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ABSTRACT

INTRODUCTION: Human immunodeficiency virus type 1 (HIV-l) integrase (IN) is

the key viral enzyme to catalyze the integration of proviral cDNA into the host genome,

an essential step during viral replication. In addition to catalyzing the integration

reaction, HIV-1 IN also plays important roles for other early steps of viral replication,

including viral reverse transcription and viral DNA nuclear import. Even though

extensive research has been tried to further understand how IN contributes to HIV-I

integration, the detailed mechanism underlying its action is still not fully understood.

One major reason influencing the integration study could be due to the multiple effects

of IN on other replication steps prior to integration such as reverse transcription and

nuclear import. To facilitate the integration study in vivo without being influenced by

other functions of IN, the HIV-1 IN yeast expressing system was established and found

that expression of functional IN in some Saccharomyces cerevisiae yeast strains led to

the emergence of a lethal phenotype. This lN-induced yeast lethality could be closely

correlated with the integration reaction and the yeast system may be a useful tool to

study the HIV-1 integration process and to screen drugs capable of inhibiting HIV-1

integration in vivo. In this study, we have performed mutagenic analyses to further

delineate the critical amino acid(s) and/or motif(s) in HIV-1 IN responsible for the

lethality in a HPL6 yeast strain. Also, we did functional and biochemical analyses to

investigate how these different IN mutants identified from the yeast lethal phenotype

system affect viral replication and the mechanism involved in replication defectiveness.

METIIODS, RESULTS AND CONCLUSIONS: A panel of IN mutants which

specifically target different regions of IN were introduced into a yeast expressing



system to test their lethal activity in yeast strain HP16. Results clearly revealed that

three mutants that harbour C-terminal mutations in the catalytic core domain of HIV-1

IN (V1654, AI79P and KR186,7AA) lost their lethal activity. However, the IN

catalytic mutants D648, D1164 and D64E1D116A still remained active for this IN

activity in yeast. To investigate the effects of three lethal phenotype defective IN

mutants (V1654, A179P and KR186,7AA) on viral replication, we introduced these IN

mutants into vesicular stomatitis virus envelop glycoprotein (VSV-G) pseudotyped

HIV-1 strains. Our results clearly showed that all three VSV-G pseudotyped viruses

were unable to mediate infection in CD4+ C8166 cells. Interestingly, their lack of

infectivity was shown to be partially complemented by the D64E IN mutant, indicating

thai the infectivity defect of these viruses was distinguishable from the catalytic defects

of D64E during viral replication. Moreover, we further demonstrated that, unlike. the

wild type IN and D64E mutant, the three yeast lethal phenotype-defective mutants

(V1654, A779P and KR186,7AA) lost their ability to bind to cellular chromatin. Taken

together, these results provide evidence that the chromatin binding ability mediated by

the C-terminal region of the catalytic core domain of HIV-1 IN plays an important role

in the lethal activity of the enzyme in yeast as well as in proviral DNA integration

during HIV-1 infection. Further investigation of the critical motif(s) of IN for

chromatin binding ability may serve as the basis for the discovery of new class of anti-

IN agents.
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CHAPTER 1 INTRODUCTION

CIIAPTER. 1 INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) belongs to the Lentivirida¿ genus

of retroviruses and is the cause of acquired immunodeficiency syndrome, AIDS. Since it

was first recognized in 1981, AIDS has killed more than 25 million people in the world,

making it one of the most destructive diseases in recent history. Currently, HIV-1

infection in humans is pandemic. In 2005 alone, an estimated 2.4-3.3 million people lost

their lives to AIDS, of which more than 570,000 were children. It is estimated that about

0.6Vo of the world's living population is infected with HIV (2006 report on the global

AIDS epidemic).

HIV-1 primarily infects the human immune system such as helper T cells

(specifically CD4* T cells), macrophages and dendritic cells. HIV infection decreases the

levels of CD4* T cells and once CD4* T cell numbers decline below a critical level, cell-

mediated immunity will be lost, and then the human body becomes progressively more

susceptible to opportunistic infections. If untreated, eventually most HlV-infected

individuals will develop AIDS and then die of the subsequent infections.

Currently, there is no vaccine or cure for HIV or AIDS. The only known method of

prevention is avoiding exposure to the virus. However, current treatment strategies for

HIV-1 infection, known as highly active antiretroviral therapy (HAART) which targets

the viral enzymes reverse transcriptase (RT) and protease (PR) has substantially reduced

the death rate from AIDS in those areas where these drugs are widely available (Palella et

al., 1998). However, these anti-retroviral drugs are so expensive that the majority of the

world's infected individuals do not have access to medications and treatments for AIDS.

Moreover, even though these drugs can delay the progression of the disease, current



CHAPTER 1 INTRODUCTION

therapy is not able to eradicate the virus and readily leads to the emergence of drug-

resistant HIV strains (Hertogs et al., 2000; Miller and Larder, 20OI). Thus, the

identification of additional targets and the development of new classes of antiviral

compounds are essential to increase the potency of inhibition and to prevent the

development of resistance.

In addition to RT and PR, another HIV-I enzymatic molecule, integrase (IN), is

also an attractive target for the development of novel inhibitors (Tarrago-Litvak et al.,

2002). Since HIV-1 IN plays multiple roles during viral replication, each IN-involved

viral replication step can be targeted respectively for blocking virus infection. Indeed,

extensive studies have been made to elucidate the mechanisms involved in IN's action at

different steps of viral replication including reverse transcription, nuclear import, and

integration. Moreover, specific interactions between HIV-1 IN and its cellular partners

also could be the target to develop novel inhibitors which may have the potential to

become new therapeutic agents.

In this chapter, the HIV-1 virion structure, genomic organization as well as HIV-1

replication cycle will be briefly described. Afterwards, the literature review and

discussion will be primarily focused on HIV-1 IN's structures and functions especially

for its role during the integration reaction. Finally, this chapter will end with functional

investigation of HIV-L IN in yeast.

1.1HIV-I virion and genome

HIV-1 is classified as a lentivirus in a subgroup of retroviruses. The mature virion

is an enveloped, roughly spherical particle and is about 120 nm in diameter. It is

composed of two copies of positive single-stranded RNA genome enclosed by a conical

4



CHAPTER 1 INTRODUCTION

capsid comprising the viral protein, p24. The single-stranded RNA is tightly bound to

nucleocapsid proteins, p7 and enzymes which are indispensable for the formation of

infectious viruses such as reverse transcriptase (RT) and integrase (IN). Some other

regulatory and accessory viral proteins including Vif, Vpr, and Nef are also enclosed in

the capsid (Fig.1.1A). A matrix composed of the viral protein pI7 surrounds the capsid

ensuring the integrity of the virion particle. This is in turn surrounded by the viral

envelope. The envelope is derived from the plasma membrane of an infected human cell

when a newly formed virus particle buds from the cell. The envelope includes the

glycoproteins gp120 and gp4L (Fig.1.1A).

The HIV-1 genome is encoded by a 9 kb single-stranded RNA molecule and

contains 9 open reading frames (Fig.1.1B). The largest three reading frames respectively

transcribe the Gag, Pol, and Env polyproteins, which encode the structural proteins for

new virus particles and are proteolytically processed into proteins common to all

mernbers of the retrovirus family. Gag is processed into mat¡ix (MA), capsid (CA),

nucleocapsid (NC), and p6 which makes up the inner core of the viral particle. Env

polyprotein derived gpL20 (surface, SU) and gp41 (transmembrane, TM) make up the

virus's outer membrane proteins. This glycoprotein complex enables the virus to attach to

and fuse with target cells to initiate the replication cycle. The polyprotein Pol includes the

viral enzymes protease (PR), reverse transcriptase (RT), and integrase (IN), all of which

provide essential enzymatic functions during viral replication.
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copies of virus, or cause disease. For example, Tat is critical for HIV-1 transcription

initiated from the long terminal repeat (LTR), and Rev plays a major role in the transport

of viral RNAs from the nucleus to the cytoplasm. Vpu, Vif, Vpr and Nef have been

termed as "accessory" or "auxiliary" proteins since that they are not absolutely required

for virus replication in vítro. However, in vivo, these proteins indeed play important roles

for efficient virus replication and disease progression. For instance, Nef appears to be

necessary for efficient virus replication and stimulates virus infectivity. It also plays a

role in down regulation of CD4 and major histocompatibility class I (MHC I) molecules

from the cell surface. The vpu-encoded protein enhances the release of new virus

particles from infected cells (Terwilliger et al., 1989) and promotes the degradation of

CD4 through the host ubiquitin/proteasome pathway (Margottin et al., 1998). Vpr,

another viral accessory protein, is incorporated efficiently into virions by a specific

interaction with the p6 gagprotein (Cohen et al., 1990; Kondo et al., 1995; Paxton et al.,

1993; Yao et a1.,1999) and efficiently arrests the cell cycle in G2 phase, and then induce

apoptosis. Vpr could also weakly stimulate gene expression from the HIV LTR and might

play a role in nuclear import of the viral preintegration complex (PIC) (Connor et al.,

1995; Heinzinger et al., 7994: Nie et al., 1998; Vodicka et al., 1998). Vif is a basic

protein which is incorporated into virions and is required in virus-producing cells during

the late stages of infection to enhance viral infectivity (Kao et al., 2003; Strebel et al.,

L981). Vif mutation can cause profound defects in virus infectivity. The defective

phenotype is cell-type dependent and is determined by the virus-producing cell. Thus,

certain cell lines (for example HeLa, COS, 293T, and Jurkat) are "permissive" for Vif

mutants; virus produced from these cell lines is fully infectious regardless of the target
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cell used (Freed, 2001). In contrast, other cell types (macrophages, primary human T

cells and some restrictive T cell line) are "non-permissive" (Borman et al., 1995; Madani

and Kabat, 2000). This cell-type specificity suggests that host factors play a role in Vif

function. In non-permissive cells such as macrophages and primary human T cells, Vif

functions to counteract an anti-retroviral cellular factor named APOBEC3G

(Apolipoprotein B mRNA-editing Enzyme-Catalytic Polypeptide-like 3G) (Sheehy et al.,

2002). The current mechanism proposed for protection of the virus by HIV-1 Vif is to

induce APOBEC3G degradation through a ubiquitination-dependent proteasomal

pathway (Liu et a1.,2004).

1.2 HIV-1 replication cycle

HIV-1 infection begins with the binding of the virus to.specific receptors 1'CO+¡

and co-receptors (CCR5 or CXCR4) on the cell surface, leading to their entry into the cell.

Once in the cytosol, the genomic HIV-1 RNA is reverse-transcribed into a linear

doubled-stranded DNA by the viral reverse transcriptase (RT). The viral DNA migrates

to the nucleus wherein viral integrase (IN) catalyzes its integration into the cell genome.

These two steps of the HIV-1 cycle take place inside large protein complexes termed the

reverse transcription complex (RTC) and preintegration complex (PIC). Once integrated,

the viral DNA is transcribed by the cellular machinery and messenger RNAs and progeny

virion RNA are generated. Viral proteins and genomic RNA assemble at the cell

periphery and immature virions are released by budding. Finally, the viral protease (PR)

carries out cleavage of the precursor polypeptides including Gag, Gag-Pol to produce

infectious viruses (Fig.1.2). Briefly, the whole life cycle of HIV-1 can be divided into
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two distinct phases: "early" and "late". The early phase refers to the steps from

susceptible cell binding to the integration of viral DNA into the host chromosome,

whereas the late phase begins with the expression of viral genes and goes through the

release and maturation of viral particles. Next, the details of each replication step will be

further described as follows:

\ 
@ maturat¡on

Figurel.2 Diagram of HIV-I life cycle. Different steps in the cycle are shown starting
from the entry of the viral particle into the cell until the budding of newly assembled
virions.
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1) FIIV-I Entry:

INTRODUCTION

Once an infectious HIV-1 virion has entered the host body, it will specifically find

and bind to the CD4 receptor expressed on the cell surface of macrophage, dendritic cell,

or helper T lymphocyte. Virion attachment to the CD4+ target cell membrane is through

the binding of the HIV-1 glycoprotein gp120 to the CD4 protein. The initial interaction of

gp120 with CD4 is not sufficient for HIV-I entry into the cell, but causes a

conformational shift in the gp120 molecule to expose its chemokine co-receptor binding

site. Depending on the viral tropism, cellular co- receptors CCR5 or CXCR4 are engaged

which is determined by the V3 loop of 9p720 (Chan and Kim, 1998; Wyatt and Sodroski,

1998). Once both the cell surface receptors are bound by gpL20, the viral transmembrane

protein gp41 changes conformation to facilitate membrane fusion with subsequent viral

entry into the cell (Markosyan et al., 2003; Melikyan et al., 2000).

2) Uncoating and reverse transcription:

Once inside the cell, the virion core is uncoated, exposing the HIV nucleoprotein

complex, consisting of genomic RNA, reverse transcriptase (RT), integrase, the matrix

protein, Vpr and NC. The uncoating process of HIV-1 is poorly understood. It is possible

that the penetration process itself may trigger the uncoating process. However, specific

cellular or viral factors may also play a role during this event (Dvorin and Malim,2003).

Ii is suggested that initiation of reverse transcription is coupled to the onset of uncoating

of the viral core (Zhang et al., 2000). RT first catalyzes the RNA-dependent DNA

polymerization of the RNA genome into an RNA-DNA hybrid. The RNase H domain of

RT then cleaves off the RNA, and RT subsequently becomes a DNA-dependent DNA

10



CHAPTER 1 TNTRODUCTION

polymerase to generate the double stranded DNA viral genome. The fidelity of the

reverse transcription is affected by the presence of cellular protein APOBEC3G

(Goncalves et al., 1,996; Mangeat et al., 2003; Mariani et a1.,2003; Zhang et a1.,2003).

Since viral protein Nef enhances viral DNA synthesis, it has been proposed to act either

at the level of viral uncoating or reverse transcription (Aiken, L997; Aiken and Trono,

7995).In addition, the cellular protein cyclophilin A (CypA) was also found to enhance

HIV infectivity during early post-entry events by counteracting the inhibitory activity of

host restriction factor Refl and allowing reverse transcription to be completed (Towers et

aL.,2003).

3) HIV nuclear import:

HIV-I, as one of retroviruses, after penetrating into the host cells and completing

reverse trancription, has to reach their sites of replication, the nucleus. Researcit has

shown that HIV-1 cores use cellular microtubules to tiansport its genome toward the cell

nucleus (McDonald et al., 2002) and during this time the viral PIC is formed. In addition

to proviral DNA, RT and IN, the PIC includes other viral proteins such as MA , Vpr and

NC, and cellular proteins such as the high mobility group protein HMGI (Y) , integrase

interacter 1 (INI1), the barrier auto-integration factor (BAF) and the human lens

epithelium-derived growth factor/transcription coactivator p75 (LEDGFlpT5) (Farnet and

Bushman, 7997; Uano et al., 2004b). However, the clear picture of the architecture of the

PIC remains to be established. The HIV-1 cDNA, associated to vi¡al and cellular

proteins, has to cross the nuclear membrane to reach the host chromatin for its

integration. However, the mechanism by which the PIC translocates into the nucleus is

still not fully understood. It is recognized that HIV-1 PIC enters the nucleoplasm through

1.1
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the nuclear pore complex (NPC) by active transport (Bukrinsky et al., 1992; Weinberg,

799I). The current model is that the HIV proteins present in PICs harbors karyophilic

properties, either directly by bearing nuclear localization signal (NLS) or indirectly by

interacting with karyophilic cellular proteins. The viral proteins MA, Vpr and IN, and a

DNA structure, the central DNA flap, have been implicated in HIV-1 nuclear import

(Bukrinsky et al., 1993; de Noronha et a1.,200I; Gallay et al., L997; Haffar et al., 2000;

Heinzinger et al., L994; Nie et al., 7998; Vodicka et al., 7998; Zennou et al., 2000).

Moreover, further investigations for cellular proteins contained in the PIC are also

urgently needed to elucidate their roles during viral nuclear import. And this will also

provide us the opportunity to design inhibitors for blocking virus infection.

4) Integration:

Following viral nuclear import, the double-stranded cDNA genome is then

integrated into a host chromosome of the infected cell, which can occur at many target

sites within the host's genome. HIV integrase performs a number of catalytic steps for

this viral integration, presumably with the help of additional host cellular enzymes for the

integration and DNA repair. Although the process of proviral integration has been

intensively studied with in vitro assays, the molecular basis of in vivo integration and the

selection of integration sites remain poorly understood. Many more details about the

HIV-1 integration reaction will be further discussed in part 1.5.1 of this chapter.

12
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5) Viral gene expression:

INTRODUCTION

The HIV-1 promoter is located in the 5'-long terminal repeat (LTR), and

transcription of the integrated retroviral genes is performed by the host cell RNA

polymerase II. During this process, the viral protein, Tat, plays a critical role for

facilitating the transcription elongation processivity of the polymerase (Harrich and

Hooker, 2002; Harrich et al., L996). Transcription of the HIV provirus can be

characterized by two phases. One is the early Tat-independent phase and another one is

the late Tat-dependent phase. In the absence of Tat, a series of short transcripts are

produced due to inefficient elongation by the recruited RNA polymerase II and the HIV

promoter is strictly under the control of the local chromatin environment and cellular

transcription. This process results in the synthesis of basal amounts of Tat proteins

(Jordan et al., 2007; Kao et al., 1987). However, once Tat is present, RNA synthesis is

greaily increased. Tat activates transcription through binding to TAR element of LTR and

to other transcriptional activators of cellular origin (Harrich and Hooker,2002; Harrich et

a1.,1996). Transcription from the HIV-L LTR leads to the generation of a large number

of viral RNA that fall into three major classes, unspliced RNAs, single-spliced mRNAs

and multiply spliced mRNA (Fisher et al., 1986). The unspliced and partially spliced

mRNAs are transported to the cytoplasm by viral protein Rev which binds to a structure

called RRE (Rev responsive element) present in unspliced or partially spliced RNA

(Pollard and Malim, 1998). The single-spliced env gene is used for translation of the

precursor protein gp1.60, which is glycosylated within the endoplasmic reticulum. The

unspliced RNAs are used for translation of Gag and Gag-Pol polyproteins and also serve

as viral genomic RNA for progeny. Then, the assembly process starts.

13
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6) Viral particle packaging and maturation:

INTRODUCTION

The final step of the viral cycle, packaging of new HIV-1 virons, begins at the

plasma membrane of the host cell. Viral transcripts bound by Rev and exported to the

cytoplasm are translated into protein for the formation of infectious virion particles. The

Env polyprotein (g)160) goes through the endoplasmic reticulum and is transported to

the Golgi complex where it is cleaved by cellular protease and processed into the two

HIV envelope glycoproteins gp41 and gpI20. These two proteins are then transported to

the plasma membrane of the host cell where 9¡141 anchors the gpI2O. The polyproteins

Gag and Gag-Pol are also localized to the cell membrane along with the HIV-1 genomic

RNA by the N-terminal matrix section of the polyprotein (Barreca et al., 2003;

Derdowski et al., 2004; Sandefur et a1.,2000). Once the subunits are assembled at the

inner surface of the cell membrane, the viral particles begin to bud from the cell surface,

coated with gpI20 and gp4l and containing an unrefined virus interior. These

noninfectious particles are then released and undergo a maturation process involving

orocessing of Gag and Gag-Pol by HIV protease and assembly of the core particle.

Protease digests the polyproteins into MA, CA, NC, p6, PR, RT, and IN (Quillent et al.,

1996; Ross et a1.,1997). This mature HIV virion is now ready to infect the next cell.

1.3IIIV-IIN

HIV-1 IN, a 32-l<D protein generated by protease-mediated cleavage of HIV-1

Gag-Pol polyprotein, catalyzes the integration of the reverse transcribed viral DNA into

the host genome which is required for viral replication and chronic infection. IN carries

out DNA integration in a two step reaction, called 3' processing and strand transfer (Fig.

T4



CHAPTER 1 INTRODUCTION

1.5). The detailed integration reaction will be described in part 1.5.1 of this chapter.

Given the fact that IN has no known cellular counterpart and that it is an essential viral

enzyme for productive viral infection, isolation of specific inhibitors of this enzyme

should provide novel anti-HIV therapeutic strategies (Neamati, 2007; Pani and Marongiu,

2000; Pommier et al., 2000). In contrast to RT and PR, the other two HIV-1 encoded

enzymes currently used as targets in the combined therapy strategy, almost none of the

few inhibitors of HIV-1 IN which have until now been described seem to behave as a

potential therapeutic agent. This lack of IN inhibitors is partly due to the difficulties

encountered in structural studies because of the low solubility of the whole enzyme and

to insufficient information concerning the biochemical mechanism of proviral integration.

Therefore, extensive efforts have been made to investigate the molecular basis of HIV-1

integration and to develop anti-IN inhibitors in vivo.

In vivo and in vitro complementation studies suggest that the functional HIV-1 IN

is a multimer (Fletcher et al., 1997; Kalpana et al., 1999). Moreover, oligomers of IN are

present in virions (Petit et a1.,1999). However, the number of monomers and the spatial

organization of the active oligomeric form of IN complexed with DNA substrate is not

yet clear. Biochemical and structural considerations suggest that the minimal functional

IN oligomer is at least a tetramer (Esposito and Craigie, 7999). The presence or the

absence of divalent cations or detergents during the purification process of [N would

explain why IN exists in monomers, dimers, tetramers, and high-order multim ers in vitro.

L.4 Structures of HIV-I IN

Protease digestion and functional complementation studies show that the full length

HIV-1 IN (288 amino acids) contains three different domains (Fig.1.3): the N-terminal
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domain (1-50), the catalytic core domain (5I-2I2), and the C-terminal domain (213-288).

The structure of each of these separate domains has been determined by X-ray diffraction

or by solution NMR. Structures also exist for the core domain plus N-terminal domain

(Wang et a1.,200I) and for core domain plus the C-terminal domain (Chen et al., 2000).

However, the complete structure of HIV-L IN or its complex with DNA substrate is still

unknown because of its low solubility. All three domains of HIV-I IN are required for

efficient integration activity.

N-term in us catalytic core G-term in us

212 288
I-f

H H CCI D D E I SHsFOLD

12 16 4043 64 116 152

| 
^'.bindinfi 

.---+atalyzes polynucleotidyl-- l* non-.pecific 
-lI d¡mer I transfer,dimer, disintegration I Orun binding, dimer I

dimer and tetramer,<- 
3'-process¡ng, and strand transfer

Figure1.3 Structural and functional domains of HIV-1 IN. IN is a three domain
multimeric protein, that contains conserved amino acid sequence motifs in both the N-
terminus (HHCC) and core domain (D,D-35-E). The function of each domain is
indicated.

N-úerminal domain

The N-terminal domain of HIV-I IN contains a highly conserved HHCC (HLz,

HI6, C40, C43) motif (Fig1.3), which binds one equivalent of Znz* lor stabilizing the

interaction between the helices and overall IN structure, as well as promoting the

formation of higher-order IN multimers (Zheng et al., 7996). Mutation of the two

cystines in the HHCC motif in HIV-I IN also affects 3'-processing and strand

50
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transfer (Engelman and Craigie, 1992). This region is also involved in protein-protein

interactions and contributes to the specific recognition of viral DNA ends. The structure

of the N-terminal domain of HIV-1 IN has been solved by NMR spectroscopy (Cai et al.,

7991) and shows that N-terminal domain is a highly helical structure, with the monomer

consisting of four helices. A hydrophobic core stabilizes the upper region of the structure

while the lower region is stabilized by Znz* coordination. The structure of the N-terminal

plus core domains (residues L-2I2) for an HIV-1 triple mutant (W131D, F139D, F185K)

has been determined (Wang et al., 200I). The crystals contain four monomers per

symmetric unit. The linker region joining the N-terminal and core domains (residues 47-

55) is disordered in all four structures.

Catalytic core domain

The catalytic core domain (CCD) of HIV-I IN contains 3 highly conserved

residues, Arpuo 1n¡, Asp 1ì6 (D), and Glursz (E) which are commonly found in

polynucleotidyl transferases. Any mutation of these residues usually abolishes all

cai.alytic activities of these proteins, and they are therefore thought to be essential

components of the IN active site, termed as the catalytic D, D-35-E motif (Fig.1.3). The

core domain alone can catalyze the disintegration reaction, but both N- and C-terminal

domains are required for 3'-end processing and strand transfer (Bushman et al., 7993;

Engeìman et a1.,. 19931' Kulkosky et al., 1995; Mazumder et al., 7994; Schauer and

Billich, 7992; Vink et al., 1.993). The crystallization of the core domain was initially

impeded by its poor solubility. Fortunately, later studies showed that an IN mutant

FL85K, generated by the systematic replacement of the hydrophobic residues, improved

solubility and had as much activity for the disintegration reaction as the wild type domain
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(Jenkins et al., 1995). After that, X-ray diffraction analysis shows the catalytic core

domain of IN consists of a central five-stranded B sheet with six surounding o helices

(Fig.1.a). Examination of the crystal structure displays the contact between CCD

monomers which suggests a dimeric model for functional IN. In this contact, the two

monomers are related by a dyad axis, with alarge, solvent-excluded surface. The dimer is

stabilized by salt bridges and hydrogen bonds involving B strand 3 and u-helices L, 3, 5,

and 6.

Figurel..4 The HIV-I IN catalytic core domain. p

Three residues of the D,D-35-E motif, Arpuo, Arpttu,
stick models.(from J. Greenwald et al.,1999)

C-tenminal domain

strands and a helices are marked.
and Glu1s2 are shown as ball-and-

The C-terminal domain is the least conserved of the three domains and binds DNA

non-specifically. Deletion of this domain will abolish 3'-end processing and strand

transfer activities. Two NMR studies on solutions of domains consisting of residues 279-

270 showed five strands arranged antiparallel to form a p barrel which adopts an SH3-
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like fold (Eijkelenboom et al., 7999; I¡di et al., 1995; Vink et al., 1993). SH3 domains

are involved in protein-protein interactions. In particular, they may provide connections

to small GTP-binding proteins. Another role that has been proposed for SH3 domains is

the ability to interact with proteins of the cytoskeleton, thus trigging changes in cell

structure. In both cases, the domains dimerize to form a symmetrical dimer. The crystal

structure of the two domains of HIV-I IN, residues 52-288 has also been determined by

X-ray crystallography (Chen et a1.,2000). Two C-terminal domains are related to each

other by 90o rotation relative to their two- fold axis. Within the dimer, only the catalytic

core domains form the dimer interface, and the C-terminal domains are located 55 ,{

apart. A26-aa a-helix, o6, links the C-terminal domain to the catalytic core.

1-.5 Functions of HIV-IIN

As one of the three viral encoded enzymes, HIV-1 IN plays a major rble in

caralyzing the integration of proviral DNA into the infected cell genome. Moreover, in

addition to catalyzing the integration process, HIV-1 IN has also been suggested to play

other important roles during viral replication including reverse transcription and HIV-1

nuclear import. In this part, firstly, the discussion will be focused on the lN-performed

integration reaction in which other cellular partners involved in this step are also

described. Then the effects of HIV-1 IN on reverse transcription and nuclear import will

be discussed.
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tr.5.1 trntegration reaction

HIV-1 IN

joining or strand

catalyzes DNA integration

transfer (Fig.1.5), which IN

INTRODUCTION

in two steps: 3'-end processing and 3'-end

alone can carry out.

1.

ACTGGAA... DNAACCTT.tu

t
3'-processing

",Jt:;¡:;tl*l:ttl,.'y' @

*r*r^*rruw*
Cellular DNA

Figune 1.5 Diagram of the integration reaction. Catalytic steps involved in the
insertion of viral DNA into the human genome are indicated as 1 andZ.

1) The first step in the integration reaction is "3'-processing" which happens in the

cytoplasm within the PIC. In this processing reaction, IN specifically recognizes the

sequence-specific 3' LTR on the linear double-stranded viral cDNA and then removes the

terminal GT dinucleotide from each of the viral DNA ends, leaving a recessed CA with a

free 3' OH group and an overhanging 5'-AC on the complementary strand.

2) The second step, termed strand transfer reaction, happens in the nucleus. The IN

protein joins the previously processed 3' ends to the 5' ends of strands of target DNA at

the site of integration. The 5' ends are produced by lN-catalyzed staggered cuts. The

unpaired nucleotides at the S'-ends of the viral DNA are then removed and the gaps

2.
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between the viral and the target DNA are repaired, probably by host-cell DNA repair

enzymes (Chow et a1.,7992).

IN also carries out a third reaction, called the disintegration reaction, which is the

reverse of the strand transfer reaction in which a substrate that mimics one end of the

viral DNA joined to the target DNA is cleaved into its viral and target DNA parts (Chow

et a1.,1992).

In vitro analysis has shown that only two elements are necessary for integration:

the HIV-I IN and the cis-acting DNA sequences at the end of the proviral DNA LTR.

Although purified recombinant HIV-1 IN performs all the steps required for end

processing and strand transfer on model DNA substrates in vitro, such reactions differ

from authentic integration because coordinate joining of the two viral ends ¡emains

inefficient. In vivo, the enzyme may attain the expected efficiency by interacting. with

viral or cellular proteins present in the PIC which can efficiently facilitate the integration.

1.5.2 Cellular factors interacting with HIV-I IN

In addition to the key viral protein of IN for HIV-1 integration, a variety of cellular

proteins have been demonstrated to be involved in establishing the integrated provirus in

the infected cells. Examples include the barrier-to-autointegration factor (BAF) ([æe and

Craigie, 1998; Iæwis and Emerman, 1994), high-mobility group protein A1 (HMGAI)

(Farnet and Bushman, L997), integrase interactor I(INI-1) (Kalpana et al., 1994; Young,

2007), DNA-PK (Daniel et al., 1999), DNA repair protein hRAD18 (Mulder et al., 2002),

a cellular acetyltransferase p300 (Cereseto et al., 2005), and lens epithelium-derived

growth factorlpTí (LEDGFipT5) (Busschots et al., 2005). Since INI1 and LEDGFlpT5
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can directly interact with HIV-1 IN and have been studied well in detail as the cofactors

of retroviral integration, here, we just focus our interest on them.

INI1: INI1, identified by the yeast "two-hybrid" system, is one of the proteins that

directly interact with IN and is shown to stimulate the integration reaction in vitro

(Kalpana et a1.,1994). INI1 is a homologue of yeast transcription factor SNF5 and is a

component of the ATP-dependent chromatin-remodeling mammalian SWI/SNF complex

(Wang et al., t996).It is involved in chromatin remodelling during gene expression. As

retroviral integration seems to occur preferentially in highly transcribed loci(Scherdin et

al., 1990), it is tempting to speculate that the role of INI1 in the retroviral infection cycle

is to target the PIC by binding IN to accessible chromatin regions. INI1 is a 385-amino-

acid protein and contains three highly conserved regions including two direct imperfect

repeats (repeatl (Rptl) and repeat 2(Rpt2)), a C-terminal coiled-coil domain, and

hornology region (HR3). The Rptl region is necessary and sufficient to Uin¿ to HIV-1 IN

(Morozov et al., 1998). Morozov et al. also demonstrated that INI1 is incorporated into

virions and the incorporation of INI1 into HIV-1 virions is directly correlated with its

ability to exclusively interact with HIV-1 IN but not with other retroviral IN. At present

it is unclear whether INI1 is really required for HIV-L replication. However, studies

demonstrated that INIl-deficient cells produced low amounts of virions that were poorly

infectious, indicating that this protein is required for proper assembly of HIV-1 (Yung et

al., 2001). Moreover, a fragment of INI1 (residues 183-294) spanning the minimal IN

interaction domain was found to profoundly inhibit virus particle production of HIV-1 in

a dominant negative manner (Yung et al., 2004). Therefore, INI1 may play a role during

the post-integration steps of HIV-1 replication. Recently, Ariumi et al. also demonstrates
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that while INIl is dispensable for HIV-1 transduction, it can facilitate HIV-1

transcription by enhancing Tat function. INI1 bound to Tat and both the repeat (Rpt) 1

and Rpt 2 domains of INI1 were required for efficient activation of Tat-mediated

transcription. These results suggest that the incoming PICs might recruit INIl to facilitate

proviral transcription (Ariumi et al., 2006)-

LEDGF/p7S: LEDGFpT5 is a novel cellular protein which directly interacts with

HIV-1 IN and targets HIV-1 DNA integration. It is predominantly localized in the

nucleus, where it is associated with the chromosomes (Nishizawa et a7.,2007). Normally,

LEDGF1pT5 functions as a survival factor and a transcriptional co-activator in the cell.

tsy using co-immunoprecipitation and yeast-two-hybrid analysis, LEDGF1pTS was

identified as a binding partner of HIV-1 IN and the binding region was located at its C-

te¡minus (Cherepanov et al., 2003: Emiliani et ã1., 2005; Turlure et â1., 2004).

Recombinant LEDGF/p75 protein effectively promotes HIV-1 IN strand transfer activity

in vitro.

LEDGF/p75 contains 530 amino acids and has several functional regions. Of note,

a 92 amino acid domain that contains PWWP (Pro-Trp-Trp-Pro) is present in the N-

terminus. This functions as a protein-protein interaction domain and/or DNA-binding

domain (Qiu et ã1., 2002; Stec et â1., 2000). Moreover, a functional NL,S

It46RRGRKRKAEKQIS6) was also found in this region by deletion mapping and site-

directed mutagenesis (Maertens et al., 2004; Vanegas et al., 2005). However, the

conserved lN-binding domain (IBD) of 80 amino acids (residues 347-429) was mapped

to the C-terminus (Cherepanov et al., 2004). The structure of the IBD has been resolved

by NMR (Cherepanov et al., 2005) showing that it is a compact right-handed bundle

23



CHAPTER 1 INTRODUCTION

composed of five o, helices. Also, in 2006, the domains responsible for the chromatin

tethering of LEDGF/p75 were characterized. Immuno-localization analyses revealed that

an N-terminal PWWP domain and its beta-bar¡el substructure are needed for binding to

chromatin (Llano et al., 2006b). Moreover, LBDGFlpT5-binding site on IN was also

studied. Both the N-terminal zinc domain and the central core domain of IN were found

to be involved in the interaction with LEDGF/p75 (Maertens et al., 2003). Two regions

within the central core domain of HIV-1 IN have also been characterized to interact with

LEDGF/p75. The first region centers around residues W131 and W132 while the second

extends from IL61 through E170 (Busschots et al., 2001). For the different IN mutants,

the interaction with LEDGF/p75 and the enzymatic activities were determined.

IN(V/i314), IN(I1614), IN(R1664), IN(Q1684) and IN(E1704) are impaired for

interaction with LEDGFlpT5, but retain 3'processing and strand transfer activities. Due

to impaired integration, an HIV-1. strain containing the W1314 mutation in IN displays

reduced replication capacity, whereas virus carrying IN(Q1684) is replication defective

(Busschots et al., 2007).

In addition to the in vitro interaction between LEDGF|pTS and IN, the functional

roles of LEDGF/p75 in HIV-I replication have also been studied. By using siRNA

knock-down technique, initial studies suggested that endogenous LEDGFlp75 was both

necessary and sufficient for accumulation of HIV-1 IN into the nucleus (Maertens et al.,

2Aß). Moreover, a single amino acid change in the NI.S motif of LEDGF/p75 (K150A)

was able to exclude the mutant LEDGF|pT5 protein from the nucleus and abolish nuclear

import of HIV-I IN (Maertens et al., 2004). Therefore, a possible role of LEDGF/p75 in

nuclear import or, alternatively, in chromosomal tethering was initially proposed
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(Maertens et a1.,2003). However, in direct nuclear import assay, recombinant HIV-I IN

is still actively imported in the nucleus in the absence of LEDGF/p75 (Emiliani et al.,

2005). More importantly, addition of a proteasome inhibitor to cells defective for

LEDGF/p75 restores IN accumulation in the nucleus, suggesting that knock-down of

LEDGF/p75 leads to a reduction of IN expression, likely resulting from proteasome

activity, as LEDGF/p75 has been shown to increase the stability of HIV-1 IN in the cells

by preventing proteasomal degradation (Emiliani et al., 2005; Llano et al., 2004a).

Recently, in fluorescent correlation spectroscopy experiments, LEDGF/p75 was found to

stimulate the binding of HIV-1 IN to DNA (Busschots et al., 2005). This in vitro result

suggests that LEDGF|pTS more likely functions as a tethering factor for HIV IN to the

chrornosomes, which can explain the apparent nuclear accumulation of HIV-1 IN and

association to mitotic chromosome. Moreover, Llano et al found that LEDGF/p75-is an

essential HIV integration cofactor. The mechanism requires both.linkages of a molecular

tether that p75 forms between IN and chromatin (Llano et a1.,2006a). Ciuffi et al also

demonstrated that LEDGF/p75 may affect the choice of target sites for HIV-1 integration

in cells (Ciuffi et a1.,2005). ln 2006, Vandekerckhove et al. found that transient and

stable knockdown of LEDGF/p75 resulted in a three- to fivefold inhibition and a two- to

fourfold reduction of HIV-1 replication respectively indicating that the extent of

LEDGF/p75 knockdown closely correlated with the reduction of HIV-I replication

(Vandekerckhove et al., 2006). Furthermore, two different overexpressed fragments

containing the IN binding domain (IBD) of LEDGF/p75 have been shown to inhibit HIV-

1 replication. Quantitative PCR pinpointed the block to the integration step, whereas

nuclear import was not affected. Competition of the IBD proteins with endogenous
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LEDGF1pTS for binding to integrase led to a potent defect in HIV-1 replication (De Rijck

et a1.,2006).

1.5.3 Characterization of class I and class II IN mutants.

Replication-defective IN mutants of HIV-1 can be grouped into two phenotypic

classes: class I and class II.

Class I IN mutants are specifically blocked at the integration step and are typified

by changes in the D,D-35-E motif that constitutes the enzyme active site. In contrast,

class II mutants cause pleiotropic defects at multiple stages of viral replication other than

integration, including early and postintegration steps of the virus life cycle. For examples,

some IN mutant viruses are shown to be defective at postintegration steps such as virion

assembly, release, maturation, and protein cornposition (Ansari-Lari et al., 1995;

tsukrrvsky and Gottlinger,1,996; Engelman et a1.,7995; Engelman et a1.,1.997; Quillent et

al., 1996; Shin et al., L994). Some other defective IN mutants viruses are impaired in

early steps of the virus life cycle, such as uncoating, viral DNA synthesis and nuclear

import of PIC (Bouyac-Bertoia et al., 2001; Cannon et al., L996; Engelman et al., 1995;

Engelman et al., 1997; Gallay et a1.,1997; Leavitt et al., 1996; Masuda et al., 1995; Wu

et al., 1,999). Such mutations may alter virus replication through various mechanisms in

the viral life cycle.

Due to the pleiotropic nature of the class II IN mutants, assays to detect viral DNA

synthesis, nuclear entry or integration have been developed and used to characterize the

precise determinants in IN that causes each defect. For example, besides in vitro

integration assay, the Alu-PCR and complementation assay are used to detect integration
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in vivo. (Chun et ã1., 1991). For reverse transcription, an RQ-PCR (Real-time

Quantitative Polymerase Chain Reaction) assay with LTR- and gag-specific primers has

been used to quantify levels of full-length and nearly full-length late reverse transcription

products (Limon et al., 2002b} Detection of 2 LTR circles is the most widely used assay

for monitoring nuclear translocation of the PIC (Lewis,7992).

1.5.4 Contribution of HIV-1 IN on reverse transcription.

Although reverse transcription can be catalyzed by RT alone in vitro, the process is

more complex in vivo. In infected cells, in addition to several viral factors such as MA,

NC, Nef, and Vif, IN is also involved in this process (Tasara et a1.,200I). Mutations in

the HIV-1 IN coding sequence have been shown to impair viral DNA synthesis in

infected cells. Deletion of entire IN (AIN) or a small portion ( 22) of its C-terminus

reduces the amount of early viral DNA products detected by PCR, and viruses containing

either point mutations in the N-terminal zinc finger (HlZLlAlC, }IIíVIAIC) or the

central domain (F1854) exhibit a similar phenotype (Engelman et al., 1995: Engelman et

al., 1997; Liu et al., 1.999; Masuda et al., 1995; Wu et al., L999). Up to now, the

mechanism by which IN mutations influence the production of viral DNA is not clear.

Some studies demonstrated that a physical interaction exists between RT and IN of HIV-

1 and MLV in vitro and this interaction is not mediated by nucleic acid bridging (Hu et

al., 1986; Tasara et al., 2001; Wu et al., 1999). Another report demonstrated that

monoclonal antibodies generated against the minimal DNA binding domain in the C-

terminus of IN block the interaction of recombinant IN and RT (Ishikawa et al., 1999).

Recently, by using coimmunoprecipitation and GST pull down assays, two reports

indicate that the C-terminal domain of IN is involved in interaction with RT, and C130S
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IN mutant virus abolished the ability of the virus to initiate reverse transcription

presumably by disrupting the protein recognition interface of the C-terminal domain and

abolishing its ability to interact with RT (Tan et a1.,2004; Zhtt et a1.,2004).

1.5.5 Contribution of HIV-I IN on PIC nuclear import.

Besides its critical role for catalyzing the integration of HIV-1 cDNA into the host

genome, IN can also contribute to the viral PIC nuclear import. In 7997, Gallay et al. first

reported that HIV-1 IN was able to localize in the nucleus by recognizing importin-cr

( one cellular karyophilic protein) via its bipartite NI.S 186KRK188 and 
tttKELQKQITtrle

since rnutants K186Q and Q2141216L in these regions lost nuclear localization capacity

and their ability to bind to importin a in vitro (Gallay et al., 1997). Consistently, the

karyophilic feature of IN was further confirmed by different groups using various IN-

fusion proteins. However, other studies on the subcellular localization of IN could not '

prove the importance of I86KRK188 and 'ttKELQKQITK2ie for protein nuclear

localization and/or their roles in viral nuclear import; rather they appear to contribute to

reverse transcription and/or integration (Bouyac-Bertoia et al., 200L; Lu et al., 2004;Pefit

et al., 2000; Tsurutani et al., 2000). Moreover, although Bouyac-Bertoia et a/. reported a

nonclassical NI-S within the catalytic core domain of IN (Bouyac-Bertoia et al., 200I),

later reports were unable to confirm this observation (Dvorin et a1.,2002; Limon et al.,

2002a).Interestingly, in 2005, Ao et al. demonstrated that replacing lysine residues with

alanine in two highly conserved tri-lysine regions, which are located within previously

described Region C I235wKGPAKLLWKGEGAVV25O) and sequence O
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l2ttKELQKQIfKle¡ in the C-terminal domain of HIV-1 IN, impaired protein nuclear

accumulation (Ao et al., 2005).

In200I, the residues V165 and R166 in HIV-1 IN were shown to be critical for its

NLS function (Bouyac-Bertoia et al., 200I). But reassessment of these V165lR166

functions by use of IN mutants V1654/R1664 in several studies showed these mutants

are class II IN mutant which are primarily defective in integration steps (Dvorin et al.,

2002; Limon et a1.,2002b). Recently, mutants V1654 and R1664 were identified to be

defective for binding to cellular protein LEDGF1pT5 by His6-tag pull down assay

(Cherepanov et al., 2005). Interestingly, another IN mutant in the same region, Q1684,

which also disrupted the interaction with LEDGF1pT5, abolished the chromosomal

targeting of IN without affecting its catalytic activity, resulting in integration and

replication-deficient viruses. Furthermore, the mutation did not affect the nuclear import

of HIV-L IN (Emiliani et at., 2005).

In addition, the mechanism(s) involved in IN nuclear localization is also

controversial. By using in vitro binding assays, several studies have shown that IN

interacts with importin a (Armon-Omer et a1.,2004; Fassati et al., 2003; Gallay et al.,

1997), while Depienne et al. revealed that IN nuclear accumulation in vitro neither

involved importin o, 91, and B2-mediated pathways, nor GTP hydrolysis (Depienne et

al.,2007). Moreover, other studies have implicated nuclear translocation of IN to nucleus

by its interaction with a cellular component LEDGF/p75 (Cherepanov et al., 2003;

Maertens et al., 2003). However, recent studies revealed that LEDGF/p75-IN interaction

appears to be essential to tether IN to host chromosomes for viral DNA integration and to

protect it from proteasomal degradation, rather than to IN nuclear translocation (Emiliani
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et a1.,2005; Llano et al., 2004a; Llano et al., 2004b). Most recently, another cellular

protein importin 7 has been shown to interact with IN and have positive impact on viral

replication (Ao et a1.,2007).

Taken together, it appears that it is difficult to draw a conclusion about which

regions of IN contributes to nuclear import of HIV PIC due to the pleotropic effect of IN

on viral replication. Hence, more studies are required in order to elucidate the exact role

of IN in PIC nuclear import.

1.6 Functional characterization of HIV-1 IN in yeast.

HIV-1 IN plays multiple roles during the early phase of HIV-1 replication,

including reverse transcription, viral DNA nuclear import and integration (Ao et al., 2005;

Bukovsky and Gottlinger,7996; Engelman et al., 1995; Gallay et al., 1997; Ikeda èt al.,

2004; Nakamura et al., L997; Wu et al., 1999). Therefore, it is difficult to specifically

assess one particular function of IN during viral replication due to the fact that most IN

mutants exhibit pleiotropic phenotypes. To facilitate the integration study without being

affected by other functions of IN, various in vitro assays and in vivo analyses, including

yeast IN expression system have been developed to assess different activities of HIV-1

IN during integration. In particular, previous studies have shown that the expression of

functional HIV-1 IN in some Saccharomyces cerevisiae yeast strains, such as the

protease deficient haploid JSC 302, RAD52 deficient haploid W839-5C, and diploid AB2

leads to the emergence of a lethal phenotype that may be related to the HIV-1 integration

reaction (Caumont et a1.,1,996; Parissi et al., 2000a: Parissi et al., 2000b).
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HIV-1 IN behaves in the yeast cell context in a way similar to its natural activity in

the human infected cell and the yeast lethal phenotype system is a powerful model to

study the retroviral integration mechanism l¿ vivo. Moreover, this yeast system also

allows us to characterize the IN activity in a eukaryotic cellular context and to select IN

mutations affecting both the lethal phenotype and in vitro IN activities. More specifically,

it is also used to identify the cellular partners interacting with IN which are involved in

the proviral DNA integration. Therefore, the yeast model is a useful tool to investigate

some of IN activities during the integration process and the info¡mation derived from this

system may provide great insights into the mechanisms how HIV-1 IN interacts with

cellular machinery.

HIV-1 lN-induced lethal effect in yeast seems to be associated with yeast genomic

DNA damage produced by the non-sequence-specific endonucleolytic activity carried by

IN since an IN catalytic mutant (D1164) was unable to induce the lethality in yeast

(Farissi et al., 2003: Parissi et al., 2000b). This non-sequence-specific endonuclease

activity was further characterized by in vitro assays showing that even in the absence of

viral long terminal repeat (LTR) sequences, IN is known to non-specifically cleave the

DNA substrate and to produce DNA breaks indicating that this reaction could be

independent of the processed viral ends (Sherman and Fyfe, 1990).

The IN endonucleolytic activity participates actively in retroviral integration since

breaks of the host genome are crucial steps for viral DNA integration. This

endonucleolytic activity inducing yeast genomic DNA damage was also supported by the

fact that disruption of the rad 52 gene, which is involved in the repair of double-strand

DNA breaks, strongly increased the deleterious effects of the retroviral enzyme in W839-
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5C compared with the wild type RAD52 strain \ry303-14 (isogenic to W839-5C except

for the rad 52 gene in its wild-type form) (Caumont et al., 1996).

However, in 2004, Calmels et al. revealed that another specific mutation targeting

amino acidE1.52, one of the three crucial triad residues (D64D1,16(35)8152) of IN did

not disrupt IN's lethal activity in yeast (Calmels et al., 2004). Thus, the mechanism

underlying the IN induced yeast lethal phenotype is still not fully understood and other

un-characterized activities of HIV-1 IN around the integration step, such as chromatin

binding ability, might play an important role for its lethal activity in S. cerevisiae.

Furthermore, the following studies that use this yeast lethal phenotype system,

rev¿aled that IN was unable to mediate its lethal activity in yeast cells when a SNF5

gene, which encodes a component of the SWVSNF chromatin remodeling complex, was

disrupted, suggesting a role of SNF5 for lN-induced lethal phenotype in yeast (Parissi et

a1.,2000a). Given the homology between SNF5 and its human counterpart IN interactor 1

(INi1) (Kalpana et al., 1.994), this factor might also be important for IN activity in

infected cells. Moreover, new potential factors like chaperonin hHSP60 are also

necessary for the activity of IN in yeast (Parissi et al., 20OI).

1.7 Objectives of this project

HIV-1 belongs to the lentiviridae genus of retroviruses and its replication is

dependent on thp integration of the reverse-transcribed viral genome into the host

chromosome. The HIV-1 IN is the key viral enzyme required for this integration step.

This enzyme has also been demonstrated to play other important roles for different early

steps prior to integration, such as viral reverse transcription and viral DNA nuclear

irnport (Ao et a1.,2005; Bukovsky and Gottlin ger, L996; Engelman et al., 7995; Gallay et
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al., 1997; Ikeda et a1.,2004; Nakamura et al., L997; Wu et al., 1999).In this study, we

just focused our interest on viral integration step. Although previous data have shown that

HIV-1 IN catalyzes the integration accurately in vitro, a variety of other questions still

remain unclear. For example, is IN alone sufficient for integration in vivo; how does it

interact with the cellular machinery; and what critical amino acids besides D,D,(35)E

catalytic motif of IN are required for the integration? In this study, we would like to

further study the mechanisms underlying its action during viral integration. Interestingly,

previous studies have shown that expression of HIV-1 IN in some yeast strains lead to the

emergence of a lethal phenotype which is closely related to the HIV-1 integration

reaction(Caumont et al., 7996; Parissi et al., 2003). This yeast lethal phenotype system

provides us an ideal model to study the integration reaction without being influenced by

other replication steps prior to integration such as reverse transcription and nuclear

import. Therefore, in this study, we first would like to perform mutagenic analysis to

investigate how different IN mutants affect their lethal activity in yeast and then based on

the results from yeast we would like to further study the effect of different IN mutants on

viral replication. Finally, we would try to clarify the mechanism involved in yeast

lethality and viral replication. The specific objectives of this project are to:

1. Establish the HIV-1 lN-induced lethal phenotype system in certain yeast strains

including haploid HP16 and diploid 8Y4743.

2. Do further mutagenic analysis to determine which amino acids and/or regions of HIV-

L IN are important for this lethal effect in yeast.

3. Further investigate the effect of different IN mutants on viral replication by using one

single cycle replication system.
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4. Perform functional and biochemical analyses to explore the molecular mechanism of

HIV-1 lN-induced yeast lethality and viral replication.
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CITAPTER 2 MATERIAI,S AND METHODS

2.tr Yeast strains, culture media, and growth conditions

To investigate the effect of HIV-I IN in Saccharomyces cerevisiae, 3 different

yeast strains were used. They were: the protease-deficient haploid HP16 strain (MAf

ura3-52; his3À1; leu2; trplA63;prbl-1122; pep4-3 prcl-407) which had been described

previously (Park et â1., L993; Yao et ã1., 2002); diploid 8Y4743 (rad52*)

strain(MATa/a;his3 AIlhis3 AI;leu2A0lleu2A0;Iys2A0lLYS2;METl5lmetl5 A0;ura3A0lura

3A0;YML032c::kanMX4lYML}32c) and diploid 8Y4743(rad52-) strain

(MATa/a;his3 Al lhis3 A1;leu2A0lleu2A0;Iys2A0|LYS2;METI5lmetl5A0;ura3A)lura3A0;

YML032c::kanMX4lYML}32c::kønMX4). The only difference between the latter two

strains is that 8Y4743 (rad52-) strain does not contain the RAD52 encoding ger\e but

does the 8Y4743 (rad52*) strain. Both of the latter two strains were purchased from

EURCSCARF collection center (Frankfort, Germany).

All three yeast strains were able to grow well in yeast complete media YPD (1.7o

yeast extract,2To peptone, 27o glucose, with or without 2% agar). However, according to

different yeast strains, different selective culture media were employed for yeast

cultivation. For yeast strain HP16, yeast liquid selective media lacking tryptophan (0.67Vo

yeast nitrogen base without amino acids, 0.5Vo casamino acids (tryptophan-(Trp-), uracil-

(Ura-), adenine-(Ade-)), 2Jmgll uracil, Z1mgfl adenine, 2c/o galactose or raffinose) were

employed. In contrast, for diploidBY4743(rad52*) and diploid 8Y4743(rad52-) strains,

liquid selective media lacking histidine (0.677o yeast nitrogen base without amino acids,

0.5% casamino acids (histidine-(His-), uracil- (Ura-)) , Zlmgll uracil , 27o galactose or
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raffinose) were used. The corresponding solid selective media were obtained by

supplementing liquid media withZVo agar. Liquid cultures were performed in flasks filled

to one fifth of their capacity and receiving vigorous agitation. All yeast strains were

grown at 30 "C.

2.2Êligh efliciency transformation of yeast

To study the HIV-1 IN-induced lethal phenotype in each yeast strain, the wild type

and/or mutant IN expressing plasmids were transformed into yeast cells using the lithium

acetate method as described before (Gietz et al., 1992). Briefly, 30¡rl of each yeast sample

taken from frozen stocks was inoculated into 5 ml complete YPD media and incubated

with shaking overnight at 30"C. Overnight culture was counted and inoculated into 50 ml

of YPD media to make a cell density of 5x106/ml. The inoculum was then incubated at

30'C with shaking at 200 rpm until it reached 2 x707 cells /ml density. This culture would

gi-re sufficient cells for 10 transformations. Next, the culture was centrifuged at 3000 x g

for 5 minutes in a sterile 50-ml centrifuge tube. The cells were resuspendedin25 ml of

sterile H2O, and centrifuged again. Pouring off the HzO, the cells were then re-suspended

in 1.0 ml of 100 mM lithium acetate (LiAc), and the suspension was transferred into a

steriie 1.5 ml Eppendorf tube. The cells were centrifuged at 13,000 rpm for 5 seconds and

the LiAc was removed. Yeast cells were then resuspended with 100 mM LiAc to a final

volume of 500¡rl (2xl0e cells /ml), which usually required about 400p1 of 100 mM LiAc.

The cell .u.prnrion was votexed and 50pl of samples was added into labelled 1.5m1

eppendorf tubes. The cells were spun down and LiAc was removed. Meanwhile, 1.0 ml

sample of single-stranded carrier DNA was boiled for 5 minutes and quickly chilled in

ice water. The ingredients consisting of the basic "transformation mix" were then
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carefully added in the following order: 240¡tl of PEG (50VoWN),36¡tl of 1.0 M LiAc,

25¡i of single-stranded carrier DNA (z.Omg/ml), 50pl of HzO and plasmid DNA (0.1-

5¡rg). Each tube was votexed vigorously until the cell pellet was completely mixed. The

transformation mix was then incubated for 30 minutes at 30"C and heat-shocked for 20-

25 minutes at 42"C. Yeast cells were centrifuged at 8000 x g for L5 seconds and the

transformation mix was removed. Then, 1.0 ml of sterile HzO was added into each tube

and the cell pellet was resuspended by pipetting up and down gently. Finally, 100p1 of the

transformation mix was plated onto each corresponding selective media agar plate and

incubated for 3 to 5 days at 30'C for selecting positive clones.

2.3 Cell lines and transfections

Human embryonic kidney 293T and the African green monkey kidney COS-7 cell

lines were cultured in Dulbecco's Modified Eagles Medium (DMEM) supplemented with

!07o fetal calf serum (FCS) and 17o penicillin and streptomycin. Human CD4* C8166 T-

lymphoid cells were maintained in RPMI-1640 medium supplemented with 10% FCS and

7% penicillin and streptomycin.293T cells were used for HIV-I IN chromatin binding

assay and single cycle replicating virus production. COS-7 cells were employed for

immunofluorescence experiment. Human CD4* C8166 T cells were used for HIV-1

infection assay. The detailed experimental procedures will be further described in the

following section.

DNA transfection in 293T and COS-7 cells were performed with standard calcium

phosphate DNA precipitation method, as previously described (Yao et al., 1995). Briefly,

60-80Vo confluent cells were reached by splitting the day prior to transfection. Plasmid

DNA (1:8pg as required), sterile ddH2O and 2M CaClz were mixed together and
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transferred into 2X HBS buffer(HEPES-Buffered Saline) (50mM HEPES (pH 7.1),

280mM NaCl ,1.5mM Na2HPO¿ ). After sitting for L5-30 minutes at room temperature,

the calcium phosphate precipitates were mixed and added to a corner of the cell culture

plate. After 40-48 hours incubation at 37"C with 5% CO2, with changing the medium at 8

- 12 hours post-transinfection, the cells were harvested for each experimental purpose.

Particularly, for immunofluorescence experiment, COS-7 cells were grown on glass

coverslip (12 mm2) in Z4-well plate instead of tissue culture plates before performing

DNA transfection.

2.4 Flasmids and antibodies

To test the lethal activity of HIV-1 wild type and/or mutant IN in each yeast strain,

different IN-expressing plasmids were constructed. For yeast strain HP16, one HIV-1 IN

yeast expression plasmid @424Ga11.-IN) was generated by inserting a PCR-generated

BamHI-Pstl hagment containing an IN sequence into a high copy yeast expression

plasmid vector, p4243al1, (Mumberg et al., 1,994), which harbours a galactose-inducible

Gall promoter and a tryptophan selection marker. To generate different p424Gal1-IN

mutants expression plasmids, each IN mutant cDNA was generated by a two-step

mutagenic polymerase chain reaction (PCR)-based method (Yao et al., 1995) with each

corresponding oligonucleotide primers containing the desired mutations. Amplified IN

cDNA harbouring specific mutation was then cloned into the p424Gal1, vector at

BamHIlPstI sit.s. Alt IN mutants were sequenced to confirm the presence of mutations

(ABI 3100 sequencer Prism Big Dye terminator cycle sequencing ready reaction kit;

Applied Biosystem). For yeast strains 8Y4743 (rad52.) and 8Y4743 (rad52-), another

HIV-1 IN yeast expression plasmid (çt423Gal7-IN) was also constructed by using
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different restriction enzyme sites which was a similar method as described above. The

only difference between yeast expressing vectors p4}4GalLand p423GalI is that

p423GalI contains a histidine selection marker instead of the tryptophan selection marker

carried by p424Gal1. Some IN mutants were also introduced into this plasmid by using

the same procedure as indicated above.

To specifically investigate the effect of different IN mutants on early steps of viral

replication, we used a RT/IN/Env gene-deleted HIV-1 provirus NLzl.3Luc/ÀBgl/ARI, in

which the nef gene was replaced by a firefly luciferase gene (Ao et al., 2005). To

functionally complement RT/IN defects of NLzl.3LuclABgl/ARI provirus , a CMV-Vpr-

RT-IN fusion protein expressor was used in this study in which different mutants

including V1654, A179P, and KR186,7AA or D64E were introduced into CMV-Vpr-

RT-IN expressor by PCR-based method as described before (Ao et al., 2004). Co-

transfection of NI.zl.3Luc/ABgl/ARI, CMV-Vpr-RT-IN and a vesicular stomatitis virus G

(VSV-G) glycoprotein expressor in 293T cells results in the production of VSV-G

pseudotyped HIV-1 particles that can undergo single cycle replication in C8166 cells.

This single cycle replication system allows us to introduce different mutations into IN

gene sequence without differentially affecting viral morphogenesis and the activity of the

central DNA flap.

To test the association between HIV-1 IN and cellular chromatin, different

hemagglutinin (FlA)-tagged IN expression plasmids (SVCMV-HA-INwt/mut) were

constructed by fusing IN cDNA to 3' end of cDNA to the HA sequence (5'-

ATGGCTTCTAGCTATCCTTATGACGTGCCTGACTATGCCAGC-3'). FoT the

39



CHAPTER 2 MATERIATS AND METHODS

intracellular localization experiments, SVCMV-INwt/mut-YFP were constructed as

described previously (Ao et a1.,2005) .

Antibodies used in the immunofluorescence assay, immunoprecipitation or western

blot were as follows: The HIV-1 positive human serum 162 was previously described

(Yao et al., 1998). The mouse monoclonal antibody against yeast p-actin (ab8224) was

purchased from Abcam Inc. The rabbit anti-YFP and anti-HA antibodies were purchased

from Molecular Probes Inc. Anti-IN antibodies were kindly provided by Dr. D.

Grandgenett through AIDS Research Reference Reagent Program, Division of AIDS,

NIAÏD, NIH.

2.5 Ðvaluation of the lethal phenotype induced by HIV-I wild type or mutant IN in

yeast strains.

The experimentai procedures to evaluate the growth arrest activity in yeast. were

described previously (Yao et al., 2002). Briefly, different yeast cells transformed with

wild type or mutant IN plasmids (p424-Gal1-IN*y'nu¡ and/or p423-GaII-IN*t/,ut) were first

grov/n in an appropriate IN non-inducible selective media (2o/o raffinose) for 2 days.

Then, equal amounts of transformed yeast cells (-20000 cells) were inoculated into

appropriate IN non-inducible (27o raffinose) or lN-inducible (2Vo galactose) selective

media for liquid assay. After 24hr shaking cultivation at 30'C, yeast growth was

monitored by measuring each yeast cell culture density by spectrophotometric analysis at

600nm (,4600). Meanwhile, equal amounts of transformed yeast cells were serially

diluted and spotted onto either an IN non-inducible or inducible agar plate for "drop test".

After incubation for 3 to 5 days at 30'C, yeast colony numbers were recorded by

photograph.
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2.6Detection of HIV-IIN expression in yeast

To detect IN expression in yeast, the equal amounts of yeast cells transformed with

IN-expressing or control plasmid were grown in IN inducible selective media (2Vo

galactose) for 6 hours, then yeast cells were pelleted by centrifugation at 3000 x g for 15

min and then lysed in RIPA lysis buffer (150 mM Tris-HCl, (pH 8.0), 150 mM NaCl,

05%DOC,0.77o (w/v) SDS, 17o (vlv) NP-40) using four cycles of vortex in the presence

of glass beads for 1 min on ice. Supernatant was collected and IN protein was

immunoprecipitated with anti-HIV antibodies for 3 hours at 4"C. After that, appropriate

amount of proteinA sepharose beads were added into the cell lysate and incubated for

another 2 hour at 4oC. Beads were collected and washed 4 times with RIPA washing

buffer (150 mM Tris-HCl, (pH 8.0), 150 mM NaCl, O.lVo (wlv) SDS, TVo (v/v) NP-aO).

Immunoprecipitates were then resolved by I2.5% SDS-PAGE. The proteins resolv.ed on

the gel were transferred to a nitrocellulose membrane (0.45-¡rM pore size; Bio-Rad) by

elect¡oblotting. Then, the membrane was incubated with rabbit polyclonal antibodies

against IN for 3 hours at room temperature and then it was probed at room temperature

with horseradish peroxidase-linked donkey anti-rabbit antibodies (Amersham

Biosciences) for t h. Finally, the membrane was washed extensively and protein-antibody

interactions were visualized by the treatment with the sensitive enhanced

chemiluminescence detection system (ECL detection kit, Amersham Biosciences),

followed by exposure to KODAK Bio-Max Light Film (VWR).
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2.7 Immunofl uorescence assay.

COS-7 cells were grown on glass cover slips (12 mm2) in 24-well plaÍe for 24

hours and then transfected with different IN expression plasmids SVCMV-INwt/mut-

YFP. After 48 hours, cells on the cover slip were fixed with PBS-4%o paraformaldehyde

for 5 min, permeabilized in PBS-0.27o Triton X-100 for 5 minutes and incubated with

primary rabbit anti-GFP antibody followed by secondary FlTC-conjugated anti-rabbit

antibodies. Cells were viewed by using a confocal microscopy (Olympus IX-70) with a

50x oil immersion objective.

2.8 Single cycle replicating virus production and infection.

Production of different single-cycle replicating virus stocks and the measurement

of virus titer were previously described (Ao et al., 2004). Briefly, 293T cells were co-

transfected with NLzl.3lluclLBgllARI provirus, a VSV-G expressor and each of ÇMV-

Vpr-RT-IN (wt/mut) expressor. After 48 hours, supernatants v/ere collected and

processed by ultracentrifugation through 40,000 x g for 2 hours to obtain virus stocks.

Virus titers were quantified by RT activity assay( as indicated in2.9) (Yao et a1.,7999).

To analyze the composition of virus, equal amounts of virus stock based on RT

activity were lysed and directly loaded in 72.570 SDS-PAGE and virus composition was

analyzed by western blotting with anti-HIV antibodies.

To test the effect of IN mutants on virus infection, dividing CD4* C8166 T cells

were infected with equivalent amounts of VSV-G pseudotyped single cycle replicating

viruses (5 cpm/cell) for 4 hours. Then, infected cells were washed and cultured in fresh

RPMI media. At different times post-infection, 1x106 cells from each sample were

collected, washed twice with PBS, and lysed with 50 pl of luciferase lysis buffer (Fisher
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Scientific Inc). Then, 10 or 20¡rl of cell lysate was subjected to the luciferase assay (as

indicated in 2.10). The infectivity of single cycle replicating virus was reflected by the

luciferase activity.

2.9 RT activity assay

Fifty microliter of unconcentrated, but clarified HIV-I culture fluid, mixed with

50pl of reaction buffer (50mM Tris Hydrochloride pH7.9,5 mM MgCl2, 150 mM KCl,

0.5 mM EGTA, 0.0570 Triton-X-l00,ZVo Ethylene glycol, 5 mM DTT, 0.3 mM GSH,

5O¡.uglml poly-A-oligo(dT), 20pCi 13H¡ Afff ) was incubated for 22 hours at 33"C. The

reaction was stopped by adding 1ml cold 107o TCA (trichloroacetic acid) and

precipitating 2 hours on ice. Then the reaction mixture was applied through G4 2.4 cm

disks, which were rinsed briefly in L0% TCA, by vacuum filtration. The reaction tube

was rinsed twice with cold 5% TCA, and all the washing solution was poured onto the

disks as well. When no liquid remained, the sucking equipment was removed and the

disks were recuperated in scintillation vials. The vials containing disks were dried at

60'C for 30 minutes followed by adding 5ml of scintillation liquid and then were ready

for RT activity reading by scintillation spectrophotometry (Beckman coulter, tS6000TA).

2.10 Luciferase assay

Equal numbers (1x106) of cells infected with luc* HIV-1 viruses were collected at

various time points, washed twice with washing buffer (sterile 1X PBS) and then lysed

by 50 pl 1X CCLR (cell culture lysis regent) lysis buffer(25 mM Tris-phosphate pH 7.8,

2 mM DTT, 2 mM 1,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid, l}Vo glycerol

and I7o Triton@ X-100) (Fisher Scientific Inc). The cell lysate solutions were votexed for

10-15 seconds, and then centrifuged at12000 x g for 15 seconds at room temperature or 2
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minutes at 4oC. The supernatant, which contains cell lysate, was then transferred into a

new microcentrifuge tube for luciferase activity testing. Briefly, the luciferase substrate-

assay buffer mixture was prepared previously by adding the assay buffer to the

lyophilized luciferase substrate (luciferin) and mixing well. At room temperature, 70-20

¡^Ll of cell lysate was added into polystyrene plate wells and mixed with 50pl luciferase

substrate-assay buffer mixture. The luciferase activity was then measured and recorded

by a Top-Count@NXTTM Microplate Scintillation & Luminescence Counter (Packard,

Meriden) and the luciferase activity was read as relative light units (RLU).

2.LL Chromatin binding assay.

The association of HIV-1 IN with cellular chromatin was analyzed by a chromatin

binding assay, as described previously (Llano et a1.,2006b). Briefly, 293T cells were

transfected with different SVCMV-HA-IN mutants. After 36-40 hours of transfeçtion,

cells were lysed for l-5 minutes on ice in cold CSK I buffer (10 mM Pipes (pH 6.8), 100

mM NaCl, 1 mM EDTA, 300 mM sucrose, 1 mM MgCl2, L mM DT*f) supplemented

with 0.5Vo (v/v) Triton X-100 and protease inhibitors. Cell lysates were centrifuged at

500 x 9,4"C for 3minutes to separate Triton-soluble (S1) and non-soluble (P1) fractions.

Half of each S1 fraction was further lysed in RIPA buffer (150 mM Tris-HCl, þH 8.0),

150 mM NaCl, 0.57o DOC,0.77o (w/v) SDS, 17o (vlv) NP-40). The Pl fraction, which

contains chromatin-bound, nuclear matrix-bound and insoluble proteins, was divided into

two equal portions. One part was re-suspended in RIPA buffer (the P1 fraction). Another

portion was re-suspended in CSK II buffer (10 mM Pipes (pH 6.8), 50 mM NaCl, 300

mM sucrose, 6 mM MgCl2, l- mM DTT) and treated with DNase (10 unit) for 30 minutes

followed. by extraction with 250 mM (NHr)rSOo for 10 minutes at 25o C, then
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centrifuged at1200 x g for 6 min at4oC. The supernatant (S2 fraction, containing DNase-

released chromatin-associated proteins) and pellet (P2, containing insoluble, cytoskeletal,

and nuclear matrix proteins) were collected and added to RIPA buffer: All fractions were

then analyzed by immunoprecipitation using anti-HA antibodies and detected by western

blot with the same antibody.
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CTIAPTER 3 RESULTS

3.1 Expression of HIV-I IN in S. cerevisiae HP16 strain induces a lethal phenotype.

Previous studies have shown that HIV-1 IN induces a lethal phenotype in some

yeast strains, including JSC 302, W839-5C, and AB2 strains, but not in W303-1 strain

(Caumont et al., L996). In this study, we tested the lethal activity of HIV-1 IN in S.

cerevisiae HP16 strain, that has a similar genotype to JSC 302 (Caumont et al., 1996). To

do so, a yeast expression plasmid encoding a HIV-1 IN cDNA under the control of the

galactose-inducible GAL1 promoter named p424Gal1-IN was constructed and

transformed into S. cerevisiaeHPT6 yeast cells that were cultured in inducible (Trp-,ZVo

galactose(Gal*)) or non-inducible media (Trp-, ZVo raffinose(Raf.)). The empty vector

p424Gal1 plasmid was used as control. After 6 hours of galactose induction and. non-

induction, equal amounts of yeast cells were lysed and subjected to immunoprecipitation

with anti-HIV antibody followed by western blotting using anti-IN antibodies, as

described in Materials and Methods (2.6). Results clearly ¡evealed that IN expression was

only detected inp424Gall--IN-transformed yeast cells (lane 2) under inducible conditions

(Fig.3.1 A).

To test whether the expression of IN may affect yeast growth, the p424Gal1-IN-

and p424Gal1-transformed HP16 yeast cells were grown in either non-inducible (Trp-,

2% raffinose(raf*)) or inducible media (Trp-, 27o gal*). After one day of cultivation, yeast

growth was monitored. In the non-inducible media (Trp-, ZVo raf), both yeast cell

cultures showed comparable growth capacity (Fig.3.18, left panel). However, in the

inducible media, yeast cells transformed with p424Gal1-IN exhibited a significant growth
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Figure3.lA Expression of HIV-I IN in yeast strain HP16. Yeast cells transformed
with IN expressing plasmid p424Gal1.-IN or empty vector p424Gal7 were grown in
inducible (Trp-, ZVo gal+) or non-inducible selective media (Trp-, ZVo raf+) for 6 hours.
Cells were then lysed and subjected to immunoprecipitation with anti-HIV serum
followed by WB with anti-IN antibody. Expressed IN band is shown and the molecular
weight is indicated.

Raffinose Galactose

p424GaII p424Gal1-IN p424Gal1. p424GalL-IN

Figure3.LB The effect of HIV-I Il.{ on yeast growth by liquid assay. Equal starting
amounts of p424Gal1-IN or p424Gal1 transformed yeast cells (2x104 cells) were grown
in non-inducible selective media (Trp-, 2% raf) (left panel) or in the inducible selective
media (Trp-, ZVo gal*) (right panel) at 30 'C for 24 hours. Yeast growth was monitored by
measuring each yeast cell culture density by spectrophotometric analysis. Means and
standard deviations from three independent experiments are shown.

\o\o
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inhibitory effect (Fig.3.1B, right panel). In parallel, the lN-induced yeast growth arrest

was also tested in solid agar plates by "drop test", as described in the Materials and

Methods (2.5). Similar to the results obtained in the liquid assay (Fig.3.1B), the

p424Gal1.-IN-transformed yeast cells lost growth ability when grown on IN-inducible

selective agar plate (Trp-, 2% gal*) (Fig.3.1C, right panel) but grew well in the non-

inducible condition (Fig.3.1C, left panel). These results clearly showed that yeast strain

HP16 growth is also sensitive to HIV-1 IN.

Yeast dilutions Yeast dilutions

10-1 10-2 10-3 104 10-1 10-2 10-3 104

p424GalI

p424Gal1-IN

Raffinose ('Atactose

Figure3.lC The effect of IN expression on yeast growth by "drop test". Equal
amounts of each transformed yeast cells were serially diluted and spotted onto either
non-inducible agar plates (left panel) or inducible agar plate (right panel). After
incubation for 3 to 5 days, yeast growth was recorded by photograph. The data are
representative of three independent experiments.

3.2 HIV-I IN-induced lethal phenotype in yeast strain HP16 is independent of its

catalytic activity.

'We next tested whether lN-induced lethality in yeast strain HP16 was dependent of

its catalytic activity or not. To do so, different IN active-site missense mutants including

the well documented single mutant D648, D1164, and double mutant D64E|D776A were

introduced into the p424Gal1.-IN yeast expression plasmid. Then we used these class I IN

catalytic mutants in experiments similar to those described above. 'We found that, as

shown in Fig. 3.2A, similar levels of each IN mutant D648, Dl,L6A, and double mutant

Galactose
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D64E1D7L6A were detected in HP16 yeast as compared to the wild type IN. That means

catalytic IN mutants did not affect the protein expression.

IN ------------>

32kDa

Figure3.2A Comparison of expression levels of HIV-1 catalytic IN mutants with wild
type IN in yeast strain HP16. Yeast cells transformed with different catalytic IN
mutants, wild type IN or empty vector p424Gal1, were grown in an inducible selective
media (Trp-, 2% gal*) for 6 hours. Cells were then lysed and subjected to
immunoprecipitation with anti-HIV serum followed by WB with anti-IN antibody.
Molecular weight and IN bands were shown.

To test whether these IN catalytic mutants could abolish IN lethal activity in yeast,

we cultured the same amounts of HP16 yeast cells (2x104) transformed with each

catalyticmutant in IN-inducible (Trp-, zVo gal+) and/or IN non-inducible media (Trp-,2Vo

raf). Also, yeast cells transformed with the wild type (wt) IN and empty p424Gal1,

vector were used as positive control and negative control respectively. Result in Fig.3.2B

displayed that in non-inducible media (Trp-, ZVo raf), yeast cells transformed with either

wt IN or each IN mutant showed comparable growth capacity (Fig.3.28, upper panel).

However, when grown in the inducible media (Trp-, 2Vo gal*), all yeast cells transformed

with wt IN or each catalytic IN mutant exhibited a significant growth defect when

compared to cells transformed with the p424Gal1 control plasmid (Fi9.3.28, lower

panel).
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Figure3.2B Effects of catalytic IN mutants on yeast growth by liquid assay. Three
indicated IN catalytic mutants were transformed into yeast strain HP16. Then the growth
effect was measured as indicated as Figure3.l,B. Means and standard deviations from
three independent experiments are shown.

Meanwhile, similar amounts of serially diluted yeast cells transformed with wt IN and

each catalytic IN mutant were spotted onto IN inducible (Trp-, ZVo gal*) and non-

inducible. (Trp-, 27o raf) agar plates. Results showed that none of these three catalytic

mutants could abolish or alleviate lN-induced lethal phenotype as compared to the wild
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type IN (Fi9.3.2 C). Atl together, these results clearly indicated that HIV-1 lN-induced

lethal phenotype was not affected by three catalytic IN mutants, suggesting this IN lethal

activity in yeast HP16 is not dependent on its catalytic activity.

Raffrnose

Yeast dilutions

1¡d 10-r 10-',

Galactose

Yeast dilutions

100 10-1 10-2

D64E

D1164

D64EID11,6A

Figure3.2C The effect of catalytic IN mutants on yeast growth by "drop test".
Experimental procedures are identical as indicated in Figure3.1C. These data are

representative of three independent experiments.

3.3 R.educed expression level of catalytic IN mutant in yeast strain HP16 does not

abolish the lethal phenotype.

High level expression of HIV-1 IN in yeast or mammalian cells could be toxic to

the cells and then subsequently affect the cell growth. This kind of cell growth defect

may not be directly correlated with IN's catalytic activity. Therefore, to rule out the

possibility that the lethal phenotype observed with catalytic mutants may be due to the

high level expression of the protein in yeast, we cultured yeast cells transformed with wt

IN and catalytic IN mutant D64E1D716A in IN-inducible media containing different

concentrations of galactose (decreased from 27o to 07o galactose), as indicated in

Fig.3.3A. Our results clearly showed that the IN expression was reduced as a result of

decreased galactose concentration (Fig. 3.34). However, it still did not reveal the
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attenuated lethal activity of IN mutant (D64E1D776A) compared with wild type IN

(Fig.3.3B). Even under the

concentration), catalytic IN

V424Gal7

2

condition of the lowest protein expression (0.05% galactose

induce the lethalmutant D64E|D1.16A still can efficiently

effect. Taken together, all of these results indicated that lN-induced lethal phenotype in

yeast strain HP16 is not mediated by its catalytic activity.

p424Gal1-lN p424Gal1. p424Gal1-INo64E|D176A

0 0.05 0.5 2 (Galactoseo/o) 0 0.05 0.5 2 (Galactoseo/o)

(32kDa)

Figure3.3A Reduced expression level of wt/mut IN under decreased galactose
concentration in yeast strain HP16. Equal amounts of yeast HP16 cells transformed
with wt IN and catalytic IN mutant D64E1D1,I6A were grov/n in lN-inducible media
containing different concentration of galactose (from 07o to 27o galactose). After 6 hours,
each cell population was then lysed and subjected to immunoprecipitation with anti-HIV
serum followed by WB with anti-IN antibody.

1.2

1

0.8

0.6

0.4

0.2

0

--->-p424GalL

-ø- p424Gal1-IN

--+-D64FID116A

0.05% 0.50%

GalactoseTo

Figure3.3B The effect of reduced IN expression on yeast growth. Equal amounts of
yeast HP16 cells (2x104) transformed with wt IN and catalytic IN mutaitO64E|D116A
were grown in IN-inducible media containing different concentration of galactose (from
}Vo to ZVo galactose) at 30 "C lor 24 hours. Yeast growth was monitored by measuring
each yeast cell culture density by spectrophotometric analysis. Means and standard
deviations from three independent experiments are shown.
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3.4 Knockout of RAD52 does not increase the sensitivity of yeast to ltrIV-l IN's

effect.

Even though the results above did not reveal the importance of the catalytic site of

HIV-1 IN for its induced lethal effect in yeast, we still could not rule out this effect was

due to IN's DNA damage activity, as proposed before (Caumont et a1.1996). To test this,

we have checked whether knockout of rad52 gene would sensitize yeast to IN lethal

activity. The rad52 gene encodes one component of DNA repair system molecules,

RAD52, which is specifically involved in the repair of double-strand DNA breaks

(Mortimer et al. 1981; Barnes and Rine 1985) and may be necessary for the normal

mitotic recombination event. In this experiment, we selected two yeast strains 8Y4743

(rad52*) and 8Y4743 (rad52-). Both of them are diploid yeast strains and the only

difference between them is two rad52 genes have been knocked out in the yeast strain

8Y4743 (rad52-).

For these two yeast strains, we constructed another IN yeast expression plasmid

(p42-zGalI-IN) and also introduced some IN mutants into this vector including D1164

and D64E|D116A. Then, we performed the same liquid assay and "drop test" as

described above to investigate the effect of RAD52 on yeast growth in these two strains.

Results shown in Fig3.4A,B clearly revealed that HIV-1 IN can induce the lethal

phenotype no matter whether rad52 gene is deleted or not. Moreover, the two IN catalytic

mutants D1164, 
'D64E]DII6A 

showed the lethal activity as efficiently as wild type IN

and this also confirmed the results we described in the HP16 strain. In contrast,

comparing the growth activity between yeast strain 8Y4743 (rad52.) and 8Y4743

(rad52-) transformed with wt and catalytic IN mutants, there was no significant difference.
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Taken together, in these two yeast

yeast to HIV-1 IN's lethal effect.

Raffinose

strains, RAD52 does not

RESULTS

increase the sensitivity of

É

Galactose

8Y4743(rad52+)

Galactose

ú2icÂll Øzjcâli-lN D1164 D64E/D1164

8Y4743(rad52-)

fi?iGall p423cal1-lN D1164 D64E|D116A

8Y4743(rad52+)

Raffinosc

p42jGall p4æGal1-IN Dl164 D64EID1164

8Y4743(rad52-)

o

Figure3.4A Effects of RAD52 on HIV-1 IN-induced lethal phenotype by liquid assay.
BY4l43 (rad52*) and BY4l43 (rad52-) yeast cells were transformed with wild type IN
and two indicated catalytic IN mutant expressors (p423Gal1-IN*t/,ut). Each transformed
yeast population was first grown in non-inducible selective media (His-, 2Vo raf)
overnight. Then equal amounts of transformed yeast cells were grown in non-inducible
(His', 27o raf+)or inducible selective media (His-, 27o gal*) at 30 "C f.or 24 hours. Yeast
growth was monitored by measuring each yeast cell culture density. Means and standard
deviations from three independent experiments are shown.
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Yeast strain 8Y4743 (rad52*)

Raffînose

Yeast dilutions

Yeasf strain 8Y4743 (rad52')

Raffinose

Yeast dilutions

RESULTS

p423Gall

p423Gal1-IN

D116A

D64EID116A

Galactose

Yeast dilutions

100 10-1 r0-2

Galactose

Yeast dilutions

100 L0-1 L0-2

p423Gal7

p423Gal1-IN

D116,{

D64EID116A

Figune3.4B Effects of RAD52 on HIV-1IN-induced lethal phenotype by "drop test".
The effect of RAD52 on IN-induced lethal phenotype was also tested by "drop tests" as

described as Figure3.1C except that using different selective agar plates (His-, 27o raf or
27o gal*).

100 10-1 lO-2
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3.5 Characterization of the lethal activity of different HIV-I IN mutants in yeast

strain HP16.

We next tried to identify the critical amino acid(s) or motif of IN that is involved in

the lethal phenotype. Variant IN mutants, including FlA, K1364, KL59P, V1654,

AI79P, KR186,744, KI<2L5.944 and RK263,444, as indicated in Fig.3.5A, were

introduced in each functional domain of IN and tested for their effects on IN activity in

yeast.

N-terminal domain CatâIytic core domain

1 50 64 116 152

C-tcrminal domain

+

lNpr¡
lNoo+e
lN<rs6A
lNxrssp
lNvrosa
lNnrzgp
lNxRreo,zAA
lNxxzrs,ga¡
lNRxzos,¿AA

Figure3.5A Introduction of specifïc point mutations in different IN domains As
indicated, 9 different substitution mutation clones distributed on the different IN domains
were generated by a two-step mutagenic PCR method and then were introduced into the
yeast expressing plasmid p4Z GalL-lN. All IN mutants were subsequently analyzed by
DNA sequencing to confirm the presence of mutations.

Some mutants, such as V1654, K186Q, KK215.9AA and RK263,444, were

previously shown to disrupt viral replication at different step including proviral DNA

integration (Ao et a1.,2005; Limon etal.,2002b; Lu et al., 2005; Lu et al., 2004; Petit et

al., 2000). In parallel, an IN class I mutant D64E was also included in this study, since

this mutant is unable to mediate HIV integration by specifically blocking the catalytic

activity of IN. The expression of wild type IN and IN mutants (D648, K1364, K159P,

V1654, A179P, KR186,7AA,I<I<215.9AA and RK263,4AA) in yeast was evaluated and
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revealed that under inducible conditions, similar protein expression levels were detected

for the wild type IN and each mutant in the corresponding yeast population (Fig.3.58,

upper panel; lanes 2-10). To ensure the similar amounts of cell lysates were used for IN's

detection, the endogenous yeast B-Actin was also detected by using western blotting with

anti-Actin antibodies, and results showed that similar amounts of endogenous B-Actin

were present in the lysate samples (Fig.3.58, lower panel).

-r" -t",t ñÉr $*

ÞÞ
C\lL^' À

^fÞ' {gitc'.9 1l
WNW

9 10W
+ lN 32 kDa

e F-Actin 42kDa

Figure3.5B Expression of different IN mutants in HP16 yeast cells. Expression of
different IN mutants in yeast strain HP16 was tested as indicated in Figure3.lA (upper
panel). Also, equal amounts of cell lysates were loaded directly on SDS-PAGE and
endogenous yeast B-Actin was detected by anti-Actin western blotting (lower panel).

To test the effect of each IN mutant on yeast growth, equal amounts of yeast cells

were cultured in inducible or non-inducible media and the growth of each yeast

population was monitored by liquid assay and the "drop test". In non-inducible media,

all IN mutants grew to the same extent (Fig3.5 C, upper panel; Fig.3.5 D, left panel).

However, in the IN-inducible media, yeast cells transformed with different IN mutants

showed various growth capabilities (Fig.3.5C, lower panel; Fig.3.5D, right panel). In

particular, cells transformed with IN mutants V1654, A179P or KR186,7AA grew to

similar level as yeast cells transformed with empty vector (Fig.3.5C, lower panel;

Fig.3.5D, right panel). Therefore, we designated these three mutants as yeast lethal

^fù of+
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78ffiW

^d""'
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phenotype-defective IN mutants. Overall, we demonstrated that three IN mutants

including V1654, AllgP or KR186,7A4, which are located in the C-terminal region of

IN core domain, almost lost the ability to induce a lethal phenotype in HP16 yeast strain.
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Figure3.SC Effects of different IN mutants on yeast growth by liquid assay.
Experimental procedures are indicated as Figure3.1B. Means and standard deviations
from three independent experiments are shown.
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Raffinose
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D64E

K1364

K159P

V1654

4779P
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RK263.4AA

Figure3.SD Effects of different IN mutants on yeast growth by "drop test". Similar
experimental procedures are described as in Figure3.LC. The data are representative of
three independent experiments.

3.6 The effect of yeast lethal phenotype -defective IN mutants on HIV-I, single-cycle

replication.

Given that these mutants drastically affected IN's activity in yeast, we next

evaluated their effects on HIV-1 replication. The non-lethal IN mutants (V1654, A179P

and KR186,7AA) were introduced into a previously described HIV-1 single-cycle

replication system (Ao et a1.,2005). Briefly, each IN mutant was first inserted into a Vpr-

RT-IN expressor and named Vpr-RT-INV165A, Vpr-RT-INAI79P and Vpr-RT-

INKR186,7AA. Then, each Vpr-RT-IN mutant expressor was co-transfected in 2937

100 10'r r0-? 100 l0-r 102
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cells with a RT/INÆnv gene-deleted HIV-1 provirus NIA.3lluclABgl/ÂRI, and a

vesicular stomatitis virus G (VSV-G) glycoprotein expressor to produce single cycle

replicating viruses. This process can be simplified as indicated in Fig.3.6 A. After 48

hours of transfection, VSV-G pseudotyped single cycle replicating viruses were harvested

and concentrated by ultracentrifugation.

PCS PCS

Vpr-RT/lN expressor

Y-rqg
Production of single cycle

replicating viruses

Figure3.6A Diagram of single cycle replicating viruses production.

To evaluate the trans-incorporation of RT and IN in VSV-G pseudotyped viral

particles, similar amounts of each virus stock were lysed and directly loaded in SDS-

PAGE for virus composition analysis by western blotting with anti-HIV antibodies. The

result showed that each IN mutant virus contained similar levels of IN, RT, and Gag-pZL,

as compared to the wild-type viruses (Fig.3.68, lane 1 to 6), indicating that trans-
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incorporation of RT and IN as well as HIV-1 Gag processing was not differentially

affected by different IN mutants.

NI-,l.3Luc/ÅBgl/ÀRI + VSV-G

Vpr-RT-IN f d*u
,åt

E.oç çr +"" ñcMW

-RT

p55

123456

Figure3.6B Composition analysis of single cycle replicating IN mutant viruses. The
equal amounts of produced virus stocks (lane 1 to 6) were lysed and directly loaded in
I2.5Vo SDS-PAGE and analyzed by Western blot with human anti-HIV serum. The
positions of HIV-1 Gag, RT and IN proteins were indicated at the right side of gel.

To check the infectivity of different IN mutant viruses in CD4* T cells, we infected

C81,66 CD4* T cells with equal amounts of VSV-G pseudotyped IN mutant virus (at 5

cpm of RT activity/cell). Since all IN mutant viruses contained a luciferase (luc) gene in

place of the nef gene, viral infectivity was monitored by using a sensitive luc assay (Ao et

a1.,2005). Results showed that the wild type IN virus infection induced a high level of luc

activity and the peak level (1.5 x10s RLU) was detected at 64 hours post-infection in

dividing C8166 T cells (Fig.3.6 C). The class I mutant D64E virus had only a basal level

of luc activity which was approximately 104-fold lower than the wild type level (Fig.3.6

72-

ÃÃ-

+ó-

p41
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C). Interestingly, when C8166 cells were infected with VSV-G pseudotyped viruses

containing yeast lethal phenotype-defective IN mutants, the levels of luc activity detected

were similar to that obtained with the D64E mutant throughout a 6 day period (Fig.3.6

C). The results clearly indicated that, like the class I D64E mutant virus, all three mutants

VL65A, AI79P and KR186,7AA are drastically attenuated for infectivity and are unable

to replicate in C8166 T cells.

f ,[0û,000

ll¡0,ft00
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88 112
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D64E
V1654
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KR186,7AA
NC

Figure3.6C Effect of yeast lethal phenotype-defective IN mutants on VSV-G
pseudotyped HIV-I single cycle replication. To assess viral infection, equal amounts of
VSV-G pseudotyped viruses were used to infect the dividing CD4+ C8166 T cells. At
different time intervals, the same amounts of cells were collected and the infection
mediated by each virus stock was evaluated by luciferase assay. The data is
representative of results obtained in three independent experiments. NC: negative control;
h.p.i.: hours of post infection.
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3.7 The yeast lethal phenotype -defective IN mutants translocated to the nucleus but

lost their ability to bind chromatin.

The step(s) at which these IN mutants affect replication during HIV-1 infection are

not defined. Given that the IN class I mutant D64E still induced lethal phenotype in HP16

yeast strain, it is possible that these lethal phenotype-defective IN mutants disrupt a

particular activity of IN other than the catalytic activity. Therefore, we further analyzed

the association of different IN mutants with host chromatin. The 293T cells were

transfected with SVCMV-HA-IN expressor in which cDNAs encoding for each of the

wild type IN or different mutants (D64E, K1364, V1654, A179P and KR186,7AA) were

inserted inframe at the 3' end of a hemagglutinin (HA)-tag. The presence of HA-IN in the

chrornatin-bound and non-chromatin-bouncl fractions was subsequent ly analyzed by a

chromatin binding assay, as described in Materials and Methods (2.1L). Fraction

processing is shown in Fig.3.7 A. As a control, the YFP protein was expressed in the

293T cells and cells were processed in an identical manner and analyzed for the

association of YFP with the host chromatin.
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Ghromatin binding assay

293T cellst
Triton X-100 buffer

,^\lrr,i <a l.\\l/ 
Penet (P1)

Triton-insoluble

/
ïreatment wiür DNase and Salt

,Áâ\
Supernatant (S2)

Chromaün-bound proteins
Pellet (P2)

Non chromatin-bound proteins

Figurre3.TA Fractionation patterns of HIV-I IN in a chromatin-binding assay. Cell
fraction processing was summarized and detailed procedures as indicated in Materials
and Methods (2.11). Modified from Manuel Llano, 2006

Results revealed that for the wild type FIA-IN, mutant FIA-IND64E and HA-

INK136A, up to 20-25Vo of FIA-IN was found in the chromatin-bound (P1) fraction

(Fig.3.78, upper panel). However, mutants HA-INV165A, FIA-INAL7?P and FIA-

INKR186,7AA were solely present in the non chromatin-bound SL fraction (Fig.3.78,

upper panel, comparing Sl, to P1, lanes 5 to 7). As expected, the YFP was also only

detected in the non chromatin-bound (S1) fraction (Fig.3.78, lower panel). To ensure that

the wild type HA-IN, FIA-IND64E and FIA-INK136A were indeed associated with

cellular chromatin, the Pl, fractions were treated with DNAse/salt. As expected, results

showed that the DNAse treatment released HA-IN, HA-IND64E and HA-INK136A from
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the P1 fraction into the soluble fractions (S2). These results suggest that yeast lethal

phenotype-defective IN mutants are unable to associate with the host cell chromatin.

W
%

S1

P1

S2
ffi
W

Figure3.7 B,C The yeast lethal phenotype-defective IN mutants lost their chromatin
binding ability while retained their nuclear localization. B). 293T cells were
transfected with different SVCMV-hemagglutinin (HA) tagged-IN expressors (including
the wild type IN and mutants, as indicated). After 48 hr, transfected cells were lysed in
cold CSK I buffer (0.5Vo Triton X-100), fractionated and the presence of HA-IN in the
chromatin-bound and non-chromatin-bound fractions was analyzed by
immunoprecipitation and western blot with anti-FIA antibodies. In parallel, the presence
of GFP in different fractions of 293T cells transfected with a SVCMV-YFP expressor
was also analyzed using identical procedure and anti-GFP antibodies (lower panel). S1:
Supernatant (non-chromatin-bound fraction); PL: Pellet (chromatin-bound fraction); 52:
Chromatin-bound proteins in Pl; P2: Non-chromatin-bound proteins in P1. C).
Intracellular Iocalization of different IN mutants. COS-7 cells were transfected with
different IN-YFP fusion protein expressors and subjected to anti-GFP indirect
immunofluorescence analysis. a. YFP; b. INwt-YFP; c. INV165A-YFP; d. INA179P-
YFP; e. INKR186,7AA-YFP.

To rule out the possibility that the inability of the IN mutants to bind to host

chromatin was due to an exclusion of the protein from the nucleus, we determined the
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intracellular localization of each IN mutant in COS-7 cells, given that COS-7 cells have

well-defined morphology and are suitable for observation of intracellular protein

distribution (Yao et al., 1995). Vy'e constructed different IN-YFP fusion proteins by fusing

each IN mutant with YFP to avoid the passive diffusion of small size protein into the

nucleus (Ao et a1.,2005). Each IN-YFP expressor was transfected into COS-7 cells. After

48 hr, cells were fixed and subjected to indirect immunofluorescence using anti-YFP

antibody. Results showed that, in contrast to a diffused intracellular localization pattern

of YFP (Fig.3.7C, a), all of IN-YFP fusion proteins, including the wild type IN and lethal

phenotype-defective mutants, were predominantly localized in the nucleus (Fig.3.7C, b to

e). These results indicated that, while, the three yeast lethal phenotype-defective mutants

have the ability to translocate into the nucleus like the wild type IN, they are defective in

their ability to bind to cellular chromatin.

3.8 Replication defect of yeast lethal phenotype-defective IN mutant viruses.can be

partially complemented by D64E mutant.

Data accumulated so far indicated that the yeast lethal phenotype-defective IN

mutants and class ID64E appear to affect different steps of viral replication. So, it should

be possible that the replication defect of these lethal phenotype-defective IN mutant

viruses might be complemented by D64E mutant. To test this possibility, we co-

transfected 293T cells with HIV-1 provirus NLzl.3lucABglARI, VSV-G expressor, and a

mix of different Vpr-RT-IN mutants, as indicated in Fig.3.8 (right panel). After 48 hours

of transfection, VSV-G pseudotyped viruses were collected and equal amounts of viruses

(5 cpm of RT activity per cell) were used to infect CD4+ C8166 T cells.

66



CHAPTER 3 RESULTS

Figure3.8 Complementation of chromatin binding-defective IN mutant viruses with
D64E mutant. To test the functional complementation of IN mutants, different
combination Vpr-RT-IN mutant expressors, as indicated, were co-transfected with
RT/IN/Env gene-deleted HIV-I provirus and VSV-G expressor in 293T cells. At 48 hr
post-transfection, VSV-G pseudotyped viruses were collected from the supernatant by
ultracentrifugation followed by quantification with measurement of virion-associated RT
activity. To test the infection of each virus stock, equal amounts of viruses were used to
infect dividing CD4+ C8166 T cells, and at 72 hr of infection, cells were collected and
the cell-associated luciferase activity was measured. NC: negative control. Erro¡ bars
represent variation between duplicate samples and the results are representative of three
independent experiments.

Results revealed that, while wild type virus infection resulted in a high level of luc

activity (8.5x106 RLU/20 pl), the D64E and V1654 mutant viruses only induced a basal

level of luc activity (Fig.3.8, right panel). When C8166 cells were infected with viruses

containing two IN mutant proteins, such as D64ElV765A, D64ElA179P, or

D64E/KR186,7AA, there was a partial trans-complementation for virus infection as the

luc activity was significantly higher, as compared to D64E and V1654 virus infections

(Fig.3.8, right panel). The result was further supported by the fact that there was no

trans-complementation for VL65A and KR186,7AA mutants (Fig.3.8, right panel). It

should be noted that the D64ElA779P or D64EIKR186,7AA virus infection induced

significantly lower luc activity as compared to D64E1V165A virus infection (Fig.3.8).
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This may be due to a more profound effect of Al,79P or KR186,7AA mutants on othe¡

IN's functions. Nevertheless, fhese trans-complemention analyses provide evidence that

the IN mutants V1654, AL79P and KR186,'7AA, which are located in the C-terminal

region of IN core domain, affect chromatin-targeting of viral DNA that is critical for HIV

integration and replication.
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CHAPTER 4 DISCUSSION AND FUTURE DIRECTIONS

HIV-1 IN has multiple functions during the early phase of HIV-1 replication,

including reverse transcription, viral DNA nuclear import and integration (Ao et al.,

2005; Bukovsky and Gottlin 1er,1,996; Engelman et al., 1995; Gallay et al., L997; Ikeda et

a1.,2004; Nakamura et al., 7997; Wu et a1.,7999). Therefore, it is difficult to specifically

assess one particular function of IN during viral replication due to the fact that most

mutants of IN exhibit pleiotropic phenotypes. Various in vitro assays and in vivo

analyses, including yeast IN expression systems like the one used here have been

developed to assess different activities of HIV-1 IN. Previous studies have shown that

the expression of functional IN in some yeast strains led to the emergence of a lethal

phenotype that may be related to the HIV-I integration reaction (Caumont et al., 1996).

In comparison to prokaryotic systems, the yeast model is a useful tool to investigate IN

activity during the integration process and the study of IN's activity in yeast may provide

great insights into the mechanisms how HIV-1 IN interacts with cellular machinery.

However, the molecular mechanism underlying this lethal activity of IN in yeast is still

not fully understood. The previous report by Caumont et aI. showed that the IN class I

mutant D1164 lost the lethal phenotype, suggesting a requirement for IN's catalytic

activity (Caumont et al., 1996). Interestingly, a subsequent study revealed that the

specific mutation targeting amino acid 8152, another crucial residue of IN's catalytic

triad motif (D64D116(35)8152) did not affect its lethal activity in yeast (Calmels et al.,

2004). Thus, the IN-mediated yeast lethal phenotype appears to be a more complex

process and the elucidation of this biological activity of IN in yeast may provide valuable

insights into the understanding of IN's action during HIV-1 replication.
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To further investigate the molecular basis underlying HIV-1 IN's lethal activity in

yeast, we expressed different IN mutants in S. cerevisiae HP16 strain. Three HIV-I IN

mutants V1654, A779P and KR186,7AA did not induce the lethal phenotype in HP16

cells compared with wild type IN(Fig.3.5 C and D). Interestingly, our results also showed

that some IN class I mutants including D648, DL16A, and D64E|D116A were fully

capable of inducing the lethal phenotype when they were introduced in HP16 cells

(Fig.3.2 B and C). This observation is consistent with the previous study by Calmels et al

showing that the specific mutation targeting amino acid 8152 still efficiently induced the

lethal phenotype (Calmels et al., 2004). Moreover, in our studies, the reduced expression

level of HIV-I catalytic IN mutant and the RAD52 knock out did not increase the

sensitivity of yeast to IN's effect (Fig.3.3 B and Fig.3.4 A, B). All these data suggest that

the catalytic activity of IN is essential for its lethal effect in yeast strain HP16 and it can

be speculated that some un-characterized activities of HIV-1 may play an important role

for its lethal activity.

HIV-1 IN has been shown to be an important viral factor involved in HIV DNA

binding to cellular chromatin and this IN-mediated chromosomal tethering function has

been shown to be important for HIV-1 integration and for successful viral replication

(Emiliani et al., 2005; Llano et al., 2006a; Maertens et al., 2003). In this study, the

chromatin binding ability of different IN mutants was tested and our analysis demonstrate

that, in contrast to the wild type IN and D64E mutant, V1654, AI79P and KR186 ,7 AA

mutants lost their abilities to bind to host chromatin(Fig.3.7). To rule out the possibility

that their inability to bind to cellular chromatin may be due to a defect at nuclear

translocation step, we further showed that all three IN mutants can efficiently enter into
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the nucleus (Fig.3.7). Thus, the chromatin-binding ability of HIV-1 IN is in fact involved

in yeast lethality. To correlate the loss of IN's lethal ability in yeast with their effects on

HIV-I replication, we further tested the effect of yeast lethal phenotype-defective

mutants V1654, A1.79P and KR186,7AA on HIV-1 single-cycle replication. The

experiments clearly showed that, similar to the IN class I D64E mutant, all three yeast

lethal phenotype-defective IN mutant viruses were replication deficient (Fig.3.6C). More

interestingly, the evidence presented in this study clearly indicated that the infection

defect of all three IN mutant viruses was partially restored to different extent by the

presence of D64E mutant (Fig.3.8), suggesting that the action of V1654, Al-79P and

KRtr86,7AA is different from the catalytic mutant. Indeed, our biochemical data further

demonstrate that these three yeast lethal phenotype defective IN mutants, which are

clustered in the C-terminal region of IN core domain, were unable to bind to the cellular

chiomatin while D648. does. Interestingly, it should be noticed that the complementation

is efficient with IN mutant V1654 but not with 4179P and KR186,744. This could be

explained by the profound effects of 4179P and KR186,7AA during viral integration.

Previous mutagenic study has shown that the amino acid lysine (K) 186 of HIV-I IN

plays a key role in IN multimerization which is essential for proviral DNA integration.

Mutation of K186 of HIV-1 IN would affect the IN tetramerization and subsequently

affect viral integration (Berthoux et al., 2007). For IN mutant AI79P, alanine was

replaced by proline but due to the cyclic binding of the three-carbon side chain to the

nitrogen of the backbone, proline lacks a primary amine group (-NHt which may be

required for the IN structure organization and/or for its efficient catalytic activity.

Moreover, from these results, we also could not exclude the possibility that these lethal
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phenotype-defective mutants could simultaneously affect to some extent IN's catalytic

activities. Nevertheless, the experimental evidence derived from this study demonstrates

that the C-terminal core domain-mediated chromatin binding is responsible for the lethal

activity in yeast and plays an important role during viral replication.

However, how the C-terminal core domain of HIV-1 IN contributes to the

chromatin binding remains to be defined. More detailed studies will be required for

elucidating the mechanism(s) of the IN-involved chromatin binding. For example, we

could first try to understand whether this lN-mediated chromatin binding needs other host

molecule's help especially for those cellular partners of HIV-I IN such as LEDGF/p75

and INI1.

Previous studies have shown that LEDGF1pT5 is a novel cellular protein which

directly interacts with HIV-1 IN and targets HIV-1 DNA integration (Cherepanov qt al.,

2003). It was suggested to be a significant integration cofactor for tethering viral PIC to

ihe host chromosomes (Nishizawa et a1.,200I). Moreover, LEDGF/p75-binding site on

IN was also studied. One of the two regions within the central core domain of HIV-1 IN

II6IIIGQVRDQAE1TO ) has been characterized to interact with LEDGFIpT5 (Busschots et

à1., 2007). For the different IN mutants within this region, the interaction with

LEDGF/p75 and the enzymatic activities were determined. Class II IN(I1614),

IN(V1654), IN(R1664), IN(Q1684) and IN(E1704) are impaired for interaction with

I-EDGF/p75, but retain 3' processing and strand transfer activities (Busschots et al.,

2007). Although the Q1684 recombinant IN displayed wild type IN activity in vitro,

viruses containing IN Q1684 were defective for replication due to a specific block at the

integration step, whereas the nuclear import was not hampered. Interestingly, one of our
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chromatin binding deficient IN mutants, Vl.65A, Iocated within the LEDGF/p75 binding

domain tU1IIGQVRDQAE1T0 also showed the similar effect as Q1684 during viral

replication (Llano et al. 2004). Therefore, it can be speculated that interaction of

LEDGF|pTS with HIV-1 IN could be involved in the IN-medicated chromatin binding. In

future studies, the interaction between three chromatin-binding defective IN mutants

(V165A, A1.79P, and KR186,7AA) and LEDGF|pTS should be further investigated.

Integrase interactor 1 (INI1) is another cellular molecule that directly interacts with

HIV-1 IN and is incorporated into virion (Kalpana et al., 7994; Morozov et al., 1998).

INI1 is the homologue of yeast transcription factor SNF5 and is a chromatin remodeling

factor(Wang et al., 1996). As retroviral integration seems to occur preferentially in highly

transc¡ibed loci(Scherdin et al., 1,990), it is tempting to speculate that the role of INI1 in

the retroviral infection cycle is to target the PIC by binding IN to accessible chromatin

regions, thus contributing to the bias of HIV integration for these regions of the genome.

Therefore, it would be also interesting to further study the interaction between the

chromatin-binding defective IN mutants (V1654, AL79P, KR186,7AA) and INI1 and

then to elucidate whether INlL contributes to the lN-mediated chromatin binding.

Furthermore, previous studies have shown that multimerization of IN is important

for DNA integration in vivo and only IN tetramer is capable of directing concerted

integration(Berthoux et al., 2007). However, IN mutants located at the ttuKRK motif in

particular changing IN lysine residue 186 to glutamate (Kl86Q), significantly impair IN

oligomerization in the yeast two-hybrid system and decreases oligomeric forms of IN

within virions (Berthoux et al., 2007). Interestingly, one of our chromatin binding
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defective IN mutants KR186,7AA is also located at this motif and it should be interesting

to further examine the relationship between IN multimerization and chromatin binding.

Moreover, in addition to those three chromatin binding defective IN mutants

V1654, A779P and KR186,7AA , we could also perform more-detailed mutagenic

analysis around the C-terminal region of IN core domain to test the effect of these new IN

mutants on the chromatin binding ability. Based on the mutagenic analysis results, we

would further minimize the region of HIV-I IN for chromatin binding and design

peptides or fusion proteins containing the IN chromatin binding domain to investigate

whether these peptides or fusion proteins can compete with wild type IN for cellular

chromatin binding. These studies may provide new information towards the development

of a novel anti-IN strategy.

Importantly, this newly characterized IN activity in yeast will provide a va{uable

biological system for us to further study the action of HIV-1 IN during its chromatin

binding, and will allow us to gain more detailed insights into the mechanisms occurring

between HIV-1 IN and the mammalian system. Based on this yeast lethal phenotype

system, chromatin binding ability of HIV-1 IN in yeast could be used to screen for anti-

IN inhibitors that prevent the protein to associate with chromatin. All together, the

definition of the critical motif(s) of IN for chromatin binding ability may serve as the

basis for the discovery of new class of anti-IN agents.

Conclusions:

In this study, we have established a previously described HIV-1 IN-induced lethal

phenotype system in yeast strain HP16. By using this system, we investigated the effects
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of a panel of IN mutants which specifically target different regions of IN on their lethal

activity in yeast.

Our results clearly revealed that, while the wild type and other IN mutants induced

a lethal phenotype, three mutants(V1654, Al79P, KR186,7AA) located in the C-terminal

region of catalytic core domain of HIV-1 IN lost their lethal activity. Obviously, this

abolishment of yeast lethality was not due to the inactivation of catalytic activity of IN,

since some class I catalytic IN mutants including D64F, D116A, andD64E1D116A were

still capable of inducing the lethal phenotype in yeast. We designated these three mutants

as lethal phenotype defective IN mutants. Moreover, these lethality-defective mutants

were introduced into HIV-1 single-cycle replication system and were further tested for

their effects on HIV-1 replication. It clearly showed that none of these mutant viruses

were shown to be infectious and interestingly, all of these mutant viruses could be

partially complemented by a class I IN mutant (D64E). Taken together, all these data

provide evidence that an unidentified IN activity contributes to its lethality in yeast and is

crucial for viral replication. In attempting to explore the mechanism underlying this IN's

action, our chromatin binding studies demonstrated that, in contrast to the wild type IN,

all of these three lethal phenotype defective IN mutants were unable to bind to host

chromatin. Overall, the C-terminal region of catalytic core domain of HIV-1 IN was first

identified to bind to cellular chromatin and this chromatin binding ability of HIV-1 IN

may play a critical role for its lethal phenotype in yeast and during HIV-1 infection.

Further investigation of molecular basis of lN-mediated HIV DNA chromatin binding

may contribute to the development of new class of anti-IN strategies.
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