 

observed for the WT at all DTT concentrations, whereas an additional ~ 48 kDa band was 

observed for A375C, a molecular weight that closely approximates that expected for the 

epitope-tagged gp21 dimer (~ 24,500 Da per monomer) (Figure 3.4).  The intensity of the 

putative dimer band corresponded to ~ 55 % of total gp21 at 0 mM DTT.  Step-wise 

decreases in dimer band intensity concomitant with increases in monomer band intensity 

were observed with increasing DTT, consistent with disulfide-mediated dimerization of 

gp21 via Cys-375 (Figure 3.4).  These findings suggest that the cysteines at position 375 

within the trimeric coiled coil are close enough to form a disulfide bond.  The percentage 

dimer observed at 0 mM DTT was close to the expected value of 66% if in every trimer 

two out of three cysteines formed a disulfide while the third is left free.  Thus disulfide 

formation is highly efficient in this context.  The data are consistent with a coiled coil 

being present in the prefusion conformation of gp21.  
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Figure 3.4 Disulfide-mediated dimerization of gp21 via Cys-375   

 
293T cells were transfected with pCELT.1, pCELTA375c or pcDNA3.1 (mock) expression vectors.  At 

48 h post-transfection, the cells were lysed in the presence of 5 mM iodoacetamide, boiled in the 

presence of SDS and various concentrations of DTT prior to SDS-PAGE in 12 % polyacrylamide 

gels. The proteins were visualized by Western blotting with mAb C8 and Alexa Fluor 680-

conjugated goat anti-mouse Ig. The A375C mutant shows a putative dimer band at ~48 kDa 

(gp212), which was reduced gradually with increasing concentration of DDT.  The relative 

intensities of the putative dimer band (gp212) in relation to the total amount of gp21 at the various 

DTT concentrations are presented as percentages below the A375 blot. 
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3.3.2 Postfusion model of HTLV-1 

3.3.2.1 The MBP/gp21 (338-425) chimera acquires trimeric structure 

The 2.5 Å-resolution crystal structure of MBP/gp21(338-425) revealed the fusion-

activated trimer of hairpins conformation of gp21 (Kobe et al., 1999).  We used this 

protein to examine the distance constraints on disulfide formation as the -carbon of Ala-

375 is 5.6 Å away from a corresponding atom of an adjacent protomer, which is 0.3 Å 

outside the optimal disulfide bonding distance. Wild type and A375C-mutated 

MBP/gp21(338-425) chimeras were expressed in E. coli, affinity-purified using amylose–

agarose and the trimers isolated using the AKTA-FPLC Superdex 200 (HiLoad 26/60) 

column equilibrated in S-buffer.  The resultant WT chimera is expected to be trimeric 

(Center et al., 1998), while the effect of the cysteine substitution on the protein profile is 

not known.  The purified MBP/gp21 chimeras were concentrated by centrifugation and 

then 100 μg of each protein was reanalysed by gel filtration using an analytical Superdex 

200 HR (10/30) column. The gel filtration profiles shown in figure 3.5A show that the WT 

and A375C both eluted as trimers (elution time of 28 minutes), indicating that 

MBP/gp21(338-425) is a valid tool for studying the effect of the cysteine substitution on 

the postfusion conformation.  

3.3.2.2 Absence of disulfide links in MBP/gp21 A375C trimer of hairpins 

We next asked whether Cys-375 could form an interchain disulfide in the context 

of the fusion-activated trimer of hairpins conformation. SDS-PAGE analysis of the purified 

MBP/gp21 WT and A375C oligomers in the presence of 3 % β-mercaptoethanol showed a 

single band migrating at ~53 kDa (Figure 3.5B), the expected molecular weight of 

MBP/gp21(338-425).  Predominantly monomeric protein was also observed in the absence 

of β-mercaptoethanol with a low level (< 1 %) of dimeric protein for both WT and A375C 

mutant.  The low level of dimer could be attributed to the free sulfhydryl group 
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Figure 3.5 Gel filtration and SDS-PAGE profiles of MBP/gp21(338-425)-A375C 

 

(A) Gel filtration profiles of MBP/gp21(338-425) (top) and MBP/gp21(338-425)-A375C (bottom). 

The protein samples were analysed by Superdex 200 HR (10/30) gel filtration at a flow rate of 0.5 

ml/min. The peak elution time for WT and A375C is 28 min, which corresponds to trimer. Vo: void 

volume. (B) SDS-PAGE under reducing (+ βME) and non-reducing (- βME) conditions of gp21(338-

425) and MBP/gp21(338-425)-A375C.  A minor dimeric species observed under nonreducing 

conditions is indicated by an asterisk.  Its presence does not correlate with the introduction of Cys-

375 to the gp21 coiled coil.  The lower asterisk marks a nonspecific protein that persists despite the 

purification procedure.  
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of Cys-401 or residual oligomer that resists disruption by the SDS (Center et al., 1998; 

Kobe et al., 1999).  The presence of Cys-375 did not result in quantitative disulfide 

stabilization of dimer, in contrast to the results obtained with prefusion gp21.  The 

inappropriate distance (more than 5.28 Å) and the structural rigidity of the coiled coil in 

the trimer of hairpins context (Kobe et al., 1999) could be the reason for the lack of pairing 

of the cysteines in the MBP/gp21-A375C chimera. 

3.4 Discussion 

The obvious structural similarities between EBOV GP2 and retroviral TMs in the 

fusion-activated conformation (Kobe et al., 1999; Caffrey et al., 1998; Chan et al., 1997; 

Fass et al., 1996; Malashkevich et al., 1998; Tan et al., 1997; Weissenhorn et al., 1997b) 

prompted us to ask whether the recently elucidated prefusion structure of GP2 (Lee et al., 

2008) can be used to model the prefusion state of its closest retroviral homologue, gp21.  

We piloted the use of Cys-substitution mutagenesis to probe the proximity of HR1 

sequences in the gp21 trimers.  Alanine-375 of gp21 was substituted with cysteine because 

a structure-based alignment indicated that it corresponds to Ser-583 of prefusion EBOV 

GP2, which is the most N-terminal a-position residue of the coiled coil formed by HR1D.  

We observed efficient Cys-375-dependent disulfide-linked stabilization of gp21 dimer, 

which strongly suggests that within the trimer, HR1 segments about residue 375 are in 

close proximity to each other (≤ 5.28 Å for β-carbons).  The gp21 was processed from 

gp62 in 293T cells that in our hands are not permissive for HTLV-1 Env-mediated fusion 

(Poumbourios et al., unpublished data).  Hence, we expect that this form of gp21 is in an 

untriggered or prefusion conformation.  These data support a model whereby the C-

terminal part of the coiled coil up to at least residue 375 is formed in the prefusion 

conformation, and represents the building block for receptor-triggered structural transitions 

that are associated with membrane fusion function.  This model for retroviral TM protein  
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activation is therefore analogous to that formulated for other class I fusion proteins based 

on x-ray crystallographic analysis of pre- and fusion-activated conformations (Wilson et 

al., 1981; Bullough et al., 1994; Lee et al., 2008; Weissenhorn et al., 1998b).  

Inter-monomer disulfide formation was not observed in the MBP/gp21(338-425) 

fusion-activated trimer of hairpins. The most likely reason for this observation is that the 

cysteines at position 375 are too far apart to form a disulfide bond.  This idea is supported 

by the fact that the β-carbon of Ala-375 is 5.6 Å distant from the corresponding atom of an 

adjacent monomer.  Also, being in a central location within the trimer of hairpins, which is 

stabilised by both knob-into-holes packing interactions in the coiled coil interface and 

interactions between the coiled coil and C-terminal leash, the backbone about the cysteines 

might not have sufficient flexibility to enable the thiols to come within range for disulfide 

bond formation (Caffrey et al., 1998).  Our finding that prefusion gp21 can form an 

intermonomer disulfide through Cys-375 suggests that the helices forming the coiled coil 

are closer together at this position when compared to the trimer of hairpins.  

 Unlike other retroviruses, cell-free HTLV-1 virions are poorly-infectious, 

therefore transmission is believed to occur between infected and uninfected cells across a 

virological synapse (Jolly and Sattentau, 2004; Fan et al., 1992; Donegan et al., 1994; 

Igakura et al., 2003). The binding of gp46 to the HTLV-1 entry receptors, glucose 

transporter protein I and neurophilin-1 (Manel et al., 2003; Ghez et al., 2006), is believed 

to lead to conformational changes in SU that trigger the reduction of a labile disulfide 

formed between SU and TM (Li et al., 2008), and the refolding of gp21 into a fusion-

active form.  The data presented here suggest that the conformational changes 

accompanying the fusion function of gp21 are analogous to those observed for EBOV 

GP2.  These changes include the N-terminal helical extension of a coiled coil such that the 

fusion peptide approaches the target cellular membrane for insertion, and the antiparallel 
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packing of the C-terminal leash onto the coiled coil such that the virus and cell membranes 

are apposed for fusion (Kobe et al., 1999).  The implications of these findings for other 

retroviruses such as HIV-1 will be discussed in greater depth in Chapter 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Probing the Conformational States of HIV gp41 Using Cysteine Replacement Mutagenesis 

 

  
Page 77 

 
  

Chapter 4:   Probing the Conformational States of HIV gp41 

Using Cysteine Replacement Mutagenesis 

4.1 Aim 

To determine if structural changes occurring in gp41 of HIV-1 during activation 

can be modelled on those observed for EBOV, GP2 and HTLV-1 gp21. 

4.2 Introduction 

The binding of gp120 to CD4 and a co-receptor, CCR5 and/or CXCR4, leads to a 

conformational change that both exposes and induces rearrangement of gp41 such that it 

moves closer to the target cell and adopts a pre-hairpin intermediate conformation.  It is 

thought that the fusion peptide becomes inserted into the target cell membrane at this stage.  

The antiparallel packing of the HR2 onto the central coiled coil to form the 6-HB brings 

together the cellular and viral membranes and leads to their fusion.  The fusion-activated or 

postfusion structure of gp41 is similar to that of HTLV-1 gp21 (Kobe et al., 1999), EBOV 

GP2 (Weissenhorn et al., 1998b) and influenza virus HA2 (Bullough et al., 1994) with all 

sharing an N-terminal coiled coil, a region of chain reversal, and an antiparallel C-terminal 

segment.  These structural similarities suggest a common membrane fusion mechanism.  

In the previous chapter we modelled the activation mechanism of HLTV-1 gp21 on 

that of the GP2 of EBOV, and found evidence that the C-terminal segment of the gp21 

coiled coil is formed in the prefusion conformation as is the case for the analogous HR1D 

segment in GP2.  This evidence was obtained by substituting a Cys residue into an a 

position of the gp21 coiled coil and demonstrating the formation of a disulfide bond in the 

context of the prefusion conformation.  The overall similarities between gp41, gp21 and 

GP2 fusion-activated trimer of hairpins structures and the positive results achieved with 

HTLV-1 encouraged us to use the same methodology to assess the various conformational 

states of HIV gp41 as they relate to membrane fusion function.   
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Superpositioning of the closely homologous gp21 and GP2 trimer of hairpins 

structures indicated that Ala-375 of gp21 was a good target for Cys replacement because it 

corresponds to Ser-583, the N-terminal a-position residue of the HR1D coiled coil in 

prefusion GP2.  However, it was not possible to identify a Ser-583 homolog in gp41 for 

Cys replacement mutagenesis because the structure of the gp41 trimer of hairpins has 

diverged from gp21 and GP2.  Cysteines were therefore substituted into 6 a or d positions 

occupied by hydrophilic residues (Ser-534, Thr/Ser-538, Ala-541, Gln-552, Gln-562 and 

Thr-569) along the length of the gp41 polar segment and HR1 (Figure 4.1).  Interprotomer 

disulfide formation was examined in 2 expression systems: 1) A bacteriophage T7 

promoter-driven HIV-1BH8 Env expression vector, pTMenv.2.  The cotransfection of 

mammalian cells with pTMenv.2 together with a T7 polymerase expression vector (pCAG-

T7) leads to the expression of functional gp120-gp41 complex.  The outward-facing b-

position hydrophilic residue (Gln-567) was substituted with Cys to control for a- and d-

position-independent disulfide formation.  2) An E. coli-based system that expresses the 

HIV-2ST gp41 ectodomain (minus the fusion peptide) in the low energy trimer of hairpins 

conformation as a chimera with MBP (MBP/gp41[528-L-677]).  In this case, the outward-

facing f-position residue, Thr-536, was substituted with Cys as the control. 

The fusion competent mutant, T569C, was able to form an inter-protomer 

disulfide in gp160-derived gp41, indicating that the C-terminal segment of the coiled coil 

is likely to be formed prior to receptor-induced activation, as is the case with EBOV GP2 

and HTLV-1 gp21.  By contrast, the Cys-569-mediated disulfide was not formed in 

MBP/gp41(528-L-666) consistent with an inter-Cβ distance of 5.4 Å for this position, 

which is greater than the optimal separation required for disulfide bonding of 5.28 Å.  

Instead, interprotomer disulfide linkages were formed following a S538C mutation in the 

polar segment of the MBP/gp41(528-L-677) trimer of hairpins model and also in a model  
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Figure 4.1 Conservation of the postfusion structure among the Ebola virus GP2, gp21 of 

HTLV-1 and gp41 of HIV-1 

 
Ser-534, Thr-538, Ala-541, Gln-552, Gln-562 and Thr-569 represent the Cys substituted residues 

in gp41 coiled coil. 
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 of the gp41 prehairpin intermediate, MBP/gp41(528-591)
AD.ST

.  The data suggest that the 

C-terminal segment of HR1 forms a coiled coil in prefusion gp41. Activation results in the 

propagation of helical structure in an N-terminal direction to include the polar segment, 

prior to formation of the 6-HB.   

4.3 Results 

4.3.1 gp160-derived gp41: the prefusion conformation 

4.3.1.1 Cysteine scanning mutagenesis of gp41 

 An alignment of gp41 polar segment-HR1 sequences derived from HIV-1, HIV-2 

and selected nonhuman primate immunodeficiency viruses is shown in figure 4.2A.  

Conserved hydrophilic residues present in a or d positions of the heptad repeat that were 

selected for substitution with cysteine are highlighted in green. The small hydrophobic 

sidechain of Ala-541 was also targeted. We avoided changing a- and d-position 

hydrophobic residues as they are involved in knob-into-holes packing interactions and 

cavities introduced at these sites lead to loss of function (Poumbourios et al., 1997).  The 

structure of the coiled coil formed by the polar segment-HR1 helices present in the gp41 

trimer of hairpins (PDB ID 2X7R), the a- and d-position residues targeted with Cys 

substitutions and interprotomer distances between β-carbons are shown in figure 4.2B.  

Note that in the gp41 trimer of hairpins, the interprotomer distance between Cβ atoms of 

residues selected for Cys substitution are larger than 5.28 Å, which is optimal for disulfide-

bonding with 10.8 Å for Ser-534, 9.8 Å for Thr-538, 8.4 Å for Ala-541, 7.0 Å for Gln-552, 

6.2 Å for Gln-562 and 5.4 Å for Thr-569 (Figure 4.2B). 

4.3.1.2 Expression and processing of Cys-substituted Env glycoproteins 

The mutations were initially introduced into the pTMenv.2 plasmid.  This plasmid 

directs expression of the precursor protein gp160, which is transported to the Golgi 
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Figure 4.2 Cysteine substitution locations in the polar segment-HR1 coiled coil of gp41 

(A) Alignment of gp41 polar segment-HR1 amino acid sequences. The BH8 and HIV-2ST 

sequences are the main concern of this study. The yellow segment represents the fusion peptide 

while the green and magenta regions represent the polar segment and HR1 respectively. The 

numbers show the sites where the cysteine mutations were introduced. (B) The polar segment-

HR1 coiled coil is derived from the Buzon et al. 2010 structure (PDB entry 2X7R).  It is colorcoded 

according to B-value.  The color gradient is low = bluegreenyelloworangered = high. 

Below is a table listing heptad position, Cβ-Cβ distances and B-values for the residues mutated.  

The B-values were obtained from the 2X7R coordinates. 
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 complex where it is cleaved by furin into an extracellular glycosylated SU, gp120, and a 

TM, gp41 (Stein and Engleman, 1990; Earl et al., 1991; Willey et al., 1988). It was first 

necessary to establish that the cysteine mutants are expressed and processed to gp120 and 

gp41 at levels similar to the WT.  The WT, S534C, T538C, A541C, Q552C, Q562C and 

T569C Env-expression plasmids were transfected into 293T cells and the Env-containing 

lysates harvested according to the protocol described in section 2.2.1.9; the pTM.1 empty 

vector (No Env) was included as a negative control.  The mouse mAb C8, directed to the 

gp41 cytolasmic tail, and the sheep polyclonal antibody DV012 directed to gp120 were 

used in a western blot to detect the gp160 and the cleavage products gp41 and gp120, 

respectively.  Figure 4.3 shows that the mutated gp160 precursors were expressed and 

processed to gp41 and gp120.  The S534C, T538C and A541C mutants were processed in a 

similar manner to WT, whereas decreased processing was observed for Q552C, Q562C 

and T569C, consistent with slower translocation to the Golgi where processing occurs. The 

absence of protein bands in the mock transfection lanes (pTM.1) demonstrated the band 

specificity.  We note that an ~ 80 kDa species, which corresponds in molecular weight to a 

gp41 dimer, was observed in the T569C lane (asterisk) (Figure 4.3). 

4.3.1.3 Cell-cell fusion activity of Cys substitution mutants 

The next step was to demonstrate that the cysteine mutants are capable of 

mediating membrane fusion.  293T cells coexpressing Env and T7 polymerase were co-

cultured with BHK cells expressing both CD4 and CXCR4, and harbouring a T7 promoter 

driven luciferase reporter.  Cell-cell fusion enables T7 polymerase to transcribe luciferase,  

which can be used to measure fusion activity, as detailed in section 2.2.1.10.  The S534C 

and A541C mutants retained ~ 80 % fusion activity relative to WT, whereas T538C and 

T569C had 40% and 50% fusion activity, respectively (Figure 4.4).  The other two 
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Figure 4.3 Western blot of HIV-1 Env cysteine mutants 

 

Wild type and mutated pTMenv.2 vector-transfected 293T cells were lysed and subjected to 

reducing SDS-PAGE and electrophoretic transfer to nitrocellulose.  The top panel was probed with 

DV012 (directed against gp120) and Alexa fluor 680-conjugated donkey anti-sheep Ig. The bottom 

panel was probed with mAb C8 (directed against the gp41 cytoplasmic tail) and Alexa fluor 680-

conjugated goat anti-mouse Ig. The precursor protein gp160 expression is equal for WT and all 

cysteine mutants but processing to gp120 and gp41 is reduced for Q552C, Q562C and T569C.  

The pTM.1 empty vector was used as a negative control (No Env). The asterisk in the C8 blot may 

represent an incompletely reduced gp41 dimer.  
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Figure 4.4 Cell-cell fusion activity of cysteine mutants 

 

293T effector cells were cotransfected with the T7 polymerase expression vector, pCAG-T7, 

together with pTMenv.2 vectors. BHK21 target cells were cotransfected with pT4luc and 

pc.CXCR4. At 18 h posttransfection, the effectors and targets were mixed and co-cultured for 24 h 

prior to lysis and assay for luciferase activity. Mean relative light units (RLU) ± standard error is 

shown from 3 independent experiments. 
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 mutants, Q552C and Q562C, showed a fusion level equivalent to that of the empty vector 

control.  The Q552C and Q562C mutants were excluded from further analysis because 

their lack of fusion function suggests that they may form non-native structures.  Having 

confirmed that S534C, A541C, T538C and T569C retained significant levels of fusion 

activity, we used these mutants to put our hypothesis to the test by assessing their ability to 

form inter-protomer disulfide bonds in prefusion gp41.  

4.3.1.4 Assessment of interprotomer disulfide formation by gp41 Cys mutants 

The WT and cysteine mutant Env glycoproteins were expressed in 293T cells. 

The clarified cell lysates were then subjected to SDS-PAGE in 10 % polyacrylamide gels 

in the presence and absence of DTT.  The western blot was probed with both mAb C8 

(directed to gp41) and DV012 (directed to gp120). The C8 antibody was used to detect any 

putative dimer formed by the cysteine mutants, whereas DV012 was used as a control to 

confirm that the dimer band (if present) is not simply due to degradation of gp160 or 

gp120.  Under non-reducing conditions, prominent bands corresponding in molecular 

weight to gp160 and gp41 were observed for the WT and all mutants examined (Figure 

4.5A).  An additional ~ 80 kDa band, which corresponds to the predicted molecular weight 

of gp41 dimer, was detected in the T569C lane but not in the WT lane.  The ~ 80 kDa band 

was also observed at trace levels in the S534C, T538C and A541C lanes.  The T569C ~ 80 

kDa band was largely reduced with 100 mM DTT, suggesting that it is a disulfide linked 

dimer of gp41 (Figure 4.5B). Under both nonreducing and reducing conditions, a low level 

of background staining was observed in the vicinity of the ~ 80 kDa band, however these 

species were also present for WT and the other mutants suggesting that they are break- 

down products of gp160.  The use of DV012 in the western blot revealed strong bands 

corresponding to gp160 and gp120 and several faint bands corresponding to degradation 

products of these proteins (Figure 4.5C). Importantly, the DV012 antibody did not detect a 



Probing the Conformational States of HIV gp41 Using Cysteine Replacement Mutagenesis 

 

  
Page 86 

 
  

 

 

 

 

 

 

 

Figure 4.5 SDS-PAGE and western blot of cysteine mutants 

 
Lysates of 293T cells expressing functional cysteine mutants were boiled in the presence of the 

indicated concentrations of DTT and then subjected to SDS-PAGE (10 % polyacrylamide gels) and 

western blotting with mAb C8 (A, B, D) and DV012 (C).  The blots are representative of three 

independent experiments. 
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 prominent T569C-specific ~ 80 kDa band, indicating that the ~ 80 kDa species detected 

by mAb C8 under non-reducing conditions is likely to be a disulfide linked dimer of gp41 

mediated through Cys-569.  Finally, we found that 0.5 mM DTT was sufficient to reduce 

the trace amounts of ~ 80 kDa species observed for S534C, T538C and A541C under non-

reducing conditions, whereas the T569C-specific ~ 80 kDa species was not affected by the 

low concentration of reducing agent (Figure 4.5D). These data suggest that the ~ 80 kDa 

species observed for S534C, T538C and A541C is due to the inefficient formation of a 

tenuous disulfide that can be reduced by a low concentration of reducing agent.  By 

contrast, disulfide formation by Cys-569 appears to be efficient and robust because it 

appears to be partially resistant to reduction even at 100 mM DTT. 

4.3.1.5. Reduction of the Cys-569-mediated interprotomer disulfide requires the 

presence of urea 

The 80 kDa band observed for T569C was not completely reduced following boiling in the 

presence of 100 mM DTT and 2 % SDS.  We reasoned that the persistence of this species 

could be due to the maintenance of residual α-helical 2° structure and therefore quaternary 

structure in the vicinity of Cys-569 that may enable oscillation between reduced and 

oxidized states in the presence of DTT.  To test this idea, we treated the WT-, T569C- and 

empty vector-transfected 293T cell lysates with increasing DTT concentrations (0, 0.5, 5, 

25 and 100 mM) and 2 M urea, a strong protein denaturant, prior to electrophoresis in 

SDS-polyacrylamide gels containing 6 M urea.  For these experiments, the transfected 

293T cells were lysed in the presence of 5 mM iodoacetamide in order to inhibit post-lysis 

thiol-disulfide exchange reactions mediated by free sulfhydryl groups.  For T569C, the ~ 

80 kDa putative gp41 dimer band accounted for ~ 60 – 70 % of total gp41 with 0, and 0.5 

mM DTT, whereas stepwise reductions in band intensity with 5 and 25 mM DTT and a 

virtual absence of this band with 100 mM DTT were observed (Figure 4.6).  The stepwise  
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Figure 4.6  SDS-PAGE of cysteine mutants in the presence of urea 

 

293T cells, cotransfected with pCAG-T7 and pTMenv.2 expression vectors, were lysed in the 

presence of 5 mM iodoacetamide at 48 h posttransfection.  The lysates were boiled in the presence 

of 2 M urea, 2 % SDS and the indicated concentration of DTT prior to SDS-PAGE in 10 % 

polyacrylamide gels containing 6 M urea.  The proteins were visualized by western blotting with 

mAb C8 (left-hand side panels), and DV012 (right-hand side panels).  No Env: pTM.1 empty vector 

was used instead of pTMenv.2. 
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reductions in ~ 80 kDa band intensity with 5 and 25 mM DTT were associated with 

concomitant increases in gp41 monomer band intensity indicating that the 80 kDa band 

corresponds to a disulfide-linked gp41 dimer.  The gp41 dimer species was not present in 

mAb C8 western blots of WT- and mock-transfected cells, or in blots where the gp120-

specific antibody DV012 was used indicating that the introduced cysteines at position 569 

form the inter-protomer disulfide in gp41.  The gp41 dimer band represented ~ 60 - 70% of 

total gp41 at 0 and 0.5 mM DTT which is close to the expected value of 66 % if two out of 

three cysteines formed a disulfide bond in every trimer.  Thus disulfide formation via Cys-

569 is highly efficient in this context.   

The data suggest that the d-position T569C mutation enables quantitative disulfide 

bond formation in the context of a functional gp41 trimer.  In a trimeric coiled coil context, 

the sidechain of Cys-569 will be orientated towards the 3-fold symmetry axis and 

juxtaposed with Cys-569 sidechains of partner protomers, which may enable disulfide 

formation.  We reasoned that substitution of an outward facing sidechain, for example the 

b-position residue Gln-567, should not enable quantitative disulfide formation in a trimeric 

coiled coil context because the distance between Cβ atoms is predicted to be > 5.28 Å 

(15.5 Å) by available x-ray structures of the coiled coil region.  The Q567C mutants was 

expressed and processed in a similar manner to the WT (compare the 100 mM DTT lanes 

for WT and Q567C in figure 4.6), however, it lacked detectable cell-cell fusion function 

(886,793 ± 11,1671 RLU for WT versus 64,095 ± 16,550 RLU for T567C; n = 4), 

consistent with a compromised structure.  Sodium dodecyl sulfate-PAGE in the presence 

of urea and western blot analysis indicated that ~90% of the total gp41 protein presented as 

a disulfide-linked dimer with 0 and 0.5 mM DTT was completely reduced with 5 mM DTT 

(Figure 4.6).  This 9:1 dimer:monomer stoichiometry is not possible in a trimeric protein 

and is likely to be due to the formation of higher-order aggregates linked through
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Cys-567. 

From these data I infer that the C-terminal portion of the central coiled coil, at 

least up to Thr-569, is present in the prefusogenic form of gp41 (i.e. the form that exists 

prior to engagement of receptors by gp120) because substituting this a-position residue 

with Cys enables quantitative interprotomer disulfide bond formation.  By contrast, the 

polar segment mutations, S534C and T538C, and A541C at the N-terminus of HR1 did not 

enable interprotomer disulfides to form (Figure 4.5), indicating that these regions are not 

closely apposed in the prefusion structure. 

4.3.2 Interprotomer disulfide formation in a fusion-activated trimer of hairpins model 

protein: MBP/gp41(528-L-677) 

4.3.2.1 Cysteine-substituted MBP/gp41(528-L-677) chimeras acquire trimeric 

structure 

MBP/gp41(528-L-677) is a bacterially expressed chimeric protein that models the 

gp41 trimer of hairpins.  The chimera comprises MBP joined through Asn-Ala to the HIV-

2ST polar segment-HR1 segment (residues 528-596), a Ser-Gly-Gly-Arg-Gly-Gly linker, 

and the HIV-2ST HR2-MPER segment (residues 610-677) (Figure 4.7). HIV-2ST sequences 

were used in this case because we found that analogous chimeras containing HIV-1 

sequences derived from several clades resulted in the production of high molecular weight 

aggregates.  MBP/gp41(528-L-677) forms stable, soluble trimers following expression in 

E. coli and limited chymotrypsin proteolysis of the purified trimer releases the constituent 

peptides of the trimer of hairpins, Thr-538-Trp-596 and Val-611-Asn-677 (Bellamy-

McIntyre et al., 2007). Wild type and cysteine substituted MBP/gp41 chimeras were 

expressed in E. coli, affinity-purified using amylose–agarose and further purified by gel 

filtration.  An examination of the purified and concentrated chimeras by analytical gel 

filtration (Figure 4.8) indicated that the WT and cysteine mutants eluted at 28 min,  
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Figure 4.7 Schematic of MBP/gp41(528-L-677) chimera 
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Figure 4.8 Gel filtration of purified MBP/gp41(528-L-677) cysteine mutants in a Superdex 200 

(HR 10/30) column (0.5 ml/min flow rate) 

 

The elution positions of blue dextran (denoting the void volume, Vo), and the MBP/gp41(529-665) 

reference trimer (Lay et al., 2004) are indicated. 
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corresponding to the elution time of MBP/gp41(529-665) whose trimeric structure has 

been verified by sedimentation equilibrium (Lay et al., 2004).  These trimeric proteins 

were used to monitor near-neighbour interprotomer interactions via disulfide formation in 

the context of a fusion-activated trimer of hairpins structure. 

4.3.2.2  Disulfide formation in MBP/gp41(528-L-677) cysteine substitution mutants 

Sodium dodecyl sulfate-PAGE analysis of the purified MBP/gp41 WT and 

cysteine-mutated oligomers in the presence of 3% β-mercaptoethanol showed a single band 

migrating at ~53 kDa (Figure 4.9), consistent with the expected size of MBP/gp41(528-L-

677) monomer.  Whereas monomeric protein was also observed for WT, Q552C, Q562C 

and T569C with SDS-PAGE in the absence of β-mercaptoethanol, an additional ~ 100 kDa 

band, consistent with an MBP/gp41 dimer, was observed for 3 chimeras with Cys 

substitutions in the N-terminal region: S534C and S538C in the polar segment, and S541C 

at the N-terminus of HR1.  The dimer band was strongest for the polar segment mutant, 

S538C. 

An underlying assumption of the current study is that the substitution of Cys 

residues into a or d positions of a trimeric coiled coil will favour disulfide formation 

because the inward-facing orientation of the sidechains will appose the reactive thiol 

groups.  To test this idea, Cys was substituted for the outward facing f-position residue 

Thr-536.  This mutation is close to Ser-538, which when substituted with Cys, enabled the 

most efficient disulfide formation in MBP/gp41(528-L-677). Figure 4.10 indicates a low 

level of disulfide formation via Cys-536 with dimer accounting for ~ 6 % of the total 

MBP/gp41.  This low level of disulfide bonding via outward facing Cys-536 residues may 

correspond to a subset of MBP/gp41 conformers with disordered terminal segments that 

allow thiol groups to approach each other sufficiently closely to form the disulfide. 

Importantly, the dimer yield for S538C was 36 % of total MBP/gp41, indicating disulfide  
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Figure 4.9 SDS-PAGE of MBP/gp41(528-L-677) cysteine mutants 

 

The purified WT and Cys-mutated MBP/gp41(528-L-677) trimers were treated with 20 mM 

iodoacetamide and then subjected to SDS-PAGE under reducing (+ βME) and non-reducing (- 

βME) conditions in 10–16% polyacrylamide gradient gels. The protein bands were visualized 

following staining with Coomassie brilliant blue and scanning in a LI-COR Odyssey infrared imager.  

Dimers were observed for the polar segment mutants (S534C and S538C) and the N-terminal HR1 

mutant (S541C). 
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Figure 4.10 Position dependency of disulfide formation 

 

The efficiencies of disulfide formation by a- (S538C) and d- (S534C, A541C) position mutants were 

compared to that of an f-position control mutant, T536C.  The formula used for calculating values 

for percentage dimer was intensity (dimer band) ÷ intensity (monomer + dimer bands) x 100.  The 

proteins were analysed as for Figure 4.9. 
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bonding via this a-position cysteine is significantly more efficient than bonding via the f 

position.  By contrast, the dimer yield for S534C and S541C was 16 % and 3 % of total 

MBP/gp41, respectively (i.e. close to that of the T536C control) suggesting that disulfide 

bonding in this case may be independent of structure and sidechain orientation.  Taken 

together, these data indicate that the a-position 538 sidechain within the polar segment 

becomes juxtaposed in the trimer of hairpins, consistent with the N-terminal helical 

extension of the coiled coil beyond Ser-541, which is the boundary previously identified by 

limited proteolysis and crystallography of the 6-HB (Chan et al., 1997; Weissenhorn et al., 

1997a; Caffrey et al., 1998; Yang et al., 1999). 

4.3.2.3 Thiol-specific chemical crosslinking of cysteine mutants with 

bis(maleimido)ethane (BMOE) and bis(maleimido)hexane (BMH) 

The available crystal structures of the gp41 trimer of hairpins suggest that 

interprotomer Cβ – Cβ distances for cognate a and d position residues is greater than 5.28 

Å, which is the optimal separation for disulfide formation.  However, our data suggest that 

Cys-538 in the polar segment comes within range for disulfide bonding. The 

homobifunctional sulfhydryl-to-sulfhydryl crosslinkers, BMOE (8 Å spacer) and BMH (13 

Å spacer), were therefore used to further examine the separation between introduced Cys 

residues in trimeric MBP/gp41.  The data presented in figure 4.11, indicates that BMOE 

and BMH were unable to bridge cognate cysteines at 552, 562 and 569 within the 6-HB 

core domain.  By contrast, both crosslinkers increased the efficiency of covalent 

stabilization for MBP/gp41(528-L-677) containing Cys-534, Cys-538 and Cys-541 in the 

N-terminal region.  A decrease in intensity of the crosslinked S538C dimer band with DTT 

treatment was observed and can be attributed to reduction of the spontaneously-formed 

Cys-538 disulfide.  Notably, BMH was able to efficiently form crosslinks with the outward 

facing Cys-536 for which the interprotomer Cβ-Cβ separation is 21.2 Å in the 2X7R  
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Figure 4.11 Thiol-specific chemical crosslinking of MBP/gp41 Cys mutants 

 

Purified MBP/gp41 trimers were treated with 4 mM of BMOE (8 Å spacer, left panels) or 4 mM 

BMH (13.8 Å spacer, right panels) for 1 h.  The reaction was quenched with 30 mM DTT (bottom 

panels only) and then subjected to SDS-PAGE in 10–16% polyacrylamide gradient gels. The 

protein bands were visualized following staining with Coomassie brilliant blue and scanning in a LI-

COR Odyssey infrared imager. The untreated MBP/gp41(528-L-677) containing Cys-538 (S538C 

UN) was used to control reduction by 30mM DTT. 
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crystal structure.  This separation exceeds the reach of the reactive maleimide groups by 

some 8 Å, indicating that the N-terminal region must be quite flexible for efficient 

crosslinking at Cys-536 to be allowed.  The data in this section and in the preceding 

section 4.3.2.2 are consistent with both α-helical structure extending beyond the core 

region to include the polar segment, and with a high level of flexibility in this terminal 

region as is suggested by the 2X7R crystal structure to enable disulfide bonding.  On the 

other hand, the absence of disulfide formation via the more closely spaced cysteines at 552, 

562 and 569 is consistent with the structural rigidity of this central segment of the 6-HB.  It 

follows that the inability of BMOE and BMH to crosslink through these cysteines at 552, 

562 and 569 is due to steric occlusion by tightly packed coiled coil and antiparallel HR2 

helices.    

4.3.3 Probing the structure of the polar segment in gp41 conformers using mutation-

directed disulfide formation 

The results of previous studies have indicated an important structural and 

functional role for the polar segment in forming a clasp at the membrane interactive end of 

the trimer of hairpins through interactions with the MPER (Bellamy-McIntyre et al., 2007; 

Lay et al., 2004).  x-ray crystallography revealed that the polar segment and MPER 

become juxtaposed and interact in the trimer of hairpins by forming helical extensions of 

the central trimeric coiled coil and HR2 helices, respectively (Buzon et al., 2010) (Figure 

4.12). Simultaneous I535A/V539G mutations in the polar segment of MBP/gp41(528-L-

677) have been shown to increase the chymotrypsin sensitivity of the terminal clasp, 

indicative of destabilization. The clasp-destabilizing effects of I535A/V539G directly 

correlated with inhibition of cell-cell fusion and infectivity (Table 4.1), whereas early 

events such as precursor processing, gp120-gp41 surface-expression and association, and 

responsiveness to CD4 were not affected.  These data led to the conclusion that the  
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Figure 4.12 Hydrophobic interactions stabilize the terminal clasp 

 

The terminal fusion clasp is stabilized by interactions between hydrophobic residues of the polar 

segment and MPER: W
666

-L
537

-W
670

 and W
672

-I
535

-I
675

. Polar segment helices: pink, MPER helices: 

grey. Drawn from 2X7R using pymol. 
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 A Cleavage at  

   Leu-537 

B Cell-cell 

   Fusion 

C Infectivity 

WT 15±1 

 

100±10 

 

12,970±1,569 

 
I535A/V539G 27±3* 

 

4±1** 

 

5±0.3* 

 

tr665 40±2* 

 

Nd Nd 

No Env Nd 

 

4±1** 

 

2±0.5** 

 

 

Table 4.1 Effect of mutations on clasp stability, cell-cell fusion and infectivity  
 
A) MBP/gp41(528-L-677)

AD.ST 
was treated with limiting chymotrypsin (10:1 protein:protease). The 

protease sensitivity of the polar segment was calculated as described (Bellamy-McIntyre et al., 

2007). B) Cell-cell fusion activity was normalized to WT. C) Single cycle infectivity of gp120.gp41-

pseudotyped luciferase reporter viruses (mean ± SEM relative light units x 10
-3

). All assays: n=3; *, 

P < 0.02; **, P < 0.01, relative to WT; 2-sample t test assuming unequal variances.  Summarized 

from Lay et al. Manuscript in Preparation. 
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assembly of hydrophobic clusters stabilizing the clasp provide energy for the 

destabilization and fusion of the virus and cell membranes (Lay et al., Manuscript in 

Preparation).  The finding that the introduction of Cys-538 to the polar segment in 

MBP/gp41(528-L-677) leads to disulfide formation provides an approach to probe for 

coiled coil formation within this N-terminal region in recombinant proteins designed to 

represent various gp41 fusion intermediates prior to and including terminal clasp 

formation. 

Before embarking on these studies, a new set of MBP/gp41 chimeras were prepared 

in which the polar segment and MPER of HIV-2ST were swapped with the corresponding 

sequences of HIV-1AD8, the strain used for mammalian cell-based analyses of the terminal 

clasp in Lay et al. (The new chimeras are denoted with the AD.ST superscript).  The swap 

was made because HIV-1AD8 and HIV-2ST exhibit striking amino acid differences in the 

MPER, including A667D, S668V and W670G.  Thus, MBP/gp41(528-L-677)
AD.ST

 

represents the entire trimer of hairpins including the terminal clasp, tr665 lacks the MPER 

and represents the 6-HB core with a “naked” polar segment extension, whereas 

MBP/gp41(528-591)
AD.ST

 represents the polar segment-HR1 region prior to 6-HB 

formation (i.e. the prehairpin) (Figure 4.13).  The terminal clasp destabilizing mutation, 

I535A/V539G, was used in conjunction with T538C (HIV-1 has Thr at position 538) to 

study how these changes affect polar segment structure in the various recombinant model 

proteins. 

4.3.3.1 Cys-538-dependent disulfide bonding in MBP/gp41(528-L-677)
AD.ST

 and tr665 

The T538C and I535A/T538C/V539G mutations were introduced to 

MBP/gp41(528-L-677)
AD.ST

 whereas T538C was introduced to tr665. The chimeras were 

expressed in E. coli, affinity-purified using amylose–agarose and then further purified with 

gel filtration using a Superdex 200 column linked to an AKTA-FPLC system.  The purified 
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Figure 4.13 Schematic of MBP/gp41 chimera representing various gp41 fusion intermediates 

 
A) MBP/gp41(528-L-677)

AD.ST
 

B) tr665 

C) MBP/gp41(528-591)
AD.ST 
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chimeras exhibited a trimeric structure as seen in figure 4.14A. SDS-PAGE of chimeric 

MBP/gp41 proteins under non-reducing conditions showed dimer formation for T538C-

containing chimeras, but not for the WT, with almost complete reduction to monomer in 

the presence of 3 % β-ME (Figure 4.14B).  The efficiency of T538C-mediated disulfide 

bonding was decreased in the I535A/V539G mutant (compare T538C with 

I535A/T538C/V539G in figure 4.14B and figure 4.16), suggesting that the clasp 

destabilizing mutation affects the proximity of Cys-538 residues within gp41 trimers.  By 

contrast, deletion of the MPER in chimera tr665 did not affect Cys-538-mediated disulfide 

bonding in comparison to MBP/gp41(528-L-677)
AD.ST

 (Figure 4.14B and Figure 4.16).  

These data suggest that coiled coil extension into the polar segment is initially independent 

of the MPER.  However, normal clasp formation appears to be required for an efficient 

disulfide to form as the clasp-destabilizing mutation I535A/V539G decreases Cys-538-

mediated bonding efficiency. 

4.3.3.2 Polar segment assembly occurs prior to trimer of hairpins formation 

The data suggest that the terminal clasp forms in 2 stages with polar segments 

initially assembling into a trimeric coiled coil and providing a hydrophobic interaction 

surface for the MPER to allow subsequent terminal clasp formation.  However, it is not 

clear whether polar segment assembly requires formation of the 6-HB core, comprising the 

trimeric HR1 coiled coil and the antiparallel HR2 outer layer.  In order to clarify the order 

in which these conformational changes occur, polar segment-HR1-only MBP/gp41(528-

591)
AD.ST

 chimeras (Figure 4.13) containing T538C and I535A/T538C/V539G were 

expressed and characterised. 

Superdex 200 gel filtration chromatography confirmed that the purified chimeras 

exhibited a trimeric structure (Figure 4.15A).  SDS-PAGE under non-reducing conditions 

indicated that dimers were formed with equal efficiency for the T538C and  



Probing the Conformational States of HIV gp41 Using Cysteine Replacement Mutagenesis 

 

  
Page 105 

 
  

 

Figure 4.14 Cysteine-538-mediated disulfide bonding of polar segments is independent of 

the MPER 

 

(A) Analytical Superdex 200 (HR 10/30) gel filtration of WT, T538C-, 1535A/T538C/V539G-mutated 

MBP/gp41(528-L-677)
AD.ST

 and tr665-T538C (lacking the MPER) (0.5 ml/min flow rate).  The elution 

positions of blue dextran (denoting the void volume, Vo), and the MBP/gp41(529-665) reference 

trimer (Lay et al. 2004) are indicated. (B) The MBP/gp41(528-L-677)
AD.ST

 WT, T538C, 

I535A/T538C/V539G and tr665-T538C chimeras were subjected to SDS-PAGE under reducing (+ 

βME) and non-reducing (- βME) conditions.  All three chimera containing the T538C mutation 

formed dimers but the presence of the I535A/V539G mutation caused a pronounced reduction 

(more than 40%) in the dimer band (refer for figure 4.16 for band intensity quantification). The 

absence of the MPER did not affect the dimer band intensity. 
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Figure 4.15 The effect of the simultaneous I535A/V539G mutation on Cys-538-mediated 

disulfide formation in the gp41 polar segment HR1-only chimera, MBP/gp41(528-591)AD.ST  

 

(A) Superdex 200 HR (10/30) gel filtration profiles of MBP/gp41(528-591)
AD.ST

 WT, T538C and 

I535A/T538C/V539G (0.5 ml/min flow rate).  (B)  The purified, trimeric MBP/gp41(528-L-677) WT, 

T538C and I535A/T538C/V539G chimeras were then subjected to SDS-PAGE under reducing (+ 

βME) and non-reducing (- βME) conditions. The chimeras containing T538C formed dimers with 

similar efficiencies, even the presence of the I535A/V539G. 
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Figure 4.16 Effects of I535A/V539G and MPER deletion (tr665) on Cys-538-dependent 

disulfide formation 

 

The percentage dimer (versus total MBP/gp41) values for the various chimeras were calculated as 

described for Figure 4.10. The Left side panel represents the MBP/gp41(528-L-677)
AD.ST 

chimera, 

while the right side panel represents the MBP/gp41(528-591)
AD.ST 

chimera. The data shown are the 

means ± standard errors from 3 independent experiments. T538C-IAVG: I535A/T538C/V539G. 
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I535A/T538C/V539G mutants (Figure 4.15B and Figure 4.16) indicating that the 

I535A/V539G mutation is significant only in the context of a gp41 trimer of hairpins 

containing the terminal clasp. The data suggest that the helical extension of the polar 

segment occurs at the prehairpin stage and is independent of HR2 and the MPER. 
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4.4 Discussion  

Cysteines were introduced into hydrophilic a and d positions within the polar 

segment-HR1 sequence of gp41 in order to examine the interprotomer proximity of this 

region in different gp41 conformations.  Disulfide formation was examined in 2 expression 

systems.  First, a mammalian cell-based system employing the pTMenv.2 vector yields 

gp160 precursor that is cleaved in the Golgi into a functional gp120-gp41 complex.  In this 

system, gp41 acquires a prefusion or metastable structure that can be activated by gp120-

CD4-CKR interactions to refold into fusion active conformers.  The second E. coli-based 

system expresses gp41 segments chimerized via their N-termini to MBP.  MBP/gp41(528-

L-677) contains the gp41 ectodomain minus the fusion peptide in the low energy trimer of 

hairpins conformation, whereas MBP/gp41(528-591)
AD.ST

 contains the polar segment-HR1 

sequence and represents a prehairpin structure (Kobe et al., 1999; Lay et al., 2004).  The 

data are consistent with a model for gp41 conformational states associated with fusion 

function where the C-terminal portion of HR1 participates in interprotomer contacts and 

likely forms a coiled coil in the prefusion protein, and then becomes extended in an N- 

terminal direction to encompass the polar segment following activation by gp120-receptor 

interactions.  The HR2 and adjacent MPER then pack against the extended coiled coil in an 

antiparallel orientation, forming a trimer of hairpins with a terminal clasp that catalyses 

membrane fusion. 

Of the 6 pTMenv.2 cysteine mutants examined, S534C, T538C, A541C and 

T569C retained membrane fusion activity, although at moderately reduced levels with 

respect to WT. The interpretation of disulfide bonding data was therefore restricted to these 

4 functional mutants.  The small reductions in fusion are likely a result of subtle structural 

perturbations occurring in gp41 for accommodation of Cys side chains. For example, 

hydrophobic contact between Cγ2 atoms of Thr-569 and Val-570 in the gp41 coiled coil 
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(Weissenhorn et al., 1997a) would be precluded in T569C because Cys lacks Cγ2, 

potentially leading to decreased core stability (Figure 4.17). By contrast, Ser-534, Thr-538 

and Ala-541 do not appear to interact with other residues because the N-terminal region of 

the trimer of hairpins helices expands away from the 3-fold symmetry axis (Buzon et al., 

2010).  The decreased fusogenicity of these Cys mutants is therefore likely to occur via a 

different mechanism in comparison to T569C. For example, decreased fusion could be a 

result of substitution-induced changes to the structural contexts of these residues in other 

gp41 conformations for which structural information is not available. The Q552C and 

Q562C lacked fusion function altogether. These residues are closely packed in the trimer 

interface (Weissenhorn et al., 1997a; Buzon et al., 2010), therefore Q552C and Q562C 

mutations would introduce substantial potentially destabilizing cavities in the gp41 core.   

The introduction of T569C to the C-terminal half of the HR1 sequence resulted in ~ 

66 % of the total prefusion gp41 presenting as dimer under nonreducing conditions, 

consistent with 2 out of 3 gp41 protomers forming a disulfide in every trimer. Quantitative 

disulfide formation correlated with the cysteine being introduced to the inward-facing d 

position at 569 but not an outward facing b position at 567 of the heptad repeat, consistent 

with coiled coil formation in the region around Thr-569. The results of previous studies 

suggest that a component of HIV-1 Env glycoproteins present on the surface of expressing 

cells are nonfunctional (Poignard et al., 2003; Moore et al., 2006; Crooks et al., 2007; 

Crooks et al., 2011). Care should therefore be taken in interpreting the T569C data in case 

disulfide formation segregates to this nonfunctional Env component. It should be noted 

that this scenario cannot apply to the A534C, T538C, A541C, Q552C and Q562C mutants, 

irrespective of whether or not fusion function was retained, as disulfide formation was not 

observed in the prefusion context. Further analysis of the T569C mutant using iodixanol  
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Figure 4.17 Effect of cysteine substitution on gp41 coiled coil residues 

 
Cysteine substitution might lead to cavity formation (Q552C and Q562C) or affect interactions with 

neighbouring residues (T569C). Polar segment-substitutions do not seem to have any structural 

effect since the N-terminal region of the trimer of hairpins helices expands away from the 3-fold 

symmetry axis.  
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gradient-purified virus (Dettenhofer and Yu, 1999) or glycosidase-protease-treated Env-

expressing cells, which removes the "junk" forms of Env (Crooks et al., 2011), is required 

to rule out this possibility for T569C. 

The results of early biochemical and mutational studies on the mechanism of Env 

oligomerization support the idea that a coiled coil is present in the prefusion form of gp41 

and suggest that this oligomerization determinant extends to (at least) Leu-555. First, early 

biophysical studies with synthetic peptides or recombinant proteins representing the 553-

591 sequence indicate high α-helical content and a propensity for self-oligomerization 

(Wild et al., 1995; Bernstein et al., 1995).  Second, the deletion of residues 555-566 of 

HR1 is sufficient to block gp41 oligomerization (Poumbourios et al., 1995), and residues 

548-586 represent the minimum sequence required for hetero-oligomerization between WT 

and truncated HIV-1envelope glycoproteins (Poumbourios et al., 1997). Further evidence 

for coiled coil formation in this region is provided by the demonstration that replacement 

of the Leu-576-Gln-577-Ala-578 triad with Cys-Cys-Gly leads to the production of 

disulfide-stabilized gp160 (Farzan et al., 1998). We note that the analysis of disulfide 

formation in gp41 was precluded in this study because the mutation blocked precursor 

processing.  Taken together, these data suggest that the C-terminal portion of the HR1 

sequence forms a coiled coil in both gp160 and gp41. In contrast to T569C, the S534C, 

T538C and A541C mutations introduced to the N-terminal region did not form disulfides 

in prefusion gp41.  Consistent with these data, a glycoprotein truncated at Gln-547, which 

contains the polar segment and N-terminal portion of HR1, did not form hetero-oligomers 

with the WT glycoprotein (Poumbourios et al., 1997). These data suggest that the polar 

segment and N-terminal portion of the HR1 sequence is not apposed in the prefusion 

structure of gp41 or in gp160. 
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In contrast to the data obtained with prefusion gp41, S534C, S538C and A541C 

formed interprotomer disulfides with varying efficiencies in MBP/gp41(528-L-677), which 

models the fusion activated trimer of hairpins conformation. A low level of disulfide 

bonding (6 % of total MBP/gp41[528-L-677]) was observed for the f-position T536C 

mutant even though the Cβ-Cβ separation for Thr-536 residues is much greater that the 

optimal distance of disulfide formation (21.2 Å versus 5.28 Å, respectively). These data 

suggest that a component of the MBP/gp41(528-L-677) trimer preparation contains a 

disordered N-terminal region, which enables apposition of Cys-536 residues.  Because the 

efficiency of S534C- and A541C-mediated disulfide bonding was also low (16 % and 3 % 

of total MBP/gp41[528-L-677], respectively), we cannot preclude disorder as the reason 

for disulfide formation in these cases. By contrast, high-efficiency disulfide formation (36-

38 % of total protein) was observed for T538C, indicating position dependence in this case.                 

The Cβ-Cβ separation for Thr-538 is 9.8 Å, indicating that interprotomer disulfide bonding 

in the context of a coiled coil will only occur if this region is mobile. This idea is 

consistent with the crystallographic data of Buzon et al. (2010) indicating that the Gly-531 

- Ala-541 region encompassing the polar segment is associated with high mobility (average 

B-value for Cα atoms = 48.64) (Figure 4.2 and Figure 4.18). Furthermore, 2 of 3 molecules 

in the asymmetric unit of the 2X7R PDB entry lack electron density in the polar segment 

region. It is plausible that the lateral movement of coiled coil helices relative to the three-

fold symmetry axis in this N-terminal region allows apposition of Cys-538 residues for 

disulfide formation. Alternatively transitions between α-helix and less ordered structures in 

this region may enable appropriate disulfide bonding distances to be achieved. 

 Interestingly, disulfide bonding was not observed for T569C in MBP/gp41(528-

L-677) even though the Cβ-Cβ separation for this residue is 5.4 Å and close to the optimal 

disulfide bonding distance. This observation could be explained by the well-ordered nature  
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Figure 4.18 C-alpha B-value versus residue number for the polar segment-HR1 helix  

 
B-values for residues 544-572 hover around 20 indicating restricted mobility in this portion of the 

coiled coil; on the other hand mobility in the polar segment terminal is enhanced as seen from B-

values that jump to ~50. Polar segment-HR1 helix was derived from the 2X7R coordinates.  
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of the trimer of hairpins core domain (average B-value for Cα atoms in the 544-572 

sequence = 20.88) (Figure 4.2 and 4.18). The region about Thr-569 is stabilized by both 

knobs-into-holes packing interactions mediated by a- and d- position hydrophobic residues 

(Leu-566, Ile-573, Leu-566) of HR1 and extensive interactions between the coiled coil and 

antiparallel HR2 helices (His-564-Tyr-638, Asn-567-Thr-639, Trp-571-Trp-631-Leu-568-

Ile-635, and Lys-574-Asp-632), which may inhibit mobility and closer apposition of the 

substituted Cys-569 residues. The absence of HR1-HR2 interactions in prefusion gp41 may 

confer mobility to this region such that Cys-569 side chains are close enough to form an 

interprotomer disulfide. We note that a 0.06-Å inward displacement per HR1 helix relative 

to the trimer of hairpins structure would be sufficient for a disulfide to form. 

The results of Buzon et al. (2010) indicate that the coiled coil extension formed 

by the polar segment in the trimer of hairpins does not exhibit regular knobs into holes 

packing of a- and d- position residues but is stabilized by hydrophobic interactions with 

adjacent antiparallel MPER helices in a terminal clasp structure (Figure 4.12). We found 

that the I535A/V539G mutation, which destabilizes the polar segment-MPER clasp in 

MBP/gp41(528-L-677)
AD.ST

 and blocks membrane fusion function (Lay et al., Manuscript 

in Preparation) also reduced Cys-538-mediated disulfide formation by ~ 40 %. These data 

suggest that ablation of hydrophobic interactions between Ile-535 and Ile-675 affects the 

structural context of Cys-538 such that disulfide formation is less favourable. On the other 

hand, the efficiency of Cys-538 disulfide formation in MBP/gp41(528-591)
AD.ST

, which 

corresponds to the gp41 HR1 prehairpin was similar to that observed for the 

MBP/gp41(528-L-677)
AD.ST

 trimer of hairpins, and was not affected by I535A/V539G.  

Taken together, these data suggest that the initial extension of the central coiled coil 

through the polar segment occurs at the “early” prehairpin stage. However, appropriate 



Probing the Conformational States of HIV gp41 Using Cysteine Replacement Mutagenesis 

 

  
Page 116 

 
  

interactions between the polar segment and MPER are important to maintain the structure 

of this region.  

The results of these studies allow a model for the conformational states of gp41 

that are associated with membrane fusion function to be inferred.  1) Disulfide bonding via 

T569C in prefusion gp41 suggests that the C-terminal portion of HR1 participates in 

interprotomer contacts and likely forms a coiled coil in this context.  2) Disulfide bonding 

via T538C in the prehairpin and trimer of hairpins MBP/gp41 models suggests that 

following activation, the coiled coil is propagated in an N-terminal direction to encompass 

the polar segment in these “activated” structures. These changes would propel the fusion 

peptide, which is immediately N-terminal to the polar segment, towards the target cell 

membrane for insertion.  3) The extended coiled coil structure of the prehairpin provides a 

packing surface for both the HR2 sequence and adjacent MPER, forming a trimer of 

hairpins, which apposes membrane-embedded fusion peptide and TMD sequences, leading 

to fusion (Figure 4.19). 

The data suggest that terminal clasp formation involves a 2-step process whereby 

polar segments initially assemble into a coiled coil that provides a packing surface for the 

MPER. Assembly of the 6-HB core domain by the antiparallel packing of HR2 helices 

against the coiled coil of HR1 helices juxtaposes the MPER and the polar segment coiled 

coil leading to formation of the terminal clasp. The data therefore argue against a 

cooperative mechanism of terminal clasp assembly where polar segment coiled coil 

formation occurs concomitantly with polar segment-MPER interactions. A 2-step clasp 

formation mechanism where a coiled coil of polar segments assembles prior to MPER 

engagement points to a novel structural determinant that can be exploited for antiviral drug 

discovery.  For example, tr665, which contains a “naked” polar segment, can be used to 

screen chemical or phage peptide display libraries for agents that bind to this N-terminal  
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Figure 4.19 A model of the conformational states of gp41 that are associated with 

membrane fusion function 

The antiparallel packing step (last step in the figure) is believed to involve zipper formation along 

the coiled coil axis that extends into the membranes in a manner similar to the F protein of the 

parainfluenza virus 5 (PIV5). Membrane fusion in the PIV5 occurs via the lipid centric or the protein 

pinprick models (Donald et al., 2011). Those two models are likely to provide a better 

understanding of the fusion process and be applicable to all type I fusion proteins including gp41 of 

HIV-1. 
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region and block clasp formation. Binding specificity can be verified with MBP/gp41(528-

L-677)
AD.ST

 where the polar segment is occluded due to interactions with the MPER, and 

the activity of leads can be determined in cell-cell fusion and virus entry assays. 

The fusion mechanism employed by class I viral fusion proteins involves their 

initial folding into a prefusion, metastable conformation that undergoes large 

conformational rearrangements to a lower energy state in response to a variety of 

activation triggers. The key feature of this mechanism is the antiparallel association of 

trimeric N-terminal HR1 and C-terminal HR2 segments in a hairpin-like structure that 

apposes viral and cell membranes. However, structural variation is observed for the fusion 

peptides, the inter-helical region separating HR1 and HR2 and the final structure of HR2 

when bound to the coiled coil.  Structural biological studies of EBOV GP2, influenza virus 

HA2 and paramyxovirus F in prefusion and fusion activated states have revealed the 

activation mechanism for three different class I fusion proteins that vary in their structural 

complexity. 

Ebola virus GP2 appears to represent the simplest activation model where the C-

terminal portion of HR1 (HR1D) forms a trimeric coiled coil in the prefusion state and 

upon exposure to the low endosomal pH and cathepsins B and L, the other three segments 

of HR1 extend the coiled coil structure and projecting the internal fusion loop towards the 

target cell membrane (Lee et al., 2008; Weissenhorn et al., 1998b).  In this case, HR2 

packs as a coil-helix-coil structure against the hydrophobic grooves on the outer surface of 

the coiled coil in an antiparallel orientation. For influenza virus HA2, low pH triggers 

dramatic refolding events over the entire ectodomain. Prefusion HA2 is composed of a 51-

residue central coiled coil (Figure 4.20; orange-pink-red cylinder) that is linked via a 

random coil (Figure 4.20; yellow) to a shorter 19-residue outer helix (Figure 4.20; salmon 

cylinder) that packs against it (Wilson et al., 1981). Upon activation, the random coil  
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acquires helical structure and, together with the outer helix, extends the coiled coil in an N-

terminal direction, projecting the fusion peptide toward the target cell. Together with these 

changes, the C-terminal segment of the coiled coil (Figure 4.20; pink and red segments of 

the cylinder) melts to form a region of chain reversal, enabling the antiparallel packing of 

the C-terminal region onto the newly formed coiled coil as a coil-helix-coil structure 

(Bullough et al., 1994; Chen et al., 1999). 

The F protein of paramyxoviruses represents the most complex class I fusion 

protein so far revealed by x-ray crystallography. A monomer of the prefusion structure of 

parainfluenza virus 5 (PIV5) F protein is shown in figure 4.21A.  It consists of a globular 

head region connected to a helical stalk. The globular head comprises 3 domains: DI and 

DII are rich in β-strands while DIII forms a core structure around which HR1 (or “HRA”) 

is wrapped (Yin et al., 2006). The helical stalk comprises HR2 segments, which form a 

coiled coil in the F trimer. The structure of human parainfluenza virus 3 (PIV3) F in a 

fusion-activated conformation indicates that major refolding events occur in HR1 (or 

“HRA”) and HR2 (or “HRB”) upon receptor binding by the viral HN protein (Dorig et al., 

1993; Yanagi et al., 2002; Negrete et al., 2005; Bonaparte et al., 2005; Feldman et al., 

1999), while the structure of DI-III remains constant throughout the refolding process.  The 

structural changes occurring in HR1 during transition of the prefusion F trimer to a fusion-

activated form are compared in figure 4.20. A mini-domain comprising a short coiled coil 

(HR1 residues 168-176; orange cylinder) that is linked via a random coil (HR1 residues 

178-183; pink) to an antiparallel outer helical layer (HR1 residues 184-203, red cylinder) 

resides at the top of the DI-III globular domain (black). In the activated structure, the linker 

acquires helical structure, the orientation of the short coiled coil forming helices is reversed 

and the outer layer helices now form the base of the central coiled coil. The HR1 (or 

“HRA”) helices, β-strands and linkers reorganize to form an extended 72-residue coiled  
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Figure 4.21 Structure of paramyxovirus F monomer in the pre and postfusion conformation  

 
Helices, β-strands and linkers of HR1 (“HRA” green) form a mini-domain atop the DI-DIII globular 

domain (brown, yellow, red), while HR2 (“HRB”, magenta) forms a helical stem in the prefusion 

state.  In the fusion-activated or postfusion state, HR1 elements are reorganised into an extended 

α-helix that forms a trimeric coiled coil and projects the fusion peptide (blue) towards the target cell. 

Domains I-III retain their structural organization during the prefusion to fusion-activated/postfusion 

transition.  The prefusion trimer is additionally stabilized by DI and II through interactions with HR2, 

while a short DIII helix (gold) interacts with the HR1 coiled coil in both prefusion and fusion-

activated conformations. Adapted from Lamb and Jardetzky (2007). 
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 coil, which projects the fusion peptide towards the target cell and provides a packing 

surface for the HR2 stalk helices (Yin et al., 2005) (see also Figure 4.21B).  The results of 

this study suggest that retroviruses have adopted a simple activation mechanism that is 

analogous to EBOV, where a small part of the coiled coil is formed in the prefusion 

structure that upon receptor binding is extended in an N-terminal direction to include the 

polar segment, moving the fusion peptide closer to the target cell.  This step is followed by 

the antiparallel packing of HR2 into hydrophobic grooves on the outer surface of the coiled 

coil to form the trimer of hairpins structure. 
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Chapter 5:   Forced Evolution Reveals a Functional Linkage 

Between the DSR and MPER of gp41   

5.1 Aim 

To identify domains of the gp120-gp41 complex that are involved in transmitting 

the activation signal from receptor-bound gp120 to gp41. 

5.2 Introduction 

The mechanism whereby conformational signals evoked in retroviral SU 

glycoproteins by receptors(s) are transmitted to their partner TM glycoproteins, to trigger 

their refolding into fusion-active forms is being elucidated.  Evidence is accumulating to 

suggest that the association site formed by the DSR of HIV-1 gp41 and the terminal C1 

and C5 regions of gp120 (Figure 5.1A) could act a synapse for SU-to-TM conformational 

signalling (Poumbourios et al., 2003; Maerz et al., 2001; Binley et al., 2003).  The highly 

conserved 30-residue segment representing the DSR of gp41 links the HR1 and HR2 

(Figure 5.1B, C).  It is concealed in the prefusion conformation of Env, but becomes 

recognisable by antibody following gp120 binding to the CD4 receptor (Sattentau et al., 

1995; Finnegan et al., 2002).  In the trimer of hairpins structure of gp41, the DSR forms a 

mobile linker connecting the HR1 coiled coil and HR2 outer helical layer (Lay et al., 

2004).  The findings that W596L and W610F mutations in the DSR of HIV-1QH1549.13 block 

the formation of the gp41 prehairpin intermediate, that is induced by gp120-CD4 

interactions, and the initial lipid mixing (hemifusion) phase of the membrane fusion 

cascade led to the proposal that the DSR acts as a sensor of receptor-induced 

conformational changes in gp120 that lead to the fusion activation of gp41 (Bellamy-

McIntyre et al., 2010).   
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Figure 5.1 Location of the DSR mutations W596L and K601D within gp41 

 
(A) gp120-gp41 structural schematic showing the W596L and K601D mutation site. (B) Schematic 

of gp41 denoting the location of W596L and K601D DSR mutations. FP, fusion peptide; PS, polar 

segment.  (C) Alignment of DSR amino acid sequences showing the conservation of Trp-596 and 

Lys-601 among different HIV-1 clades.   
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The aim of this study was to identify determinants in the gp120-gp41 complex 

that are functionally linked to the activation mechanism by the method of forced sequence 

evolution. The experimental approach involves mutating the sequence or structural element 

under investigation, which is the DSR in this case, and then characterising the mutant 

phenotype.  The mutant virus is then subjected to sequential passage in permissive target 

cells to generate revertant viruses that have overcome or “suppress” the introduced defect 

by the emergence of additional mutations (suppressors) in the viral genome.  The error-

prone nature of the reverse transcription step is responsible for the generation of variable 

species called quasispecies (Preston, 1997; Mansky and Temin, 1995).  The variant with 

the best fitness will outgrow the other variants. 

In this study, the macrophage-adapted R5 strain, HIV-1AD8 (Theodore et al., 

1996), bearing a W596L/K601D double mutation in the DSR was subjected to sequential 

culture in U87.CD4.CCR5 cells until revertant viruses were obtained.  The W596L/K601D 

mutation in this viral strain leads to a gp120 shedding defect and a block in cell-cell fusion 

and virus replication. The defective gp120-gp41 association and viral replication 

phenotype of the W596L.K601D mutant was suppressed by two pathways: 1) second site 

mutations led to deletions at Thr-389 and Trp-390 dyad in V4, operating in conjunction 

with a D601H (KH) pseudoreversion in the DSR and D674N in the MPER.  2) The D601H 

(KH) pseudoreversion again appeared but in this case was linked to D674E in the MPER.  

The D601H pseudoreversion restored gp120-gp41 association and partially restored viral 

replication competence, whereas D674E further optimised replication.  These data indicate, 

for the first time, that the MPER is functionally linked to the association/activation synapse 

of gp120-gp41. 
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5.3 Results 

5.3.1 Phenotype of the W596L.K601D HIV-1AD8 DSR mutant 

The DSR of gp41 is associated with the C1 and C5 regions of gp120, and forms a 

potential pathway for transmitting the fusion activation signal which results from gp120 

binding to CD4 and chemokine receptors (Binley et al., 2000; Abrahamyan et al., 2003; 

Binley et al., 2003; Helseth et al., 1991; Maerz et al., 2001; Poumbourios et al., 2003).  

For this study, DSR mutants with disrupted gp120 association and/or gp120-gp41 

conformational signalling were identified for serial passaging in U87.CD4.CCR5 cells to 

select second site suppressor mutation(s). The location of the suppressor mutation(s) would 

suggest a functional link with the DSR and enable a study of how the different regions 

cooperate in the fusion process.   

To this end, K601D and W596L/K601D mutations were introduced to the HIV-

1AD8 Env expression vector, pCDNA3.1-AD8env, and their effects on gp120-gp41 

association and cell-cell fusion determined.  gp120-gp41 association phenotype was 

determined by immunoprecipitation of biosynthetically labelled glycoproteins expressed in 

293T cells using IgG14. The K601D mutation was associated with a slight increase in 

gp120 being shed into the culture supernatant when compared to the WT, whereas ~ 90 % 

of total gp120 was shed into the supernatant of W596L/K601D (Figure 5.2A).  These data 

contrast the lack of a shedding phenotype for the single mutants, W596L and K601E, 

which were included as controls.  Consistent with the gp120-shedding phenotypes 

observed for K601D and W596L/K601D, cell-cell fusion function was markedly 

diminished for both mutants across an Env concentration range (Figure 5.2B).  The gp120-

shedding phenotype was recapitulated in a viral context for W596L/K601D (Figure 5.3A) 

and the mutant virus was unable to replicate in U87.CD4.CCR5 cells (Figure 5.3B).  Thus 

W596L/K601D has a gp120-shedding phenotype, which translates to a fusion and 

replication defect. 
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Figure 5.2 Association and fusion phenotypes of HIV-1AD8-WLKD 

 
(A) gp120-anchoring ability of gp41 mutants. 293T cells were cotransfected with pcDNA3.1-

AD8env and pCAG-T7 vectors. At 48 h post-transfection, cells were labeled with Tran-
35

S-label for 

45 min and chased in complete medium for 6 h before lysis. Cell lysates (C) of metabolically 

labelled WT, K601D, W596L.K601D (WLKD), K601E or empty vector (mock) and corresponding 

clarified culture supernatants (S) were immunoprecipitated with IgG14 and protein G sepharose. 

Proteins were analysed under reducing conditions in 8-12% SDS-PAGE gels and scanned in a Fuji 

phosphorimager. (B) Cell-cell fusion activity. 293T effector cells were cotransfected with 1 ug 

pCAG-T7 plus 1, 0.5, 0.25 or 0.125 ug of pcDNA3.1-AD8env and then cocultured (18 h, 37 ˚C) with 

BHK21 target cells that had been cotransfected with pc.CCR5 and pT4luc. The mean relative light 

units (RLU) of a representative experiment is shown. Data in this figure were obtained from Dr. P. 

Poumbourios.   
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Figure 5.3 Virion protein gel and replication kinetics 

 

(A) Virion characterization.  Wild type and mutated HIV-1AD8 virions produced by transfected 293T 

cells were pelleted through a 25 % sucrose cushion and analysed by SDS-PAGE under reducing 

conditions in 7.5-15% polyacrylamide gradient gel and western blotting with IgG14. (B) 14-day 

replication kinetics in U87.CD4.CCR5 cells. Virus produced in 293T cells was normalised for RT 

activity and used to infect U87.CD4.CCR5 cells.  RT activity was measured in the culture fluid at 

days 3, 7, 10 and 14. The mean RT activity ± standard deviation of three samples is shown. 
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5.3.2 Long term culture of the W596L.K601D HIV-1AD8 DSR mutant 

Two independent W596L/K601D infectious HIV-1AD8 clones were subjected to 

long-term culture in U87.CD4.CCR5 cells with serial passage of cell-free virus onto fresh 

U87.CD4.CCR5 cells every 10 days.  Evidence of replication was not observed for either 

clone even after 50 days of culture (Figure 5.4A).  We reasoned that the lack of gp120 in 

mutant viruses may block entry and therefore reverse transcription, which is the critical 

step required for the generation of second site mutations.  In order to initiate entry of 

W596L/K601D, the mutant virus was pseudotyped with vesicular stomatitis virus 

glycoprotein G (VSV G), which directs a single cycle of infection via the endosomal 

pathway.  The VSV G-pseudotyped viruses were allowed to infect U87.CD4 CCR5 for 24 

h prior to extensive washing and trypsinisation to remove any residual pseudotyped virus.  

The cell-free virus was then sequentially passaged on fresh cells every 10 days.  This 

approach resulted in the restoration of infectivity after 47 and 30 days in culture for 

W596L.K601D cultures 1 and 2, respectively (Figure 5.4B).  

5.3.3 Dominant genotypes of W596L.K601D HIV-1AD8 revertants 

In order to identify potential suppressors of W596L.K601D, the env region was 

PCR-amplified from genomic DNA isolated from infected cells at days 10, 20, 30, 40 and 

50.  The PCR products were cloned into the pΔKAD8env expression vector and the entire 

env region subjected to DNA sequencing.  W596L.K601D clone 1 (WLKD 1).  A D601H 

pseudoreversion emerged at day 10 (2/6 clones) and preceded the dominant 

W596L.K601H.D674E genotype, which emerged at day 20 (3/6 clones) and was 

maintained to day 50; 2 of 6 day-50 clones contained W596L.K601H.D674G.  A minority 

of clones containing L85M in addition to W596L.K601H.D674E were observed at days 

20, 30 and 40 but not at day 50.  The emergence of replication-competent virus in the   
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Figure 5.4 Long Term Culture of HIV-1AD8-WT and HIV-1AD8-WL.KD in U87.CD4.CCR5  

 

(A) Wild type and W596L.K601D-mutated HIV-1AD8 virus stocks produced by transfected 293T cells 

were normalized according to RT activity and used to infect U87.CD4.CCR5 cells.  The cell-free 

virus obtained at day 10 was filtered through a 0.45 μm nitrocellulose filter, normalised according to 

RT activity and used to infect fresh U87.CD4.CCR5 cells.  This procedure was used to subject 

viruses to 5 sequential passages in total.  Supernatants from the infected cell cultures were 

removed at days 3, 7, and 10 for RT assay as a measure of viral replication.  (B) As for (A) except 

that VSV G-pseudotyped virus was used to initiate infection in the first passage. The results shown 

represent the mean RT activity ± standard deviation of triplicate samples.  
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WL.KD 1 culture occurred during the 5
th

 passage and correlated with the presence of the 

following genotypes recovered at days 40 and 50: WL.KH (7/17), WL.KH.DE (7/17), 

WL.KH.DG (2/17) and LM.WL.KH.DE (1/17) (Tables 5.1-5.5 and Figure 5.5A).  

W596L.K601D clone 2.  At day 10, 3/6 clones contained the D601H pseudoreversion, 

while 3 others contained the Thr-389-Trp-390 deletion in V4 (ΔTW 389/90), the D601H 

pseudoreversion and D674N in the MPER; the 6 clones also contained other mutations that 

were randomly distributed throughout env. The ΔTW389/90.W596L.K601H.D674N 

genotype appeared to be under purifying selection between days 20 and 30 but by days 40 

and 50, the dominant genotype was W596L.K601H.D674N (Table 5.1-5.5 and Figure 

5.5B).  

5.3.4 Replication kinetics of representative revertant virus genotypes 

To determine how the W596L.K601D replication defect became suppressed in the 

long-term WLKD1 and WLKD2 cultures, the dominant genotypes were reconstructed in 

the context of the pAD8 proviral clone and the pΔKAD8env expression vector.  In the case 

of WLKD1, viral replication competence in U87.CD4.CCR5 was partially restored by 

D601H in the DSR and was optimised further by inclusion of D674E in the MPER (Figure 

5.6).  The addition of L85M to W596L.K601H.D674E did not improve replication relative 

to W596L.K601H.D674E, suggesting that this mutation did not confer any functional 

advantage.  Interestingly, the addition of the D674G MPER mutation to W596L.K601H 

resulted in a replication block. These data suggest that D601H and D674E act 

synergistically to suppress W596L.K601D.  The analysis of WLKD2 genotypes indicated 

step-wise improvements in replication competence for W596L.K601H.D674N, 

ΔTW389/90.W596L.K601H.D674N and W596L.K601H, respectively.  These data suggest 

that, in contrast to D674E, D674N is inhibitory in the context of W596L.K601H and 

requires the Thr-389-Trp-390 deletion in V4 to partially relieve this inhibition.  The G145E  
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Figure 5.5 Dominant env genotypes in WLKD 1 and 2 cultures 

 
The env region of proviral DNA isolated at days 10, 20, 30, 40 and 50 from WLKD 1 and 2 was 

PCR amplified and cloned into pΔKAD8env. The entire env region present in individual clones was 

sequenced using Bigdye terminator 3.1. The reversion pathways in WLKD1 and WLKD2 are shown 

in (A) and (B) respectively. Upper case and denotes a major evolutionary pathway, while 

lower case and ─── represent a minor pathway. Lower case only genotypes represent non-

dominant genotypes arising at the specified days. WL, W596L; KD, K601D; KH, K601H; DE, 

D674E; DN, D674N; LM, L85M; DG, D674G; ΔTW, deletion of T389 and W390; GE, G145E.  
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Figure 5.6 14-day replication kinetics of representative WLKD1 and WLKD2 genotypes in 

U87.CD4.CCR5 cells  

 

Virus produced in 293T cells was normalised according to RT activity and used to infect 

U87.CD4.CCR5 cells. RT activity was measured in the culture fluid at days 3, 7, 10 and 14. (A) and 

(B) represent replication kinetics of WL.KD 1 and WL.KD 2 revertants respectively. The mean RT 

activity ± standard deviation of three samples is shown. 
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V1 mutation, which occurred once or twice at days 20 – 30, did not confer a replication 

advantage to W596L.K601H.D674N.  Interestingly, the replication competence of 

reconstructed genotypes derived from the WL.KD2 culture were inferior to the 

W596L.K601H.D674E genotype obtained from WLKD1, even though replication-

competent virus emerged in the WLKD2 culture first.  This observation suggests that 

additional mechanisms of suppression of the WL.KD low-fusion phenotype may exist in 

the WLKD2 culture, which have not been identified at this stage. 

The expression and processing of Env derived from the genotypes analysed above 

was examined by western blotting of 293T cells transfected with the corresponding 

pΔKAD8env expression vectors (Figure 5.7).  The gp160 precursor was expressed at WT 

levels for all revertant clones and was successfully processed to gp120 and gp41 except for 

W596L.K601D, which is known to have a gp120/gp41 association defect.  Notably, the 

D601H pseudoreversion alone was sufficient to restore the levels of cell-associated gp120 

to that of the WT.  While similar levels of processed gp41 were observed for wild type and 

the revertant clones, the relative abundance of the 4 known gp41 glycoforms differed.  An 

equal abundance of the 4 glycoforms were observed for the wild type whereas di- and 

tetraglycosylated forms appeared to predominate for W596L.K601H and the other 

revertant genotypes.  These data suggest that reversion is associated with a subtle change 

in the initial fold or conformation of the gp41 ectodomain.  

5.3.5 Dissection of the potential functional linkages between the DSR, Thr-389-Trp-

390 in V4, and Asp-674 in MPER  

The functional linkages between Trp-596 and Lys-601 within the DSR, the Thr-

389-Trp-390 dyad in V4 and Asp-674
 
in the MPER were further dissected in a single cycle 

entry assay.  The results presented in figure 5.8 indicate that W596L.K601D led to an ~  
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Figure 5.7 Western blotting of selected revertant clones 

 

293T cells were transfected with 1 μg of pΔKAD8env plus 1ug pCAGT7.  At 48 h posttransfection 

the cells were lysed and subjected to reducing SDS-PAGE in 10% polyacrylamide gels. The HIV-1 

glycoproteins were visualized by western blotting with the mAb C8 (left) and DV012 (right).  

.  
 

Figure 5.8 Single-cycle entry activities of representative revertant genotypes  

 

Luciferase reporter viruses were prepared by co-transfecting 293T cells with 1 μg Env expression 

vector plus 1 μg pNL4.3LucR-E-. Viral entry was assessed by measuring luciferase activity in 

U87.CD4.CCR5 target cells at 48 h postinfection. Luciferase activity was normalised against 

reverse transcriptase activity present in each virus inoculum.  The data presented are the means ± 

standard errors of 3 independent assays. 
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2.5log10–fold reduction in single-cycle virus infectivity.  The D601H pseudoreversion 

increased infectivity by ~ 10-fold relative to W596L.K601D while the addition of D674E 

to W596L.K601H increased infectivity by a further 2-fold. Even though 

W596L.K601H.D674E represented the revertant env genotype that conferred the highest 

level of single cycle infectivity, this was still 20-fold less than that of WT.  The alternate 

D674N mutation was inhibitory on a W596L.K601H background, however the addition of 

the ΔTW389/90 V4 deletion to W596L.K601H.D674N did not improve entry competence.  

While the single cycle infectivity data largely reflected the observations with infectious 

clones in 14-day replication assays (Fig. 5.6), the functional advantages conferred by the 

D601H pseudoreversion and the additional suppressor mutations such as D674E, were 

more obvious in the latter assay.  These differences could be attributed to the fact that the 

single-cycle virus infectivity assay relies on a single cell-free virus entry event, while virus 

transmission in 14-day replication assays is a sum of multiple rounds of cell-free virus 

infection and cell-to-cell viral spread across virological synapses, the latter of which is a 

more efficient process (Martin et al., 2010) and has not been accounted for in the single-

cycle assay (Figure 5.8).   

5.3.6 Examination of the functional linkage between position 601 of the DSR and 674 

of the MPER 

The data indicates that the side chain at position 674 in the MPER can control 

virus infectivity when the DSR genotype is W596L.K601H with D674E enhancing 

infectivity in both single cycle and 14-day replication assays, whereas D674N and D674G 

are inhibitory.  A survey of HIV-1 strains in the Los Alamos National Laboratory HIV 

sequence database indicates that Asp-674 is the dominant polymorphism in clade B strains 

(62 %), Asn-674 is the second most frequent polymorphism (9 %) while Glu-674 occurs 

rarely (1 %).  Glycine is not observed at this position in clade B strains but occurs at low 

frequency in clades A and C.  To further examine how Asp-674 mutations modulate Env 
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function, D674N, D674E and D674G were introduced to the wild type Env background in 

vector pΔKAD8env and their ability to mediate a single cycle of infection determined in 

U87.CD4.CCR5 cells.  Aspartic acid-674 was also mutated to Gln, which in a sense 

represents a structural intermediate of Glu and Asn, in order to determine whether the 

functional effects arising from Asp-674 mutations could be titrated.   

Western blotting was first used to confirm that the mutants were expressed and 

processed to gp120 and gp41 in a similar manner to the WT (Figure 5.9).  Luciferase 

reporter viruses that had been pseudotyped with the Asp-674 mutants were then titrated 

onto U87.CD4.CCR5 cells in order to compare their infectivity.  The results show clearly 

that the Asp-674
 
mutations in the wild type Env background did not significantly affect 

viral entry activity (Figure 5.10).  By contrast, a gradation of effects on entry was observed 

with the different Asp mutations in the W596L.K601H background. As observed in figure 

5.11, D674G completely blocked virus infectivity in a W596L.K601H context, D674E led 

to an increase in virus infectivity whereas D674N was inhibitory (Figure 5.11).  The entry 

capacity of the W596L.K601H.D674Q combination was not significantly different to 

W596L.K601H (p > 0.05) indicating that the effects of this change were intermediate 

between those obtained with D674E and D674N.  The expression and processing of the 

mutants was again found to be similar to that of the WT following western blot analysis 

(Figure 5.12).  

 

5.3.7 Cell-to-cell fusion activity of Envs with revertant genotypes 

The membrane fusion activities of selected revertant Env sequences were 

examined in a cell-to-cell fusion assay at limiting Env concentrations. This assay allows 

the intrinsic fusogenicity of the glycoproteins to be measured, as Env in this context is not 

subjected to conformational constraints that may be imposed by virus structure, for 

example, matrix-gp41 cytoplasmic tail interactions.    
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Figure 5.9 Western blotting of Asp-674 different mutants in the wild type Env background 

 

293T cells were transfected with 1 μg of pΔKADenv plus 1ug pCAGT7.  At 48 h posttransfection 

the cells were lysed and subjected to reducing SDS-PAGE in 10% polyacrylamide gels. The HIV-1 

glycoproteins were visualized by western blotting with the mAb C8 (A) and DV012 (B). 
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Figure 5.10 Single cycle entry mediated by Asp-674 mutants in the wild type Env 

background  

Env-pseudotyped luciferase reporter viruses were prepared by co-transfecting 293T cells with 1 μg 

Env expression vector plus 1 μg pNL4.3LucR-E-. Viral entry was assessed after the addition of 4 

different concentrations (neat, 1/10, 1/100, 1/1000) of the virus supernatant by measuring 

luciferase activity in U87.CD4.CCR5 target cells at 48 h post infection. Luciferase activity was 

normalised against reverse transcriptase activity present in each virus inoculum. The data 

presented are the means ± standard errors from 3 independent assays. 
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Figure 5.11 Single-cycle entry mediated by Asp-674 mutants in the W596L.K601H Env 

background 

 

Luciferase reporter viruses were prepared by co-transfecting 293T cells with 1 μg Env expression 

vector plus 1 μg pNL4.3LucR-E-. Viral entry was assessed by measuring luciferase activity in 

U87.CD4.CCR5 target cells at 48 h postinfection. Luciferase activity was normalised against 

reverse transcriptase activity present in each virus inoculum.  The data presented are the means ± 

standard errors of 3 independent assays. 

 

Figure 5.12 Western blotting of Asp-674 different mutants in the W596L.K601H Env 

background 

 

293T cells were transfected with 1 μg of pΔKAD8env plus 1ug pCAGT7.  At 48 h posttransfection 

the cells were lysed and subjected to reducing SDS-PAGE in 10% polyacrylamide gels. The HIV-1 

glycoproteins were visualized by western blotting with the mAb C8 (left) and DV012 (right). 



Forced Evolution Reveals a Functional Linkage Between the DSR and MPER of gp41     

 

  
Page 147 

 
  

 The assay was conducted at limiting Env concentrations (0.25 μg pΔKAD8env; Figure 

5.2B) in order to enable detection of subtle changes in fusion function.  The data indicate 

that W596L.K601D blocks cell-cell fusion activity and that the D601H pseudoreversion 

partially restores this function (Fig. 5.13).  As was observed in single cycle infectivity and 

14-day replication experiments, the D674N and D674G mutations were inhibitory in a 

W596L.K601H context. However, in contrast to the infectivity data, the addition of D674E 

did not enhance the fusogenicity of W596L.K601H.  Furthermore, D674Q was inhibitory 

to membrane fusion in a W596L.K601H background, whereas this mutation did not 

significantly affect the ability of W596L.K601H to mediate a single cycle of infection.  

These data suggest that the functional interaction between His-601 and Glu-674 operates in 

the context of a virus particle.  
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Figure 5.13 Cell-cell fusion activity of the different Asp-674 mutants in the W596L.K601H 

Env background using a luciferase reporter assay 

293T effector cells were cotransfected with the T7 polymerase expression vector, pCAG-T7, 

together with pΔKAD8env vectors. BHK21 target cells were cotransfected with pT4luc and 

pc.CCR5. At 18 h posttransfection,the effectors and targets were mixed and co-cultured for 24 h 

prior to lysis and assay for luciferase activity. Mean relative light units (RLU) ± standard error is 

shown from 3 independent experiments.  
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5.4 Discussion  

The serial passaging of the W596L.K601D mutant virus, which was defective in 

gp120-gp41 association and viral replication, enabled the selection of revertants with 

second and third site suppressor mutation(s) that overcame the attenuation.  For clone 

WLKD 1, 47 days of culture were required to restore replication competence. The 

dominant suppressors included a D601H pseudoreversion in the DSR, plus D674E in the 

MPER.  The D601H change restored gp120-gp41 association, while the combination of 

D601H with D674E resulted in a 20-fold enhancement of single cycle virus infectivity 

over the original W596L.K601D mutant and near-wild type replication kinetics.  For the 

WL.KD 2 clone, only 30 days in culture were required to restore replication. The dominant 

suppressor combination in this case was D601H plus D674N (30 of 36 clones obtained 

from days 10-50) with a Thr-389-Trp-390 deletion (ΔTW389/90) in V4 also being present 

in 12 clones obtained between days 10 and 30.  Despite W596L.K601H exhibiting better 

replication fitness than ΔTW389/90.W596L.K601H.D674N and W596L.K601H.D674N, 

DNA sequencing indicated that the least fit genotype (W596L.K601H.D674N) dominated 

days 40 and 50 of the culture, which follow the emergence of replication competent virus.  

Conservative substitutions at Asp-674 were found to modulate virus entry in the context of 

W596L.K601H but not wild type Env, indicating that the MPER is functionally linked to 

the association/activation synapse of gp120-gp41. 

The W596L mutant has a very subtle gp120-shedding phenotype but retains wild 

type levels of cell-cell fusion and virus entry function (Poumbourios et al., 2003) whereas 

a more pronounced shedding and fusion phenotype was observed for K601D.  Combining 

the individual mutations in W596L.K601D resulted in a severe gp120-gp41 association site 

defect with a virtual absence of cell- and virion-associated gp120 observed.  These data 

suggest that Trp-596 and Lys-601 contribute to gp120 association in a synergistic manner.  
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The W596L.K601D-mutated virus remained non-infectious even after 5 passages in 

U87.CD4.CCR5 cells, indicating severely attenuated replication capacity.  The use of VSV 

G pseudotyping in trans to initiate the first round of infection by W596L.K601D virus 

successfully overcame this obstacle, leading to the generation of infectious variants that 

could undergo purifying selection with sequential passaging.  Thus the replication defect 

observed for W596L.K601D is at the level of viral entry. 

The phenotypic analysis of Env clones indicated that the D601H pseudoreversion 

is a key evolutionary step that restores gp120-gp41 association.  The D601H 

pseudoreversion would reintroduce a bulky sidechain of a basic nature to the 601 site, 

perhaps restoring a key contact with gp120.  Interestingly, Leu-596 was maintained over 

the 50 days in both cultures, suggesting that a smaller hydrophobic sidechain relative to 

Trp is tolerated at this position in the presence of His-601.  Despite the restoration of 

gp120-gp41 association by D601H, membrane fusion, viral entry and virus replication 

functions were only partially restored, suggesting that suppression of the association defect 

came with a fitness cost in fusogenicity.  This fitness cost was overcome to a degree by 

D674E in the MPER, which boosted single cycle entry and virus replication capacity.  

Importantly, D674E did not alter entry efficiency in a wild type Env context, suggesting 

that the effects seen with this mutation are specifically linked to the changes in the DSR.  

While His-601 enables efficient gp120-gp41 association when Leu-596 is present, the 

conformation of Env may nevertheless differ from the WT such that its ability to mediate 

membrane fusion is compromised and requires the other change for further optimisation.  

Notably, the D674E change in the MPER appeared to optimise gp41 conformation in a 

virion-specific manner, since improvements in cell-cell fusion function were not observed.  

In contrast to D674E, Gln, Asn and Gly substitutions at this site were inhibitory in a 

W596L.K601H context (but not a wild type Env context), with the severity of the 
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inhibition having an inverse correlation with sidechain length.  These data provide further 

support for a correlation between the MPER and DSR in the fusion mechanism. It is 

possible that both the MPER and the DSR together play an important role in stabilizing the 

gp120-gp41 complex and in the fusion mechanism. It could be also possible that the 

MPER and DSR exert independent effects on stabilizing the gp120-gp41 complex, but that 

the MPER effect can only be observed when the DSR effect is sufficiently disrupted. 

Nuclear magnetic resonance has revealed the structure of a MPER peptide in 

association with a dodecylphosphocholine micelle as a metastable L-shaped structure 

comprised of an N-terminal α-helix (residues 664-672) connected to a C-terminal helix 

(residues 675-683) via a flexible hinge (Figure 5.14A) (Sun et al., 2008). The C-terminal 

helix is likely to interact with the TMD and cholesterol in the lipid phase via the Leu-679-

Trp-Tye-Ile-Lys cholesterol recruitment motif (Chen et al., 2009b; Epand et al., 2006; 

Vincent et al., 2002), while the N-terminal helix represents a more flexible segment that 

might be in a metastable state and is noteworthy for having 3 Trp residues which are 

critical for membrane fusion (Salzwedel et al., 1999).  The flexible hinge comprises Phe-

673, which is buried in the lipid phase, and Asn-674 (the HXB2R sequence was used for 

the NMR structure), which hydrogen bonds with Asn-677 via Oδ1 above the polar 

headgroup layer.  The modelling of Asp-674 into this structure suggests that it is out of 

hydrogen-bonding range of Asn-677, while the introduction of Glu-674 predicts that Oε 

forms a hydrogen bond with a backbone amide within the polar headgroup layer (Figure 

5.14B). These models suggest that D674E affects hinge stability and that transition of a 

flexible MPER structure to a more rigid one is linked to improved W596L.K601H Env 

functionality.  It is notable that the presence of Glu and Asp at position 674 conferred 

better replication and/or single cycle entry properties to W596L.K601H in comparison to 

their neutral amino acid counterparts, Gln-674 and Asn-674, respectively. Negative charge  
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Figure 5.14. NMR structure of dodecylphosphocholine-associated MPER peptide 

 
(A) The polar headgroup region is coloured light yellow; the lipid acyl-chain region is deep yellow. 

The three red Trp residues (666, 670 and 672) play an important role in virus-mediated fusion, 

while the solvent-exposed Asn residues (671, 674 and 677) are colored blue.  Note that this 

peptide was derived from the HXB2R sequence, which contains Asn at position 674.  Figure 

obtained from Sun et al. (2008). (B) Amino acid changes at position 674 modelled on the 

dodecylphosphocholine-associated MPER peptide (PDB entry 2PV6) using Pymol.   
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at position 674 therefore plays an important role in improving the function of 

W596L.K601H, thereby implying that Glu-674 and Asp-674 mediate a salt bridge that is 

crucial for the functional boost. 

Interestingly, the D674E-mediated enhancement in W596L.K601H virus entry and 

replication was not reflected in cell-cell fusion function, suggesting that this component of 

the reversion mechanism operates in a virion context and not simply at the level of the 

intrinsic fusogenicity of Env.  Evidence is accumulating to indicate that interactions 

between the gp41 cytoplasmic tail and the underlying viral MA layer modulate the 

structure and function of the Env ectodomain.  For example, a gp120-gp41 association 

defect caused by a mutation in MA can be rescued by the decoupling of the 2 proteins via 

truncation of the cytoplasmic tail (Davis et al., 2006).  Furthermore, the gp41 cytoplasmic 

tail appears to be the key mediator of the 5- to 10-fold enhancement in fusogenicity of the 

viral gp120-gp41 complex induced by Gag maturation (Wyma et al., 2004; Jiang and 

Aiken, 2007). Thus D674E may modulate the function of W596L.K601H Env in the virion 

specific conformation, which is dictated in part by MA-gp41 cytoplasmic tail interactions.  

It would be interesting to determine whether the decoupling of gp41 from MA by 

cytoplasmic tail truncation reverses the enhancing effects of D674E. 

 It is perplexing that the W596L.K601H.D674N combination, which conferred 

inferior single cycle entry and/or replication fitness with respect to W596L.K601H and 

ΔTW389/90.W596L.K601H.D674N, dominated time points that followed the emergence 

of replication competent virus in the WLKD 2 culture. Additional or alternative suppressor 

mutations may be necessary to boost replication. The emergence of the ΔTW389/90 

deletion in V4 coincided with the initial spike of virus replication at day 30 and enhanced 

the replication competence of W596L.K601H.D674N, however this deletion was repaired 

by later time points.  The G145E and D674G mutations appeared at low frequencies at 
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days 40 and 50 but they were not associated with replication advantages.  It is possible that 

a low-frequency genotype associated with very high replication competence that has not 

been detected as yet is responsible for the WT levels of virus production observed from 

day 30 onward.  However, this scenario appears unlikely because it is not clear why such a 

virus has not outgrown W596L.K601H.D674N by days 40 and 50.  Deep sequencing 

methods such as 454, which enable the detection of low frequency genotypes, would help 

to address this possibility. Alternatively, the W596L.K601H.D674N combination may 

operate in conjunction with additional suppressors in non-env regions of the viral genome.  

Matrix is a likely candidate region given its structural and functional association with gp41 

via the cytoplasmic tail. The sequencing of gag amplified from genomic DNA derived 

from the various time points may shed light on this possibility. 

A recent study by Ruprecht et al. has shown that prolonged treatment of cell-free 

HIV-1 particles with MPER-specific neutralizing mAbs (2F5 and 4E10) can induce gp120 

shedding (Ruprecht et al., 2011). These workers put forward 2 explanations for this 

observation: 1) MPER-mAb binding affects the labile association between gp41 and 

gp120, leading to shedding; 2) conformations that expose the MPER and allow for the 

binding of 2F5 and 4E10 induce trimer instability. The results presented in this chapter 

indicate that the DSR, which forms part of the gp120-gp41 association site, is linked 

functionally to the MPER support the first hypothesis where structural changes induced in 

the MPER by 2F5 and 4E10 in turn induce a conformational change in the DSR, which 

leads to gp120 dissociation and the neutralization of infectivity. Structural biological 

studies of MPER-mAb interactions indicate that 2F5 and 4E10 binding does indeed alter 

the structure of the MPER by extracting paratope-interactive residues such as Trp-666 and 

Phe-673, respectively, from the hydrophobic phase (Song et al., 2009; Sun et al., 2008; 

Ofek et al., 2004; Cardoso et al., 2005). 
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Early mutational studies indicated that the DSR is associated with the C1 and C5 

regions of gp120 (Binley et al., 2003; Helseth et al., 1991; Maerz et al., 2001; 

Poumbourios et al., 2003).  The C1 and C5 regions are connected to the gp120 core via a 

7-stranded β-sandwich, forming projections at the base of gp120 (Pancera et al., 2010).  

The modelling of these projections in a trimeric context suggests that they will form a layer 

that encases the DSR, occluding it from antibody recognition (Bellamy-McIntyre et al., 

2010). The MPER is believed to occupy a spatially distinct location at the base of the gp41 

trimer, partially embedded in the envelope and proximal to the TMD but available for 

antibody binding (Sattentau et al., 1995; Finnegan et al., 2002).  Thus the DSR and MPER 

are likely to occupy spatially separate locations in the prefusion viral gp120-gp41 complex.  

The MPER-DSR functional linkage is therefore likely to operate via an allosteric 

mechanism that is mediated via other structural elements of the ectodomain.  Recent work 

from the Overbaugh laboratory implicates the HR1 segment of gp41 as one such element.  

This idea is suggested by the finding that I675V (MPER) and T569A (HR1) polymorphism 

synergise in conferring a neutralization sensitive Env conformation (Blish et al., 2008; 

Wang et al., 2011). The results of the cysteine mutagenesis study described in Chapter 4 

indicated that Thr-569 forms part of the trimer interface of prefusion gp41, since T569C 

enables disulfide bonding between protomers. Thus the transmission of structural signals 

between the MPER and DSR may involve the central coiled coil core domain of gp41. The 

polar segment represents another structural element that might be involved, since 

simultaneous mutations in the polar segment and the MPER was shown to induce gp120 

shedding. This shedding defect ablates the responsiveness of the residual gp120-gp41 

complex to CD4 ligation and the initiation of membrane fusion (Bellamy-McIntyre et al., 

2007). These data indicate that the CD4-induced conformational activation of gp41 

involves cooperative interactions between multiple regions of the ectodomain. 
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