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Abstract

Like all viruses, the replication of HIV-1 relies heavily on host proteins due to its limited
genome products. HIV-1 integrase (IN) catalyzes the integration of viral DNA into host
genome and also impacts other steps of viral replication cycle, all of which are assisted
by various cellular proteins. Among them, LEDGF/p75 acts as the IN-to-chromatin
tethering factor. However, whether other cellular cofactors also participate in this process
still remains elusive. To gain insight into the mechanism of action of HIV-1 IN during
viral integration, we used a previously described IN/yeast lethality system and our results
revealed that the HIV-1 IN-induced yeast lethality absolutely required its chromatin
binding ability. Since there is no yeast homolog of LEDGF/p75, it raises the possibility
that IN may recruit other cellular cofactors for its chromatin targeting. Consistently,
further analysis in mammalian cells indicated that HIV-1 IN was able to mediate
chromatin binding independent of IN-LEDGF/p75 interaction and that HIV-1 fitness
relied more on chromatin binding than LEDGF/p75 binding of IN. These data greatly
enrich our current knowledge on the dynamic interplay within the ternary complex

IN/LEDGF/chromatin.

HIV-1 exploits multiple cellular cofactors not only to facilitate viral replication, but also
to evade the host defense system in favor of the virus. IN is known to be an unstable
protein, degraded by the host ubiquitin-proteasome pathway. To investigate how IN
avoids the host degradation machinery in the context of viral infection, we showed that
IN interacted with host protein Ku70 and protected itself from the Lys48-linked
polyubiquitination proteasomal pathway. More importantly, Ku70 was shown to be

incorporated into the progeny virus in an IN-dependent manner, and both cell- and virus-



associated Ku70 were essential for HIV-1 replication. Finally, the data demonstrated that
the interactions between HIV-1 IN and host cofactors can be regulated through its
SUMO-interacting motifs (SIMs). Three putative SIMs (72VILV75; 2001vVDI203 and
2571K11260) in IN were examined and shown to be essential for IN-LEDGF/p75 but not

IN-Ku70 interaction.

In summary, this study advances our knowledge of the interaction network between IN
and its cofactors, which would have important implications for the design of anti-HIV

drugs.
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Chapter 1 Introduction

In this chapter, the epidemiology of Human Immunodeficiency Virus (HIV), its genome
organization, viral structure, HIV-1 replication life cycle will be discussed. Then, I will
review the structure and functions of HIV-1 integrase (IN) and its cellular cofactors, post-
translational modifications (PTMs) of IN in the context of retroviral pathogenesis and

discuss current efforts on IN as the new target for antiretroviral (ARV) therapy.

1.1  HIV-1epidemiology

HIV is the pathogen which is responsible for Acquired immunodeficiency
syndrome/AIDS. HIV belongs to the family Retroviridae genus lentiviruses, or 'slow’
viruses. HIV, the virus itself does not cause death in human beings; instead it suppresses
normal immunity and causes opportunistic infections and cancers. Since the discovery of
HIV/AIDS in 1983 [1, 2], its pandemic has posed a great risk to the well-being of humans
and the whole society. According to 2011 UNAIDS (the Joint United Nations Programme
on HIV/AIDS) World AIDS Day report, there are still 34 million people worldwide
living with HIV. Amongst this population, there are around 2.7 million new HIV
infections and 1.8 million people died of AIDS-related illnesses in 2010 [3]. Currently,
there are two different circulating virus strains of HIV including HIV-1 and HIV-2, with
HIV-1 more virulent and predominant. While HIV-1 is worldwide, HIV-2 cases are
primarily found in West Africa with relatively low prevalence [4]. HIV-1 strains are
categorized into three clades: M (Major/Main), N (Non-M, Non-O/New) and O (Outlier).

And each group is further divided into various subtypes [5]. HIV-1 M subtype is the most



prevailing virus strain responsible for the worldwide infection. In this thesis, unless

specified otherwise, HIV refers to HIV-1.

1.2 HIV-1genome, structure and viral replication cycle

1.2.1 Organization of HIV-1 virion

HIV is an enveloped, nearly rounded virus with a diameter of 120nm (Figure 1A). The
virus particles are surrounded by a lipid envelope derived from the host cell plasma
membrane. The viral exterior envelope glycoproteins gp120 and gp41 are organized into
trimetric complexes which are embedded within the lipid bilayer [6]. The viral core (or
Capsid) is usually cone-shaped and made from the viral capsule protein p24. Inside the
core, there are two single strands of viral RNA, together with three enzymes required for
HIV replication called reverse transcriptase (RT), integrase (IN) and protease (PR).
HIV’s core also includes nucleocapsid (NC) protein or p7 and three accessory proteins
Nef, Vif and Vpr [7]. Lying between the viral core and the envelope are HIV matrix (MA)
proteins. HIV-1 also incorporates a wide variety of cellular proteins including cellular
chaperones Cyclophilin A, Heat shock proteins (Hsps) including Hsp40, Hsp60, Hsp90
and Hsp70; cellular trafficking systems including actin, tubulin; nuclear proteins histone
deacetylase 1 (HDAC 1) and the chromatin remodeling protein Integrase interactor 1
(Inil)/HSNF5, cytidine deaminase APOBEC3G (apolipoprotein B mRNA-editing
enzyme catalytic polypeptide-like 3G) protein and kinases Extracellular signal-regulated
kinase 2 (ERK?2), Protein kinase A (PKA) and Nuclear DBF-2-related (NDR) kinases 1/2

(see a review [8]).
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Figure 1 Schematic diagram of HIV virion and genome. A) The outer envelop
proteins gp120 and gp41 are embedded within the lipid bilayer. Viral protein p17 forms
matrix while an inner layer of viral protein called p24 forms the core. Inside the cone-
shaped viral core, there are two copies of the single stranded RNA and three viral
enzymes RT, PR and IN. B) A schematic representation of the HIV-1 gene products

encoded by the HIV-1 ~10kb genomic sequence. The HIV-1 genome contains nine open



reading frames which produce 15 proteins and has a LTR at each end of its genome. RT:

reverse transcriptase; PR: protease; IN: integrase. LTR: long terminal repeat.



1.2.2 Structure of the viral genome

HIV-1 is an enveloped RNA virus that replicate through a DNA intermediate. Each HIV-
1 virion contains two copies of single-stranded RNA genome, which is around ~10kb
long [9, 10]. The genome not only carries the genetic information of the virus, but also
harbors internal structures fundamental to viral replication, including Trans-activation
Response (TAR) hairpin, the packaging signal, the dimerization site, the Gag-Pol
frameshifting region, the Rev Response Element (RRE), etc. These elements have been
shown to play various roles in the viral replication cycle such as transcription activation,
reverse transcription initiation, genomic dimerization, frameshifting reading frames,
RNA nuclear export, signal polyadenylation, and interaction with viral and host proteins
[11-13]. The HIV-1 genome contains nine open reading frames which produce 15
proteins (Figure 1B) [11]. gag and env genes encode structural proteins to form new viral
particles. gag gene encodes Gag precursor protein which is synthesized and
proteolytically cleaved into MA, CA (capsid), nucleocapsid (NC), and p6. pol gene
encodes three viral enzymes: PR, RT and IN. Other six genes tat, rev, nef, vif, vpr and
vpu code two regulatory Proteins Tat and Rev, and four accessory proteins Nef, Vpr, Vpu
and Vif. Among these, Vif, Vpr and Nef are incorporated into new viral particles. In
HIV-2, vpu gene is replaced by vpx. These proteins termed “accessory” are due to the
initial finding that they were dispensable for viral replication in ex vivo cellular systems.
However, recent studies suggest that HIV-1 develops those accessory proteins such as
Vif, Vpr and Vpu to counteract the cell-mediated antiviral defenses [14-16]. A brief

description on the functions of each HIV-1 encoded protein is discussed below.



Gag gag gene encodes 55-kilodalton (kD) Gag precursor protein or p55 from the
unspliced viral MRNA. Gag precursor protein plays key roles in the viral assembly and
budding steps. After Gag is synthesized on cytosolic ribosomes, the N terminus of Gag is
first myristoylated and then targeted to the cytoplasmic side of cell membranes [17],
where Gag-Gag multimers assemble into higher order structure. Meanwhile, Gag binds
two copies of the viral RNA and other viral proteins such as Gag-Pol precursor protein
and cellular proteins, and coordinates the incorporation of viral and host components into
the assembling particle. After budding, the virus is still immature or non-infectious till
processing of precursor proteins takes place. During maturation, Gag precursor protein is
cleaved by viral PR into four smaller proteins designated MA (p17), CA (p24), NC (p9),

p6 and two spacer peptides SP1 and SP2 [18].

The MA protein is derived from the N-terminal, myristoylated end of p55. Most of MA
proteins lie beneath the inner surface of the virion lipid bilayer to ensure structural
support. A small amounts of MA localize inside the core and are found in tight
association with the HIV-1 core and the Preintegration Complex (PIC) [19]. MA plays
various roles in both early and late stages of viral replication cycle. The most important
role that MA functions is to mediate the plasma membrane targeting of Gag polyproteins.
Meanwhile, as a component of PIC, MA facilitates the nuclear transport of the viral
genome, which allows HIV infect nondividing cells [20, 21]. Recent studies have also
highlighted that MA has the immunoregulatory effects during HIV-1 infection by binding
to cellular receptor p17R. Therefore, MA promotes proliferation of T cells and release of

proinflammatory cytokines, migration of immune cells, etc. [22-25].



CA forms a closed conical-shaped capsid shell that encapsulates the viral RNA, NC
proteins, and three viral enzymes in the mature, infectious virus [7]. As a major structural
protein, CA also carries non-structural functions, affecting both the early and late steps of
viral replication. Improper self-assembly of CA into cones during viral assembly or
abnormal disassembly to release genetic contents into cytoplasm have been shown to

impair viral infectivity [26-28].

The NC domain of Gag is involved in the assembly step such as Gag-Gag interaction and
Gag binding with cellular components in close proximity to the cellular membrane, and
packaging of the RNA genome into the new viral particle (see review [29]). NC protein
might not be strictly required for reverse transcription and integration during the early
stage of viral replication. But in the mature virion, the presence of NC might serve as a
nucleic acid chaperone which enhances reverse transcription and integration ( [30-32] or

see review [29] ).

The 52-amino acid (52-aa) p6 protein is the smallest viral protein among all the
lentiviruses [33]. Although small in size, p6 plays pivotal roles in the HIV-1 replication
cycle. p6 domain of Gag is important for binding and incorporation of viral proteins such
as Vpr, Pol and Env proteins into assembly virions, as well as recruiting cellular
components from the human multivesicular bodies pathway to facilitate budding of

virions [33].

gag-pol Ribosomal frameshifting at the gag-pol junction (with a frequency of 5 to 10%)
results in Gag-Pol polyprotein precursor. pol encodes three viral enzymes PR, RT and IN.

PR cleaves Gag and Gag-Pol polyproteins to produce the final MA, CA, NC, and p6



proteins from Gag and PR, RT, and IN proteins from Pol. Before the viral genome can be
integrated into the host chromosome, the single-stranded viral RNA has to be converted
into double-stranded DNA by RT. RT is a heterodimer comprised of a p66 and a p51
subunit with p66 subunit containing both the polymerase and RNase H activities, while
p51 provides structural support [34]. HIV PR belongs to the family of aspartic proteases,
and it recognizes the different substrate cleavage site sequences and cleaves the Gag and
Gag-Pol polyproteins which are accumulated at the plasma membrane during or shortly
after the release of assembled virus particles [35, 36]. The detailed description of HIV-1

IN will be discussed below.

Env Env precursor protein gpl160, encoded by env, is cleaved post-translationally into the
extracellular subunit gp120 and the transmembrane gp40, performed by furin-like cellular
proteases [37]. Env (gpl60) is synthersized in the endoplasmic reticulum (ER) and
glycosylated in the ER and Golgi apparatus. The precursor is then cleaved to produce the
non-covalently associated gp40/gp120 trimeric glycoprotein complex, which is then
transported to the cell membrane for virus assembly [7]. The viral entry is accomplished
through the interaction between Env proteins gp120/gp40 and host cell surface receptors

and chemokine coreceptors (CD4 and CCR5/CXCR4) in the immune cells.

Two regulatory proteins

Tat Tat or (Trans-Activator of Transcription) is a relatively small viral protein,
containing 86-101 residues depending on different viral strains. The most profound
function of the Tat protein is enhancing viral transcription through three distinct

mechanisms: binding the specific sequences of TAR located in the 5" end of LTR,



modulating activity of polymerase Il and promoting NF-xB activation [38]. In addition,
Tat is proposed to act as a viral toxin which can be secreted from infected cells and
endocytosed into various cells types including endothelial cells, lymphocytes, monocytes,
macrophages, neurons, thereby affecting gene expressions, cytokine productions and its

related biological activities [38, 39].

Rev Rev refers to regulator of expression of virion. Rev is known to affect the late stage
of viral replication cycle by binding to the RRE. Rev enhances the expression of the viral
structural proteins Gag, Pol and Env by targeting viral RNA to the cellular CRM-1-
mediated nuclear-export pathway, leading to increased cytoplasmic viral RNAs and
increased expression of the encoded proteins [38]. However, recent studies have
highlighted the novel functions of Rev in the early stage of viral replication in which Rev

inhibits or regulates integration events [40].

Four accessory proteins

Vif Virus Infectivity Factor (Vif) is a 192-aa cytoplasmic protein [41]. Vif is known to
counteract host anti-viral factor APOBEC3G by binding and targeting APOBEC3G to
host proteasomal degradation [42, 43]. APOBEC3G acts to deaminate cytidines to
uridines in the single-stranded DNA, thereby generating stop codons or G-A mutation in
the newly synthesized viral cDNA [44, 45]. Vif-deleted virions are defective in the
reverse transcription step, and Vif has been shown to regulate PR activity and the

proteolytic processing of the Gag precursor [46-48].

Vpr Viral Protein R (Vpr) is a 96-aa small basic protein. The Vpr protein is ubiquitous

in HIV-1 infected patients, present in virions, cells, sera and cerebrospinal fluid, etc.



Though small, Vpr has been demonstrated to have multiple functions during viral
replication, such as the nuclear import of the PIC, cell cycle G2/M progression, apoptosis,

and transactivation of the HIV-1 LTR and host cell genes (see a review [38] ).

Vpu Vpu is an 81-aa dimeric integral membrane protein [49]. The biological functions
of Vpu include induction of CD4 degradation and enhancement of viral particle release,

promotion of apoptosis through inhibition of NF-xB [49-52].

Nef HIV-1 negative factor (Nef) is a 206-aa, N-terminally myristoylated regulatory
factor. Nef has long been recognized to be related with disease progression [53, 54]. Nef
has a few distinct roles during viral pathogenesis as revealed by in vitro infection model:
downregulating CD4 receptors and cell surface major histocompatibility class I (MHCI)
molecules, and modulating cellular signaling and activation, enhancing viral infectivity

via CD4-independent mechanisms [55].

1.2.3 An overview of HIV-1 replication cycle

The HIV replication cycle includes nine steps: 1) binding and entry; 2) uncoating; 3)
reverse transcription; 4) nuclear import; 5) provirus integration; 6) transcription of viral
RNA; 7) virus protein synthesis; 8) assembly budding and 9) maturation (Figure 2). The
entire life cycle of HIV-1 is arbitrarily divided into the early and the late stage by
integration. The early stage begins with binding till integration, whereas the late stage
refers to the steps between transcription of viral genome to the maturation step. Like
many other intracellular pathogens, HIV extensively exploits the host to aid in its
replication or to bypass the immune responses and counteract host anti-viral restriction

factors. Almost all the steps of HIV-1 replication involve the intimate interplay between
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viral proteins with a wide range of cellular proteins and or cellular pathways. As such,
HIV-1 replication is the result of co-evolution between the virus and the host. For more
detailed HIV-1 replication implicated with multiple host factors, please refer to reviews

[56-58]. Here, only a concise summary on HIV-1 life cycle is provided below.

The entry step can be summarized as the binding and fusion of the viral envelop with the
plasma membrane of the host cell. Binding of gp120 with CD4 receptors on the surface
of target cells as well as coreceptors such as CXCR4 or CCR5 leads to conformational
changes of gp4l followed by the insertion of the gp4l fusion peptide into the target
membrane, resulting in the fusion of viral and cellular membranes and the release of the
viral core into the cytoplasm [59]. After binding and entry, uncoating occurs. Uncoating
is the process that intact core consisted of CA proteins disassembles to release genomic
RNA into cytoplasm. It has been proposed that phosphorylation of CA induces the
dissociation of CA-CA protein interactions and promotes the disassembly of the HIV-1
core, the process which is assisted by cellular factors [60, 61]. Following uncoating, core
components are then reconstructed into a complex named reverse transcription complex
(RTC), within which the viral RNA is converted into double-stranded DNA catalyzed by
viral RT named reverse transcription. This process is accomplished through three
catalytic functions by viral enzyme RT: RNA-directed DNA synthesis, DNA-directed
DNA synthesis and DNA-directed RNA hydrolysis [62]. Reverse transcription takes
place mainly in the cytoplasm, while it also occurs as early as in the free virion before
viral entry, with a small portion persisting even after nuclear import [63, 64]. After the
completion of reverse transcription, RTC is now termed PIC, as it has been shown to be

integration-competent and capable of integrating into DNA targets in vitro [65, 66]. PIC
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Figure 2 Schematic of the HIV-1 replication cycle. Nine important steps of the
replication cycle are numbered: 1) binding and entry; 2) uncoating; 3) reverse
transcription; 4) nuclear import; 5) provirus integration; 6) transcription of viral RNA; 7)

virus protein synthesis; 8) assembly budding and 9) maturation.
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formed in the host cellular cytoplasm is a functional nucleoprotein complex in which
newly reverse transcribed viral DNAs form a complex with both viral proteins, including
IN, MA, NC, RT, Vpr and various cellular proteins (reviewed by Al-Mawsawi LQ et al.)
[67]. These cellular proteins include Lens epithelium-derived growth factor (LEDGF),
Inil, high-mobility group protein 1 (HMGAL), barrier to auto-integration factor (BAF),
Hsp60, Polycomb group embryonic ectoderm development (EED) protein, etc. (for a
review see [68]). In order for HIV-1 reverse transcribed viral DNA integration into host
genome, PIC has to pass across nuclear membrane. Nuclear import of PIC is achieved
through two different mechanisms: entry through breakdown of the nuclear membrane
during mitosis in non-dividing cells and active nuclear translocation pathway in both
dividing and non-dividing cells [21]. After PIC reaches the nucleus, HIVV-1 IN catalyzes
the integration of its viral DNA genome into the host cell chromosome. Thereafter, virus
is able to utilize the cellular replication machinery for its genome transcription and
subsequent translation. The integrated viral DNA is known as provirus. The detailed

description of nuclear import and integration will be discussed in the next section.

The late stage of HIV-1 replication starts from transcription, the synthesis of the viral
RNAs from integrated provirus. The HIV-1 transcription begins from U3 promoter within
the LTR with Tat protein greatly increasing LTR-driven transcription. Transcription
results in three different viral RNAs: non-spliced transcript which encodes HIV structural
proteins (Gag, Gag—Pol precursors) and serves as genomic RNA packaged into the new
virion; partially spliced and multiply spliced mRNA [69]. In the early phase, multiply
spliced mRNA is easily exported to the cytoplasm and translated into Rev, Tat and Nef,

while in the late phase unspliced and partialy spliced RNAs which produce Gag, Gag-Pol,
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Env, Vif, Vpr and Vpu are exported to the cytoplasm through Rev [69]. HIV-1 Rev binds
to the RRE, an cis-acting RNA element present in all unspliced and partially spliced
HIV-1 RNAs, and Rev/RRE complex are transported into the cytoplasm via interaction
with the cellular nuclear export machinery [69]. In addition to transcription from
integrated DNA, non-integrated DNA can also serve as a template to generate Tat and
Nef (and potentially Rev) transcripts [70]. Once in the cytoplasm, viral mMRNAs are
translated by utilizing cellular translational machinery [71]. Studies have shown that
HIV-1 Gag is sufficient to assemble virus-like particles at the plasma membrane and to

bud off the cells [72]. Due to its N-terminal myristic acid and conserved basic amino acid

residues [17, 73, 74], the MA domain of Gag initiates viral assembly by targeting and
binding the plasma membrane so that the Gag and Gag-Pol polyproteins are localized to
the cell membrane. Meanwhile, Env is transported to the cell surface, coating the new
particle with gp120 and gp41, for which HIV-1 utilizes Vpu and Nef to counteract the
presence of CD4: Vpu promotes CD4 degradation in the ER where both Env and CD4 are
synthesized, and Nef promotes endocytosis and degradation of cell surface CD4 [11]. The
viral core is assembled from the Gag and Gag-Pol polyproteins, Vif, Vpr, Nef, and the
genomic RNA, and the immature virion begins to bud from the cell surface. Concomitant
with or soon after budding, maturation begins, in which Gag and Gag-Pol polyproteins
are proteolytically processed by PR to yield MA, CA and NC to construct mature viral
cores and viral enzymes RT, PR and IN [75]. The mature and infectious virion is then

ready to infect new cells.

1.3  HIV-1IN
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This section, while reiterating certain points discussed above, will mainly focus on
structure and functions of HIV-1 IN, its cellular cofactors, PTMs of IN and current anti-

IN strategies in the drug development.

1.3.1 Domain structure of IN

As discussed above, HIV-1 IN is encoded by the pol gene. IN is first synthesized as part
of Gag-Pol polyprotein, in which Pol is cleaved into three viral enzymes RT, PR and IN
during maturation. IN is a 288-aa, 32kDa viral protein, contains three distinct structural
domains, the N-terminal zinc-binding domain (NTD, residues 1 — 49), the central
catalytic core domain (CCD, residues 50 — 212) and the C-terminal domain (CTD,
residues 213 — 288) (Figure 3A). The NTD contains a conserved His-His-Cys-Cys or
HHCC motif which is responsible for binding Zn2+ atom and promoting oligomerization
[76, 77]. Subsequent studies suggested that both of CCD and CTD domains of IN are
required for its multimerization while NTD is not important [76, 78, 79]. Retroviral INs
belong to DDE(D) nucleotidyltransferases which also include RNaseH as well as MuA
and Tn5 transposases. The IN CCD contains three highly conserved residues Asp 64,
Asp 116 and Glu 152 (the DDE motif) which coordinate a divalent cation (Mg2+ or
Mn2+), essential for the enzyme's catalytic activity [80]. Mutations introduced to any of
these residues abolish all catalytic activities of IN including 3’ processing, 5’ strand
transfer and disintegration [81, 82]. The CTD contains an SH3-like fold and its main
function is to bind DNA specifically or non-specifically [83-85]. CTD is also of
importance in the binding of a variety of viral and host cellular proteins, such as RT,

Importin a3 (Impa3), p300, Ku70 [86-88]. IN functions as a dimer or even higher order
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oligomers. The dynamic subunit-subunit interaction of IN is essential for the biological

functions of IN [89]. The HIV-1 IN dimer crystal structure is shown in Figure 3B.

1.3.2 Functions of IN

Functions of IN may be divided into two major categories: integration and non-catalytic
activities of IN, the latter include any other effects of IN in the viral replication including
reverse transcription, nuclear import, transcription, gene expression, and assembly. Here,

all these functions will be discussed in the order of occurrence during the viral life cycle.

1.3.2.1 Reverse transcription

IN is a pleiotropic protein that affects different steps throughout the viral life cycle
including reverse transcription, PIC nuclear import, integration and post-integration steps,
such as viral protein expression, transcription, packaging and processing [16, 90-92]. The
effect of IN on reverse transcription has been extensively observed in the past [90, 91, 93,
94], which is attributed to the direct interaction between RT and IN [88, 92]. Further
studies revealed that both subunits of RT, p51 and p66, are able to bind to HIV-1 IN, and
the binding domain was mapped to the CTD of IN [88, 95]. Two possibilities might
account for the effect of their interaction on reverse transcription. The interaction might
change the architecture of the RTC where reverse transcription takes place; it is also
proposed that IN binding with cellular protein SIP1/Gemin2 enhances reverse
transcription through facilitating the assembly of RT on viral RNA or increased binding

affinity of RT with RNA strands [92, 96, 97].
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Schematic diagram of HIV-1 IN and its dimer crystal structure. A) HIV-1

IN is a 288-aa viral protein with three structurally distinct domains: NTD, CCD and CTD.

The CCD contains the highly conserved DDE (D64/D116/E152) motif. B) Ribbon

representation of dimeric IN fragments containing NTD plus CCD (left) and CCD plus

CTD (right). Left: the colors used for each subunit are: palecyan for NTD and cyan for

CCD in one subunit, while the other subunit NTD is shown as light orange and CCD is

shown as orange color. Right: CCD and CTD from one subunit are shown as blue and

light blue respectively while the other are shown as green and light green. The structures

were derived from PDB files 1K6Y [98] and 1EX4 [99] respectively. (All these structures

were drawn in PyMol from http://www.pymol.org.) NTD: N-terminal domain; CCD:

catalytic core domain; CTD: C-terminal domain.
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1.3.2.2 Nuclear import

The major hallmark between lentiviruses such as HIV-1 and gammaretroviruses such as
the moloney murine leukemia virus (M-MLYV) lies in the fact that the former can infect
non-dividing cells as well as dividing cells at interphase while M-MLV has to wait for
the nuclear envelope to break down during mitosis to enter the nucleus of their target
cells for successful replication ( see reviews [100, 101] ). HIV-1 shows no dependence
on the cell cycle progression [102] due to the capability of HIV-1 PIC, which actively
transports into the nucleus through the nuclear pore complexes (NPCs) with the help of
host nuclear import machinery. PIC, a large multiprotein complex consisted of both viral
and host components, is estimated to be more than 50 nm in diameter, while NPC only
allows molecules with a diameter up to 9 nm or smaller than 40-45 kDa in molecular
weight to passively transport between the cytoplasm and the nucleoplasm (see a review
[101]). Thus, passive diffusion across the nuclear pore is impossible for HIV-1 PIC.
Indeed, active transportation of viral PIC might be beneficial for infection and might
contribute to a rapid replication rate in the infected patients [103]. The active nuclear
import step of HIV-1 PIC has been attributed to the karyophilic viral proteins MA, Vpr,
IN within PIC and cis-acting central DNA flap, but the exact mechanisms of nuclear
entry still remain unclear [21]. The karyophilic viral factors MA, Vpr and IN contain
classical or atypical nuclear localization signal (NLS) that facilitates the nuclear import of
HIV-1 PICs [21, 80, 104, 105]. However, their contributions to the nuclear import still
remain unclear and questionable since mutations within all these identified NLSs were
still replicable in non-dividing cells and additional NLS to gammaretroviruses did not

confer the ability to infect non-dividing cells [106-108]. Another HIV-1 viral protein CA
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has also been implicated in the nuclear import of viral DNA, although CA is not
nucleophilic [100]. However, following studies suggest that uncoating of CA from the
nucleoprotein core is a prerequisite to expose the karyophilic elements within the PICs,
which in turn impacts on nuclear import of viral PIC [100, 101]. Nonetheless, it seems
reasonable to consider that all these viral proteins are important but not the sole
determinants responsible for HIV-1 PICs to pass through the nuclear envelope in non-
dividing cells, instead it requires concerted action of viral elements and host factors to

direct PIC to actively pass through NPCs.

HIV-1 IN harbours several putative NLSs. Those NLSs including 156KELLKK,
186KRK, 211KELQKQITK, 235WKGPAKLLWK and 262RRKAK are rich in basic
amino acids Lys and Arg and have been implicated in the nuclear import of HIV-1 PIC in
various reports [16, 105, 109-111]. The bi-partite NLS (186KRK and 211KELQKQITK)
and an overlapping bi-partite NLS (211KELQKQITK and 262RRKAK) have been
proposed as functional NLSs which are required for Impa interaction and HIV-1 cDNA
nuclear import [16, 110]. However, another study investigated IN two mutants including
K186Q, Q214L/Q216L, which showed impaired nuclear accumulation of IN in
transfected cells while retaining normal nuclear import of PIC [91, 111, 112]. Thus, the

fate of the PICs does not correlate with the localization of IN.

HIV-1 nuclear import has involved two main routes to gain access into cellular nucleus
including using Impo/ Importin B (Impp) as adaptor/receptor and direct interaction with
nuclearporins (Nups) [113]. Biochemical studies and genome-wide small interfering

RNAs (siRNA) screening, yeast two-hybrid system have identified several nuclear import
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receptors such as Importin 7 (Imp7), Impa3, Tranportin 3 (TNPO3) and Nups, proteins
of the nuclear pore complex such as Nup62, Nup153 interacting with HIV-1 IN and
assisting in its nuclear import and integration [109, 110, 114-116]. Our group had
identified two regions 236 KGPAKLLWK and 262RRKAK within CTD of IN required
for binding Imp7 which is a member of the Impf family, and mutations within these two
regions impaired HIV-1 cDNA nuclear import [109]. Another Impf family member
TNPO3 was shown to physically interact with HIV-1 IN and participate in the nuclear
import step [114]. However, the most recent studies reported that TNPO3 affects HIV-1
infection in the step after nuclear import but before integration through removal of
remaining CA proteins and preparing PIC more readily integration into the host genome
[117, 118]. Although the contribution of IN/Imp7 and IN/TNPO3 to HIV-1 nuclear
import still remains unclear and controversial [114, 117-121], IN has also been shown to
interact with different Impa subtypes and contribute to viral replication [16, 86, 110].
Among the four Impa subtypes (Impal, 3, 5 and 7) Ao and colleagues tested, Impa3
knockdown exerts most potent effect on HIV-1 replication [86] and IN mutants defective
for Impa3 binding showed reduced nuclear import of viral DNA and replication [110]. In
line with this, the study done by Levin et al. showed that the interactions between IN
with both Impa. and TNPO3 are required for nuclear localization of IN and nuclear

import of PIC [40].

The other pathway for IN-mediated nuclear import of PIC lies in the direct interaction of
IN with Nups. The initial study reported that the direct interaction between Nup153 and

IN mediated the nuclear import of HIV-1 [122], while a more recent study ascribed the
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effect of Nupl53 on nuclear import and integration steps of HIV-1 replication to
uncoating of CA [123]. Nup62, another IN’s interacting protein, is a nuclear pore protein
and chromatin-binding protein [115]. However, Nup62 affects integration step rather than
nuclear import of viral cDNA [115]. Some other Nups that function in the nuclear import
of viral cDNA include Nup98, Nup358/ RAN binding protein 2, also known as RANBP2
[116, 124]. Nonetheless, whether nuclear import mediated by these Nups is through
interaction with IN and how these nuclear pore structure proteins assist in the nuclear

import and or integration of PIC still await further characterization.

In summary, despite the many cellular and viral determinants that have been proposed,
the mechanism of HIV-1 nuclear import is not yet fully understood. Transport of a large
complex like the PIC may require multiple contacts between PIC-associated factors with
nuclear import factors as well as NPC constituents. From the information discussed
above, it is conceivable that assisted by several cellular nuclear import factors and
components from NPC, HIV-1 IN plays an important role in mediating nuclear import of

PIC.

1.3.2.3 Integration

Integration proceeds in three steps: 3’ processing, strand transfer and gap repair,
occurring within a large nucleoprotein complex, referred to as PIC [81, 125]. During 3’
proessing which takes place in the cytoplasm of infected cells, IN removes a dinucleotide
from each 3’ end of reverse transcribed viral DNA, generating overhanging 3’-hydroxyls
attached to CA dinucleotides [126-128]. During strand transfer which occurs at the site of

integration in the nucleus, the 3' ends of IN attacks the two strands of host chromosomal

21



DNA and the 3’ processed viral DNA ends are covalently joined to the target DNA [129].
While IN dimer is sufficient for 3’ process, 5’ strand transfer requires at least IN tetramer
formation: the two IN dimers from each end of viral DNA join together to form a
tetramer [125, 130, 131]. All three functional domains are indispensable to carry out the 3’
processing and DNA strand transfer [132, 133]. After 3’ processing, suicidal
autointegration might occur in which the reactive CA ends attack sites within the viral
DNA, resulting in non-productive DNA circles instead of chromosomal integration [134,
135]. In addition, IN is able to catalyze a third reaction called disintegration which is the
reverse of the strand transfer reaction [136]. The last step of integration (namely gap
repair) involves the removal of two unpaired bases at the 5 ends of the viral DNA, filling
in five-base single-stranded gaps between the viral DNA and the host DNA and finally
ligation [137, 138]. While purified IN alone is able to perform the first two reactions 3’
processing and 5’ strand transfer in the in vitro assay, the gap repair step is believed to be
accomplished by the host DNA repair pathway [77, 135]. Of note, mutations affecting
enzymatic activities of IN refer as Class | mutations; Class Il mutants perturb other steps

of the retroviral replication such as virion morphogenesis, reverse transcription, etc [139].

Extensive studies have been conducted to investigate whether HIV-1 has a specific favor
towards integration site selection. By utilizing human genome-wide mapping approaches,
it has been shown that HIV-1 or HIV-based vector viral DNA favours integration into
active transcription units in primary cells and transformed cell lines [70, 140, 141], while
strongly disfavours the centromeric heterochromatin which are organized more compact

than euchromatin and associated with repressed HIV transcription [142, 143]. Such

22



tendency is largely driven by the cellular protein LEDGF/p75 which tethers the lentiviral
PIC to specific sites on the host chromosomes [140, 144]. In support of this notion,
replacing chromatin binding domains (CBDs) from other proteins into LEDGF/75 and
deletion of Pro-Try-Try-Pro (PWWP) domain of LEDGF/p75 redirected HIV-1
integration targeting [144, 145]. Interestingly, different retroviruses have differential
patterns of the integration target sites. For instance, M-MLYV tends to integrate into the
promoter regions of genes in the human genome, while avian sarcoma-leukosis virus
(ASLV) had a weak preference for active genes and showed no favour towards
transcription start regions [141]. In consistent with this observation, LEDGF/p75 is not

essential for M-MLV infection [140].

Notably, two cellular nuclear import factors TNPO3 and RANBP2 implicated in the
nuclear import of viral PIC also impact on HIV-1 gene targeting sties. Integration
targeting by TNPO3 or RANBP2 associated with gene dense regions, an integration
pattern distinct from LEDGF/p75 which primarily targeted HIV-1 into active
transcription units to promote efficient expression of viral proteins [146]. Since both of
TNPO3 and RANBP2 are required for nuclear import of PIC as shown in previous
studies [114, 116], the model of coupled nuclear import and integration targeting was
proposed to explain this observation [116, 146] (the detailed description of the model can
be found in the review [116]). The coupling is believed to be mediated by Nups, Imps,
and putative tethering factors, the phenomenon which could explain some Nups are
involved in either nuclear import or integration step such as Nup98, Nup62 [115, 116,
124], while some Nups affect both steps such as Nup153, Nup358/RANBP2 [123, 146].

Additionally, the tethering factor LEDGF/p75 might also play a role in the coupling of
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nuclear import and integration [116]. The versatile functions of LEDGF/p75 including
nuclear import of IN, IN-to-chromatin tethering, directing viral DNA integration into
transcriptionally active regions suggest LEDGF/p75 as a promising candidate involved in
the coupled nuclear import and integration [147, 148]. The detailed description of

LEDGF/p75 will be reviewed in the following section.

1.3.2.4 The late stage of viral replication

While IN mainly affects steps between reverse transcription and integration during the
early stage of viral replication, it also impacts on the late stage including transcription,
packaging and processing of the viral polyprotein. It has been shown that degradation of
IN is required for the integration-transcription transition of the viral replication cycle
[82]. HIV-1 pol gene encoding IN region is essential for the proteolytic processing of

viral Pro5gag polyprotein and viral particle morphogenesis [149].

1.3.3. Cellular cofactors of IN

HIV-1 is an obligatory intracellular pathogen of which all the known steps of different
viral replication steps have involved the intimate virus-cell interaction. Interacting with a
wide range of cellular proteins including PIC-associated and non-PIC-associated cellular
factors confers versatility to IN functions that support the viral replication cycle. As
discussed above, the PIC that formed after reverse transcription in the host cellular
cytoplasm is a functional nucleoprotein complex consisted of viral DNASs, viral proteins
such as IN, MA, nucleocapsid, RT, Vpr and various cellular proteins (reviewed by Al-

Mawsawi LQ et al. [67] ). By means of various approaches including yeast two-hybrid
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system, co-immunoprecipitation (Co-IP), affinity tagged HIV-1 viral proteins and in vitro
reconstitution of salt-stripped PIC activity, numerous cellular proteins within PIC have
been identified [150-156]. The development of novel technologies utilizing in vitro
integration assay along with mass spectrometry enable large-scale screening of host
proteins associated with PIC [157]. Such cellular cofactors of IN indentified include
LEDGF/p75, Ku, Inil, HMGA1, BAF, Hsp60, Polycomb group EED protein, etc. IN has
been shown to interact with some of these PIC-associated cellular factors and their
interactions assist in the viral integration step. For example, Inil, a component of
chromatin remodelling SWI/SNF complex, binds HIV-1 IN and stimulates its DNA-
binding activity [153]. BAF was also identified as a cofactor for HIV-1 IN, and it is able
to restore integration activity of salt-denatured HIV-1 PICs while preventing
autointegration in M-MLV [156, 158]. For the full list of these cellular cofactors for IN
and their various functions, please see reviews [67, 68]. Here, only two of the cofactors

of IN including LEDGF/p75 and Ku will be reviewed in this section.

1.3.3.1 LEDGF/p75

LEDGF/p75 was named after first isolation from lens epithelial cells of a cataract patient
and was proposed as a growth factor for lens epithelial cells [159, 160]. However, this is
a misnomer since it is neither lens-specific nor a growth factor. Rather, it is ubiquitously
expressed and functions as a nuclear transcriptional coactivator which plays a protective
role in the regulation of gene expression and cellular stress response [161]. LEDGF/p75
is a 530-aa protein encoded by the PSIP1 gene, which also encodes a 333-aa splice

variant LEDGF/p52 that shares N-terminal 325 residues with LEDGF/p75 (Figure 4A).
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LEDGF/p75 belongs to the hepatoma-derived growth factor (HDGF)-related proteins
(HRPs). There are seven known HRPs in mammalian: HDGF, HRP1, HRP2, HRP3,
HRP4 and LEDGF/p52/p75, all of which share the conserved N-terminal PWWP domain
[162-164]. LEDGF/p75 has multiple domains which equip itself for nuclear import,
chromatin binding and lentiviral IN binding [165] (Figure 4A). Chromatin binding ability
of LEDGF/p75 which is essential for its function during HIV-1 infection is mediated by
N-terminal half of the protein (the PWWP domain, NLS, two AT-hooks) and Charged
regions (CRs) 1-3 [166-168]. The C-terminal of LEDGF/p75 harbours IN binding
domain (IBD) encompassing aa 347-429 [148, 165, 169]. The LEDGF/p52 which lacks

the IBD does not interact with IN and shows no effect on viral replication [147].

LEDGF/p75 was first revealed as a cofactor for HIV-1 IN by mass spectrometric analysis
of immunoprecipitated epitope-tagged IN about a decade ago by Cherepanov and
colleagues [147]. However, the smaller isoform LEDGF/p52 did not bind HIV-1 IN in
vitro and in live cells [147]. Also the interaction of LEDGF/p75 with IN is lentiviral-
specific including HIV-1, HIV-2, Simian immunodeficiency virus (SIV) and feline
immunodeficiency virus (FIV), but not human T-cell leukaemia virus (HTLV), M-MLV
or ASLV [170]. The mutual binding interface of IN/LEDGF/p75 has been resolved by
alanine-scanning mutagenesis, X-ray crystallographic analysis and Nuclear magnetic
resonance (NMR) spectroscopy [169, 171-173]. The CCD of IN is necessary and
sufficient for binding LEDGF/p75 and it has been mapped to the residues A128-W132

and the region of 1161- K173A in the catalytic core domain of IN [154, 169, 171-173].
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Domain organization of LEDGF/p75/p52 and Ku70. A) LEDGF/p75

contains an IBD in the C-terminus; and its N-terminal PWWP domain, the AT-hook

domain, NLS and three relatively charged regions (CR1-CR3) are involved in chromatin

binding. The smaller LEDGF/p52, produced by alternative RNA splicing, lacks the IBD

and does not interact with IN. LEDGF, lens epithelium—derived growth factor; IBD,

integrase-binding domain; PWWP, Pro-Try-Try-Pro; NLS: nuclear localization signal. B)

Ku70 is consisted of the following regions: an N-terminal von Willibrand A domain

(VWA), a central core domain and a C-terminal region (CT in the Figure). In Ku70, the

CT region contains SAP (SAF-A/B, Acinus and PIAS) domain, which is involved in

DNA binding.
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As a functional component of PICs [170], the roles of LEDGF/p75 during lentiviral DNA
integration have attracted increasing interest in recent years. Numerous studies have been
performed to explore its functions and structures related to HIV-1 viral replication. The
interaction of IN-LEDGF/p75 has several known impacts on IN and HIV replication. As
discussed earlier, LEDGF/p75 serves as the IN-to-chromatin tethering factor driving PICs
to transcriptionally active regions of host chromosomes [154, 155]. Recombinant full
length or IBD of LEDGF/p75 was shown to enhance enzymatic activity of IN [147, 174].
LEDGF/p75 stabilized IN subunit-subunit interactions and promoted IN tetramerization
[89]. In addition, the association between LEDGF/p75 and IN has been shown to protect
IN from proteasomal degradation [175]. The LEDGF/p75 also plays a role in the nuclear
transport of IN [147, 170]. Studies have revealed that lentiviral IN (HIV-1 and FIV) is
redistributed from the nucleus to the cytoplasm in LEDGF/p75 knockdown cells but not
for murine oncoretroviral IN [147, 170]. Moreover, LEDGF/p75 harbours a classical
NLS 148GRKRKAEKQ156, and overexpression of a mutated form of this LEDGF/p75
NLS redirected HIV-1 IN in the cytoplasm [148, 165]. However, a subsequent study was
not able to reproduce results. In this study, cellular localization of IN was not affected in
LEDGF/p75 knockdown cells when treated with proteasome inhibitors [154]. The
discrepancy can be explained by varied knockdown efficiency in the cells and residual
endogenous LEDGF/p75 could still mediate nuclear translocation of IN. As a component
of PIC, it was speculated that LEDGF/p75 might participate in the nuclear import of PIC.
However, LEDGF/p75 does not seem to play a role in the nuclear localization of PIC as
the depletion of LEDGF did not affect the ability of HIV or FIV to infect non-dividing

cells while redistributing the nuclear localization of IN [170]. Nonetheless, the
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involvement of LEDGF/p75 in lentiviral IN/PIC nuclear import remains ongoing areas of

investigation.

While the importance of LEDGF/p75 in the stability and nuclear localization, chromatin
association of IN has been well established, initial studies failed to observe significant
reduction of HIV-1 replication in the LEDGF/p75 knockdown cells [167, 170]. It was
reasoned that intracellular LEDGF/p75 level greatly exceeds the amount that are required
to support HIV-1 integration [176]. This assumption was confirmed by the following
studies using LEDGF/p75 knockdown and knockout techniques. The replication defect
caused by LEDGF/p75 depletion occurred in the integration step while reverse
transcription and nuclear import of PIC remained intact [120, 140, 177, 178]. Notably,
HIV-1 integration in LEDGF/p75 knockout cells still remained 11% of the wild type
level, suggesting that although LEDGF/p75 is important for IN-to-chromatin tethering
and integration , it is not strictly essential [140]. In seeking the potential alternative factor
for IN-to-chromatin tethering and nuclear targeting of IN, HRP-2 which is the only other
human protein with a similar IBD domain was tested [165]. However, while HRP-2 was
able to translocate IN from the cytoplasm to the nucleus in the LEDGF/p75 knockdown
cells, it is not chromatin bound [165]. An elegant study was done by Schrijvers and
coworkers demonstrated that HRP-2 knockdown in the human somatic LEDGF/p75
knockout cell line further reduced HIV-1 integration and replication [177]. Although this
work provides convincing evidence that the residual replication in the absence of
LEDGF/p75 is predominantly mediated by the same family member HRP-2, silencing
both of LEDGF/p75 and HRP-2 still cannot completely abrogate HIV-1 integration [177].

Thus, it still remains unanswered whether HIV-1 could still integrate into host genome
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without the cellular tethering cofactor or there is some other unidentified cellular partners

involved in this process.

1.3.3.2 Ku

Ku70 is an evolutionarily conserved protein; it is found ubiquitously in eukaryotes and
some prokaryotes such as Archaea and Bacteria [179-181]. As an abundant nuclear
protein (0.5x10°> molecule per nucleus) [182], Ku70 has been detected in different
subcellular compartments such as nucleus [183, 184], membrane [185-187] and
cytoplasm [188-190]. In the nucleus, Ku70 complexes with Ku80 and binds to the DNA
ends at the break site as part of the Non-homologous end joining (NHEJ) pathway that
repairs double-strand DNA breaks [191]; in the cytoplasm, cytosolic Ku70 binds and
inhibits the pro-apoptotic protein Bax by preventing Bax translocating into the
mitochondria [189, 192, 193]; Ku70 is also recruited to the cell membrane and functions

in rickettsial entry into mammalian cells [185].

For most biological functions that Ku70 participates, Ku functions as a heterodimer
consisting of Ku70 and Ku80, named according to their respective molecular weights of
70 and 80 kD. The NHEJ pathway begins with the recruitment of the Ku70/Ku80
heterodimer also known as Ku, followed by the catalytic subunit of DNA-dependent
protein kinase (DNA-PKcs) , Xrcc4 and DNA ligase 1V [194]. Except for its best known
roles in DNA repair and as a central component of the NHEJ pathway, Ku70 has also
been implicated in many cellular processes including antigen-receptor gene
rearrangement,  mobile-genetic-element  biology, V(D)J  recombination  of

immunoglobulins, telomere maintenance, DNA replication, transcription, cell-cycle
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control and apoptosis [180, 195]. Similar to LEDGF/p75, Ku70 is also a DNA binding
protein in which it binds DNA specifically or non-specifically. As a DNA-repair protein,
Ku70 can bind to any double-stranded DNA irrespective of sequence specificity or end
configuration, including 5’ overhangs, 3’ overhangs, or blunt ends (see a review by Tuteja
R, 2000) [195]. Meanwhile, Ku70 can also bind specific DNA sequences to affect gene

transcription [196].

The full length of human Ku70 and Ku80 are 609 aa and 732 aa, respectively. Ku70 and
Ku80 share high structural similarity although sequence alignment is only 14% identical
[197]. Both of Ku70 and Ku80 have three structural domains composing of an N-terminal
von Willibrand A domain (VWA), a central core domain and a C-terminal region
(Structural organization of Ku70 is shown in Figure 4B) [180, 198]. VWA domain is
protein—protein interacting domain. In Ku70, the C-terminal 5 kDa SAP (SAF-A/B,
Acinus and PIAS) domain is involved in DNA binding or chromatin remodeling [194,
199, 200]. The heterodimerization domain in Ku70 was mapped to two regions aa 1-115

and 430482 [201].

A recent study by Studamire et al. found that 12 cellular proteins, including Ku70, could
bind to the INs of both the M-MLV and HIV-1 through screening with a yeast two-hybrid
system [150]. Indeed, the involvement of Ku70 or Ku80 during HIV-1 replication has
been documented in previous studies. As described in the three-step integration earlier,
successful integration requires gap repair between viral DNA and host genome which is
believed to be performed by host DNA-repair enzymes [202]. Two different host DNA-
repair pathways have been suggested to fill in the gap during HIV-1 infection: the NHEJ

and DNA damage-sensing pathways [203-205]. Studies have shown that the NHEJ
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pathway is important for retroviral transduction or infection and for the cell survival of
infected or transduced cells [204, 206-209]. For example, HIV-1-based vector
transduction or infection was markedly reduced in cells deficient of Ku80, DNA-PKGcs,
Xrccd or ligase IV [206, 208]. Moreover, NHEJ activity is required for Two-long
terminal repeat (2-LTR) circle formation, and Ku70 has been detected in M-MLV PIC
[19, 208, 210, 211]. Ku80 was also shown to suppress HIV transcription by specifically
binding to a negative regulatory element within the LTR [212]. All of these observations
suggest that Ku70 or the Ku70/80 heterodimer may be involved in HIV-1 infection by

affecting multiple steps of the viral replication cycle, such as integration.

1.3.4 Post-translational modification (PTM) of IN

As a single viral protein, HIV-1 IN interacts with numerous cellular cofactors in a
temporally and spatially specific manner and exhibits multifunctional properties, which
are tightly regulated by its different PTMs. To date, some of the known PTMs that
modify IN that have been reported include: ubiquitination, SUMOylation, acetylation and
phosphorylation. Among these modifications, cellular proteins either facilitate or
counteract PTMs of IN such as p300 acetylates IN while LEDGF/p75 protects IN from
ubiquitin-proteasomal pathway [114, 175]. PTMs on IN play various roles in the stability
of IN, DNA binding, integration and infection of virus [114, 213-216]. This section will

mainly focus on two of the PTMs of IN: ubiquitination and SUMOylation.

1.3.4.1 Ubiquitination

Among all these PTMs, ubiquitination is the first PTM discovered to modify IN in 2000

and perhaps the most well understood PTM [216]. The ubiquitin proteasome pathway
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plays pivotal roles in many cellular processes through proteolysis of self or foreign
proteins. Ubiquitination is a reversible PTM, in which ubiquitin (Ub) conjugates to the
substrate proteins through covalent binding between the C-terminal Gly of Ub and the
Lys residue of substrates. The process is accomplished through a cascade of enzyme
reactions catalyzed by Ub activating enzyme (E1), Ub conjugating enzyme (E2) and Ub
ligase (E3). Protein substrates can be mono-ubiquitinated or poly-ubiquitinated. The
polyubiquitnation chain is formed through the isopeptide bond between C-terminal Gly
of Ub and the internal Lys residue(s) of Ub which has been previously anchored to
substrates. Five Lys residues within Ub including Lys 6, Lys 11, Lys 29, Lys 48, and Lys
63 among all seven internal Lys residues in Ub have been implicated in polyubiquitnation
chain assembly [217, 218]. Lys-48-linked polyubiquitnation chain formation in the target
protein is essential for the degradation of the protein, while Lys-63-linked
polyubiquitination chain plays a role in the DNA repair [218, 219]. In the last step of Ub
proteasome pathway, 26S proteasome recognizes and deubiquitinates the
polyubiquitinated chain from the substrates and then protein substrates are degraded into
small peptides. The Ub monomers are released from the polyubiquitination chain and

recycled.

IN is known to be a metabolically unstable protein. In the absence of other viral proteins,
IN in its natural status was undetectable in the tranfected cells, but gained expression
with proteasome inhibitor treatment [216]. A few lines of evidences suggested that IN is
subject to ubiquitin proteasome degradation pathway. After proteolytic cleavage from
Gag-Pol precursor, HIV-1 IN bears a natural N-terminal Phe, the N-degron which

accounts for its instability and replacing Phe with stabilizing residues (Met, Val, and Gly)
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is able to stabilize IN [216]. A similar observation was obtained in another independent
study [220]. Thus, degradation signal for IN fits into the general N-end rule pathway
which has been found in mammals, plants and bacteria [221]. By using mutational
analysis, Mousnier et al. reported that replacing Lys 211, 215, 219, or 273 with Arg in IN
slowed down its degradation, suggesting that these Lys might be at least part of Ub
targets [82]. In the same report, when all three Lys 211, 215, and 219 of IN were mutated
into Arg in the virus, 60% reduction of HIV infectivity were observed [82]. However,
further studies are still needed to verify whether the reduction of viral infectivity
associates with prolonged degradation of these IN mutations in the context of viral

infection.

There are two E3 ligase complexes which have been identified as E3 ligases for IN, and
both of them contain RING fingers domain. Studies have indicated that proteins subject
to N-end rule pathway are recognized by a set of ubiquitin ligase N-recognin (UBR) box-
containing E3 ligases, which share ~70-residue zinc-finger-like domain termed UBR box
[220]. And these E3 ligases recognize substrates through direct binding to N-terminal
residue of protein substrates [222]. By using knockout and knockdown techniques, an
early study suggested that mammalian UBR1, UBR2, and UBR4, as part of cellular E3
ligase complex, account for recognition and degradation of IN by the host Ub proteasome
system (UPS) [220]. This model supports the notion that degradation of IN is mediated
by N-degron-dependent proteolysis. A more recent study done by Mousnier et al.
presented a distinct IN degradation model in which the prefoldin chaperone subunit von
Hippel-Lindau binding protein 1 (VBP1) and the Cul2/von Hippel-Lindau protein (VHL)

ligase interact with IN and mediate polyubiquitylation and proteasome degradation of IN
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[82]. IN degradation was shown to take place after integration but before transcription
during the viral life cycle [82]. Cul2/VHL Ub ligase complex, a multimeric ligase
complex, is consisted of VHL, elongin C, elongin B, cullin 2 and RING-box protein 1.
Within this complex, VHL binds and recognizes substrates whereas RING-box protein 1
confers ligase activity [223-225]. It still remains unknown how these two E3 ligases

cooperatively or independently regulate IN proteasomal degradation pathway.

Although expression of authentic IN in the absence of other viral protein has revealed
that HIVV-1 IN is subject to rapid degradation, it is clear that IN is protected during a large
portions of the viral life cycle. To date, two cellular proteins have been shown to interact
with IN and impact on its half-life. Both of LEDGF/p75 and Human Rad18 (hRad18)

have been revealed to play protective roles in the stability of IN [175, 226].

LEDGF/p75 was the first cellular protein reported to positively regulate IN expression
[175]. LEDGF/p75 was discovered as IN-interacting protein by chemical cross-linking
and mass spectrometry approach in 2003 [147]. Since then, multiple roles of LEDGF/p75
in the HIV-1 integration and infection have been revealed (see the content 1.3.3.1 above).
The protective role of LEDGF/p75 has been supported by a few lines of evidences. For
example, IN is less stable in LEDGF knockdown cells; artificial overexpression of
LEDGF/p75 but not LEDGF/p52 increases IN expression [175]. It has been highlighted
that the protection of LEDGF/p75 on IN from proteasome degradation relies on its
interaction but irrespective of their nuclear or cytoplasmic localization [175]. A
subsequent study undertaken by Mousnier A and coworkers suggested that LEDGF/p75
might protect IN from proteasomal degradation by masking its interaction site with VBP1

which is also an IN-interacting protein bridging IN with Ub E3 ligase Cul2/VHL [82]. In
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spite of this, how LEDGF/p75 interacts and counteracts with the host UPS to protect IN

remains largely unknown.

In addition, the DNA repair proteins hRad18 has been shown to interact with HIV-1 IN
and stabilize IN. hRad18 along with ubiquitin conjugating enzyme E2 protein Rad6 are
components of DNA post-replication repair pathway, involved in the repair of DNA
lesions induced by mutagens such as UV light and chemicals during DNA replication
[227, 228]. hRAD18 contains a RING finger domain shared by E3 ubiquitin ligases and it
has been shown to target proliferating cell nuclear antigen (PCNA) for
monoubiquitylation [227, 229, 230]. However, hRad18 has adverse effect on HIV-1 IN.
The earlier study done by Mulder et al. has utilized the overexpression system and
showed that hRad18 stabilized IN independent of its N-end rule [226]. So far, the
mechanisms by which hRad18 confers protection on IN from proteasomal degradation is

still unknown.

1.3.4.2 SUMOylation

In addition to ubiquitination, IN also undergoes small ubiquitin-like modifier (SUMO)
modification, and this modification functions in the viral step between reverse
transcription and integration during viral replication [214]. PTMs by Ub and a number of
ubiquitin-like proteins (Ubls) such as Nedd8, SUMOs (SUMOL, 2 and 3), ISG15, FAT10,
FUBI, UBL5, URM1, ATGS, and ATG12 are all reversible processes (See review [231]).
Ub and Ubls covalently bind to protein substrates via an isopeptide bond, the linkage
formed between C-terminal Gly in these protein modifiers and the e-amino group of Lys

in the substrates [232]. Similar to ubiquitination cascade, SUMOylation is catalyzed by
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SUMO activating enzyme E1 (a heterodimer of Aosl and Uba2), the unique E2
conjugating enzyme Ubc9 and a number of different E3 ligases such as PIAS and
RanBP2 depending on the different substrates [233]. This whole process is reversed by
specific isopeptidases, named sentrin-specific proteases (SENP). Mimicking
ubiquitination, the substrate protein can be poly-SUMOylated or mono-SUMOylated, at
single or multiple Lys targets. Unlike ubiquitination which primarily target subject
proteins to proteasomal degradation pathway, outcomes for SUMO maodification vary
greatly from protein stability, cytosolic-nuclear translocation, antagonizing other post-
translational modifications to transcriptional regulation [234]. SUMO proteins are ~10
kD in size and there are four subtypes (SUMO 1-4) in mammals all conserved among all
the eukaryotic cells [234]. SUMO 1, 2 and 3 are ubiquitous in the cells and share globular
ubiquitin-like shape while SUMOA4 is only expressed in certain tissues and organs [234,
235]. While SUMO2 and SUMO3 are 96% identical to each other, SUMO1 only shares
45% amino acid identity with SUMO2/3. In the mammalian cells, most of SUMOL1 exists
as conjugated forms, while SUMO2 and SUMOS3 are more likely to be free, non-
conjugated monomers which are ready for quick conjugation and deconjugation

processes [236].

SUMOs are covalently conjugated to protein substrates through the canonical four-
amino-acid SUMO conjugation sites y-K-x-D/E (where v is a hydrophobic amino acid
V/I/L/IM/F and x is any amino acid). Of note, SUMO also binds substrates non-covalently
through SUMO-interacting motif or SIM. SUMO conjugation or SUMOylation is

generally used to refer to SUMO covalent binding while SUMO binding represents
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SUMO non-covalent binding (See Figure 5). Conjugated SUMO proteins can provide a
platform to recruit SIM-containing binding cofactors. Notable examples include: SIMs of
human TRIMS5a binding to SUMO-conjugated CA protein which restricts M-MLV
infection [237], and RanBP2 SIM mediates its binding with the complex of
RanGAP1/SUMOL1 and Ubc9 [238]. Although the surrounding amino acids might also
contribute to binding affinity or specificity to SUMO proteins, the core of SIM is
consisted of four amino acids and three of them are hydrophobic residues V, I or L. The
most common SIM is characterized as V/I-x-V/1-V/1 or V/I-V/I-x-V/I/L where x can be

any amino acid, in a parallel or anti-parallel orientation [239-241].

SUMOylation of IN is newly identified and the function is as yet poorly understood.
Recently, Zamborlini et al. detected the SUMOyaltion of HIV-1 IN in both of in vitro and
in vivo studies and showed that IN harbors three W-K-x-D/E SUMOQylation sites [214].
When these three critical Lys residues K46, K136 and K244 within the SUMO
conjugation sites were mutated into similar positive charge Arg, SUMO modification of
IN was drastically reduced, suggesting that these three amino acids are major
SUMOylation sites [214]. However, SUMOQylation of IN is not completely abolished
with all the mutations, highlighting the presence of other SUMOylation sites. SUMOs
can also bind to the Lys residue through inverted SUMOylation consensus motif E/DxKy
[232]. Indeed, there are two putative reverse (E/D)-x-K-¥ SUMOylation sites in Lys71
and Lys 258 of IN. Thus, it would be interesting to address whether these inverted
SUMOQylation consensus motifs are bona fide SUMO conjugation sites. Meanwhile, we

cannot exclude the possibility that SUMOylation of IN might take places on the Lys

38



A B

SUMO conjugation= SUMOylation SUMO binding

Covalent binding Non-covalent binding

SUMO conjugation site SUMO binding site
y-K-x-D/E (y 1s a hydrophobic amino acid V/I-x-V/I-V/I or V/I-V/I-x-V/I/L.
V/IVL/M/F) ¢

SIM
w-K-x-D/E m}
hd / \
SIM
G J-
G'IG M)| \v-ll(-x—DlE
in trans 111 C1S
C D

Figure 5 The SUMO conjugation and SUMO binding. A) SUMO conjugation or
SUMOylation refers to covalent binding of SUMO moieties to protein substrates through
SUMO conjugation sites y-K-x-D/E (left). During SUMOQylation, an isopeptide bond is
formed between C-terminal Gly of SUMOs and the e-amino group of Lys in the
substrates. B) SUMO binding represents SUMO non-covalent binding via SIM which
bears four hydrophobic core residues of V/I-x-V/I-V/1 or V/I-V/1-x-V/l/L. SUMO-SIM
interaction can have various outcomes at the molecular level. SUMO-SIM interaction can
be in trans (C) or in cis (D), thus recruiting cofactors (in trans) or affecting its own
SUMOQylation and inducing conformational change of protein substrates (in cis)
(Reviewed in [242] ). The SUMO-SIM interaction can serve as ‘intra-molecular glue’ to
form multi-protein complexes (two proteins are colored purple and green respectively in

C). SIM, SUMO-interacting motif; SUMO, small ubiquitin-like modifier.
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residues within non-consensus SUMOylation region, as reported in other proteins such as
PCNA and human E2-25K [243, 244]. Furthermore, SUMOs have three major isoforms
(SUMOL1-3), all of which have been shown to modify IN in the in vitro and in vivo
studies. However, it is still unknown with respect to which SUMO subtype(s)

preferentially target IN and whether IN is mono-SUMOylated or poly-SUMOylated.

This is the first clear evidence that IN is SUMOylated, but conclusive biochemical and
functional data are still missing in terms of its impact on IN and HIV-1 viral replication.
In seeking for the step(s) of which SUMOylation of IN takes place and the potential
functions of this modification, the authors have ruled out the importance of SUMOylation
of IN on nuclear translocation, protein stability, catalytic activity, LEDGF/p75 binding,
multimerization and acetylation, ubiquitination of IN [214]. Although the exact functions
of IN SUMOylation in HIV-1 infection still await further characterization, this report has
underscored this new PTM of IN and defined the steps that SUMOyaltion of IN might
take place between reverse transcription and integration in the course of the viral
replication life cycle [214]. Despite limited data suggesting the relationship between
HIV-1 IN and SUMO pathway, studies have found that SUMO E3 ligase
RanBP2/Nup358 functions in the nuclear import of HIV PIC and integration site
selection, and that SUMO?2 is involved in the reverse transcription step of HIV-1, all of
which are closely linked with the pleiotropic actions of IN [116, 146, 245]. At the
molecular level, SUMO conjugation alters protein surface thereby promoting or
disrupting protein-protein interaction (reviewed by Geiss-Friedlander et al. ) [234].
Therefore, it is attractive to consider that SUMOylation of IN is involved in the

interaction with its cofactors, due to the fact that other cofactors of IN such as
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LEDGF/p75, Ku70, p300, Rad52 are also SUMOylated [246-249]. Studies are
undergoing to understand the interplay between IN and components of the SUMO

pathway [214].

1.3.4.3 Other PTMs of IN (acetylation, phosphorylation)

IN is acetylated by two cellular proteins p300 and GCN5 both in vitro and in vivo [250,
251]. Both of p300 and GCNS5 are histone acetyltransferases (HATS), acetylating histone
and non-histone proteins. While both of them acetylate IN at Lys residues K264, K266,
and K273, K258 is exclusively modified by GCN5 [250, 251]. Consistent with this
observation, deletion analysis on IN revealed that C-terminal last 24-44 aa of IN (aa 264-
288 for p300 and aa 244-288 for GCNDb) is the binding interface for both HATS. It is well
known that IN CTD is essential for its DNA binding [84] and acetylation is able to
increase DNA affinity through the neutralization of the positive charge of target Lys
residues [252]. As expected, acetylation of IN by these two HATSs increases IN binding to
DNA in the in vitro UV-crosslinking DNA-binding analysis, and other functions of IN
acetylation include positive regulation on IN enzymatic activity and integration within
the context of viral replication [250, 251]. However, the importance of IN acetylation
was questioned by another study in which HIV-1 virus containing the untagged IN
mutant K(264/266/273)R is fully replication competent and the integration frequency is
modestly impaired, even though they can reproduce and confirm the acetylation of IN
[253]. The discrepancy was explained by the usage of epitope tag at the C-terminus of IN,
which is close to the acetylation and mutation sites [253]. Therefore, it is still in debate

as to the exact functions of IN acetylation especially during viral replication context.
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Unlike ubiquitination, SUMOylation and acetylation which modify Lys residues,
phosphorylation targets protein subjects on Ser, Thr or Tyr residues in eukaryotes [254].
Phosphorylation is also a reversible PTM, in which kinases phosphorylate protein
substrates and phosphatases dephosphorylate proteins, acting as an on/off switch.
Phospohrylation of IN was first appreciated by Manganaro L and coworkers in 2010
[213]. In this study, IN is shown to be phosphorylated at activated T lymphocytes by
cellular kinase c-Jun N-terminal kinase (JNK) at Ser 57 [213]. IN mutant S57A which
was abolished for its phosphorylation was more ubiquitinated, suggesting that
phosphorylation and ubiquitination of IN antagonize one another in the regulation of its
stability [213]. This raises the question as to how phosphorylation of IN impacts on its
stability. To this end, the study discovered that the modified form of IN is recognized and
stabilized by cellular peptidyl prolyl-isomerase enzyme Pinl, which is required for
efficient HIV-1 integration and infection [213]. Pinl, which is a peptidyl-prolyl cis/trans
isomerase, binds and catalyzes conformational changes of phosphorylated target proteins
[213]. Indeed, experimental evidence revealed that Pinl binding to phosphorylated IN
lead to prolonged half-life of IN [213], this increased stability of IN may be ascribed to
conformational change of IN catalyzed by Pinl. Such conformational change of IN might
interfere with the accessibility of components from host ubiquitin-proteasome pathway

such as ubiquitin, E3 ligase.

Like all viruses, the replication of HIV-1 must rely on host proteins due to its limited
genome products. A number of proteins and/or cellular pathways are employed by HIV-1
to efficiently complete the replication cycle. Meanwhile, viral proteins such as HIV-1 IN

and Tat are extensively modified by various PTMSs, adding an additional level of
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complexity to their functions during the replication cycles. These modifications are
tightly controlled by various cellular proteins as discussed above. Furthermore, those
PTMs including phosphorylation, ubiquitination, SUMOylation and acetylation often
mingle with each other, either antagonistically or cooperatively, providing another level
of cellular control. A better understanding on these complexes of virus-host protein-
protein interactions and its regulated PTMs will certainly lead to exciting findings and

potentially uncover a new intervention target to treat HIV-1 infection.

1.3.5 Anti-HIV-1 IN as a new class of ARV target

Since the commencement of Highly Active Antiretroviral Therapy (HAART) in 1996, the
development of ARVs has undergone huge advances and it has significantly prolonged
the life of HIV-infected patients as well as delayed AIDS progression. Currently, there
are six major classes of ARV drugs being used to treat HIV-infected patients: nucleotide
reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse-transcriptase inhibitors
(NNRTIs), the PR inhibitors, the IN inhibitor raltegravir (RAL), the fusion inhibitor
enfuvirtide (T-20), and the chemokine receptor 5 antagonist maraviroc [255]. Despite
their great potency, these drugs face many drawbacks such as high cost, drug toxicities,
drug-drug interactions and the emergence of resistance. Especially, resistance occurs in
all ARV treatments. Thus, there is an urgent need for the development of new ARV drugs
and drug classes to ensure efficacy, safety and low resistance to treat HIV-1 infected

patients.

1.3.5.1 Strand transfer inhibitor (STI)
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Theoretically, all stages of the viral replication life cycle can be potentially a
pharmacological intervention for antiviral therapy. As discussed above, IN catalyzes the
integration of viral DNA into the host genome, the essential step in its life cycle. This
integration process is necessary for the establishment of provirus and allows the virus to
replicate its genome using the host machinery. Blocking actions of IN or integration
keeps the HIV genetic material out of the host genome, further preventing the production
of infectious progeny viruses. Meanwhile, IN is a highly conserved viral enzyme, unique
to retroviruses and no cellular homolog exist in the host cells [256]. Furthermore, IN
inhibitors have potent antiviral activity against viruses with resistance to NNRTIs, NRTIs
and PR inhibitors [257]. Therefore, HIV-1 IN is a promising target for ARV therapy and
IN inhibitors could constitute a new class of drugs as part of combination regimens to

treat infection by HIV-1.

Despite continuing efforts being made to explore the possibility of developing IN
inhibitors, it has been a long way to develop an effective anti-IN drug. The first IN
inhibitor RAL was approved in 2007, in comparison with the first NRTI known as
Zidovudine or AZT in 1987 and the first HIV PR inhibitor saquinavir in 1995 [258, 259].
The three-dimensional (3-D) structures of two other viral enzymes, RT and PR, have
been resolved and significant progress has been made towards developing structure-based
inhibitors selective for RT and PR [258, 259]. The structural basis of viral DNA
integration which allows modeling of the HIV-1 integration catalyzed by IN will aid in
the development of ARV drugs. However, the rational design for IN inhibitors is
hindered by the lack of the clear structure of full-length HIV-1 IN and IN in complex

with both viral and target DNA [80, 98, 99, 260]. Studies attempted to crystallize HIV-1
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IN have been obstructed by its poor solubility and propensity to form large aggregates
under reaction conditions [98, 261]. To date, the crystal structures of all three individual
domains of IN include: CCD, CCD plus CTD, NTD plus CCD, NTD and CCD complex
with IBD of LEDGF/p75 have been solved with mutations to allow the improvement of
the solubility while preserving its activity [98, 261]. Finally, a recent study disclosed the
crystal structure of full length IN from another retrovirus family human foamy virus in
complex with a pair of viral DNA and remodeled the inhibitory mechanism of two IN
STIs RAL and elvitegravir (EVG) [256]. With these findings and future efforts towards
understanding HIV-1 IN structure, it will provide invaluable information on how to
optimize current STIs, how to prevent the virus from developing resistance as well as the

development of next-generation IN inhibitors.

IN catalyzes both 3’ process and 5’ strand transfer, but all the IN inhibitors either
available for use in the clinic or in clinical trials all target strand transfer step during
integration and are therefore defined as IN STIs. The only available STI approved by the
Food and Drug Administration (FDA) and is in use at the clinics is RAL. RAL has
demonstrated good tolerance, great potency, and excellent pharmacokinetics. Two other
STlIs in advanced clinical development— EVG (Gilead Sciences) and S/GSK1349572
(GlaxoSmithKline) also showed efficacy in treatment-experienced patients [256, 262].
However, patients treated with RAL and EVG easily develop resistance, even one or two
amino-acid mutation within the virus render 150-fold reduced susceptibility to these STls
[256, 262], while S/GSK1349572 has less tendency to develop resistance [263]. By
analyzing data from in vitro passage experiments in the presence of RAL, sequence

analysis in individuals receiving RAL and clinical HIV-1 isolates treated with RAL,
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numerous mutations sites have been identified, with Q148HRK, N155H and Y143RC
being the most occurrence resistant mutants (reviewed by Blanco [263]). Therefore, there

is an urgent need to develop second-generation IN inhibitors.

1.3.5.2  Protein-protein interactions (PPIs) inhibitors: promising anti-HIV IN

agents

PPIs play vital roles in various biological processes and have become a research focus in
the current molecular biology field. Dysregulated PPIs can cause human diseases, either
through the loss of an interaction or through the gain of an unnecessary protein complex.
In cancer research, two essential PPIs including oncoprotein MDM2 binding to p53 and
the Bcl-2 family members Bcl-2 and Bcl-XL binding to Bax have been targeted and their
relative inhibitors have entered clinical trials in the treatment of tumours (reviewed by
Zinzalla [264]). Currently, peptides and peptidomimetics derived from protein-protein
interfaces, as well as, small-molecule PPl modulators are two main classes of PPI

modulators being investigated [264].

PPl has also become an attractive class of molecular targets for ARV therapy. For
example, HIV-1 PR is active when in the dimeric state. Thus, inhibition of the
dimerization formation could inhibit its enzymatic activity, thereby leading to blocked
budding and virion maturation and resulting in non-infectious viruses. The peptides
derived from the dimerization surface of PR was first shown to inhibit HIV-1 PR
dimerization in 1991 [265]. Continuous studies have led to the identification of a number
of more potent, small-molecule dimerization inhibitors of HIV-1 PR [266, 267]. PPI can

also be applied to HIV-1 IN and its catalyzed integration as integration is assisted by a
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number of cellular factors. Instead of inactivating enzymatic function of IN, the
alternative approach to block the HIV integration is to interfere with the key interaction
of IN with its cofactors, consequently blocking integration and viral replication. HIV-1
IN has been shown to interact with dozens of cellular proteins, amongst which IN-
LEDGF/p75 interaction is the most notable example and presents us a promising target
for drug discovery. Disrupt of IN-LEDGF/p75 interaction aiming to block HIV-1
replication was rationalized based on previous published data on the IN-LEDGF/p75
interaction in the in vitro binding assay and in vivo cell-based assay, as well as infection

block in LEDGF/p75 knockdown or knockout cells, etc [172, 178, 268-270].

There have been extensive efforts undertaken to facilitate drug development targeting IN-
LEDGF/p75 interaction. For example, overexpression of the IBD of LEDGF/p75 could
compete with endogenous LEDGF/p75 for binding to IN, leading to a potent defect in
HIV-1 replication [178]. Peptides derived from the LEDGF/p75 loops ( LEDGF/p75
aa353-378, LEDGF/p75 aa361-370, and LEDGF/p75 aa402-411) were found to bind IN
and inhibit its catalytic activity and HIV-1 replication in infected cells [271]. The
continuing study conducted more comprehensive investigation and confirmed the
inhibitory effect of LEDGF/p75 aa361-370 on HIV infection in vivo using the mouse
model [272]. The findings from these studies provided proof-of-concept that the IN-
LEDGF/p75 interaction is a novel anti-HIV target. Structure-based and computer-aided
drug research has been carried out and successfully identified 4-[1-(4-fluorobenzyl)-4-
hydroxy-1H-indol-3-yl]-2-hydroxy-4-oxobut-2-enoic acid (CHI-1043) as dual inhibitor
against IN strand transfer and IN-LEDGF/p75 interaction [273]. D77, a benzoic acid

derivative, was found to bind CCD of IN, blocking the interaction between IN and the
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LEDGF/p75 IBD and potently inhibiting HIV-1 replication [59]. By means of
computational screening of a library consisting of 200,000 commercially available
compounds and optimization of selected compounds, several 2-(quinolin-3-yl)acetic acid
derivatives (LEDGINS) fit into the LEDGF/p75-binding pocket were identified, and they
potently inhibited the IN-LEDGF/p75 interaction in vitro as well as HIV-1 replication in
the infected cells [274]. Subsequent studies revealed that LEDGIN not only inhibited IN-
LEDGF/p75, but also impaired integration activity by inducing premature
multimerization of IN [192]. Notably, LEDGIN resistant virus harbour IN A128T
mutation, which lies at the entrance of the LEDGF/p75-binding pocket, still retained
sensitivity to anti-HIV drugs IN STI1 and AZT [274]. Thus, low cross-resistance between
LEDGIN with other anti-HIV drugs suggests that targeting IN-LEDGF/p75 can

complement current ARV regimens.

Another host protein Inil, also known as hSNF5, was revealed as a binding partner for IN
in a yeast two-hybrid screen [153]. It has also been explored as a potential therapeutic
target. The researchers overexpressed a minimal IN-binding region of Inil (S6;
comprising aal83-294) and observed potent inhibition of HIV-1 replication in a

transdominant manner [275].

Furthermore, IN subunit-subunit interaction or multimerization has also been investigated
as the potential target of novel anti-IN agents. A series of peptides derived from the
dimerization interface of IN have been tested. Six peptides from the dimeric interface
within CCD of IN were designed and synthesized, with three of them
(95QETAYFLLKLAGRWP; 171IHLKTAVQMAVFIHNFKR; 196 AGERIVDIIATDIQ)

inhibiting enzymatic activity and dimerization of IN [276]. Another peptide
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167DQAEHLKTAVQMAVFIHNYKA187 encompassing the a5 helix and part of the
loop between the a4 and a5 helices of IN was synthesized and showed potent inhibition

on both 3’ processing and 5’ strand transfer, as well as oligomerization [277].

Taken together, currently both of the peptides either from virus or host origin and small-
molecule inhibitors are being explored as novel anti-IN agents. Specifically, the host
protein-origin peptide such as S6 fragment from Inil should not have cytotoxity and
immunogenicity due to its host origin [275]. The development of peptides or small
molecules that bind IN and inhibit its PPIs will enrich our understanding of the IN mode

of actions, and lead to the development of new generation anti-IN agents.
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Chapter 2 Hypothesis and Objectives

HIV-1 relies on the host cellular machinery to complete its replication cycle. Although
the virally encoded enzyme IN alone is sufficient for the integration reaction in vitro,
cellular cofactors are required in the regulation of multiple functions of IN and in
assisting the integration step in the context of viral replication. Elucidation of the
involvement of host factors in retroviral integration will contribute to the development of

novel anti-HIV strategy based on inhibiting key interactions between IN and its cofactors.

The central hypothesis of this thesis is that HIV-1 IN utilizes various cellular
cofactors to contribute to different aspects of IN and its related viral replication
steps. The result of this research work will provide proof-of-concept for the feasibility of
blocking HIV-1 replication though inhibition of the key interactions between IN and its

cofactors.

To test this hypothesis, the four main objectives are listed below.

1) To investigate the mechanisms of IN-induced lethal phenotype in yeast by testing
chromatin binding ability and cofactor binding affinity of lethal phenotype-defective IN

mutants in chapter 4;

2) To characterize chromatin- and LEDGF/p75-binding abilities of IN by mutagenic

analysis and investigate LEDGF/p75-independent chromatin binding of IN in chapter 5;

3) To evaluate the regulation of Ku70 in the stability or ubiquitination of IN and

investigate its functional roles during HIV-1 infection in chapter 6;
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4) To examine the importance of three putative non-covalent SUMO binding sites of IN
in the regulation of SUMO conjugation of IN, cofactors binding and subcellular

localization in chapter 7.

The first two objectives addressed the questions of how HIV-1 IN induces lethal
phenotype in yeast cells and whether IN could mediate chromatin binding in
LEDGF/p75-independent manner. The latter two aimed to understand how two PTMs (i.e.
ubiquitination and SUMOylation) are involved in the interplay between HIV-1 IN with
host cellular proteins. These four objectives are discussed in detail in chapter 4-7,

respectively.
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Chapter 3~ Material and Methods

3.1  General Reagent

3.1.1 Cell lines and transfections

Human embryonic kidney 293T, the African green monkey kidney COS-7 cell lines and
HeLa cell lines were cultured in Dulbecco's Modified Eagles Medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and 1% penicillin and streptomycin.
Human CD4+ C8166 T cell line was maintained in RPMI-1640 medium supplemented
with 10% FCS and 1% penicillin and streptomycin. 293T cells, COS-7 cells and HelLa
cells were transfected with the standard calcium phosphate precipitation technique, as

described previously [278, 279].

3.1.2 Yeast strains, culture media, and growth conditions

The protease-deficient Saccharomyces cerevisiae (S. cerevisiae) HP16 strain (MATa
ura3-52; his34l; leu2; trpl463; prbl-1122; pep4-3 prcl-407) has been previous
described [280]. Plasmid transformation was performed using the lithium acetate method
[281]. The following culture media were used: 1) yeast complete medium YPD (1% yeast
extract, 2% bactopeptone, 2% glucose) and 2) yeast liquid selective media: YNB lacking
tryptophan (0.67% yeast nitrogen base without amino acids, 2% galactose or raffinose).
Amino acids and bases (20-30 mg/1) were added as required. Solid selective media were
obtained by supplementing liquid media with 2% bacto-agar. Yeast cells were grown at
30°C.

3.1.3 Plasmids

3.1.3.1 Expression plasmids for HIV IN and viral proteins:

52



To test the ability of the wild type HIV-1 IN to induce the lethal phenotype in the HP16
yeast strain, one HIV-1 IN yeast expression plasmid (p424Gall-IN) was constructed by
inserting a PCR-generated BamHI-Pstl fragment containing the IN sequence into the
high copy yeast expression plasmid p424Gall. This plasmid contains a galactose-
inducible Gall promoter and a tryptophan (Trp) selection marker. The different plasmids
expressing mutant IN were generated using a two-step mutagenic PCR-based method
[278] with primers containing the desired mutations. The amplified IN cDNA containing
the specific mutations was then cloned into the p424Gall vector. All IN mutants were

sequenced to confirm the presence of mutations.

To test the association between HIV-1 IN and cellular chromatin, different hemagglutinin
(HA)-tagged IN expression plasmids (SVCMV-HA-IN) were constructed by fusing the

IN cDNA to the 3’ end of cDNA encoding the HA sequence (MASYPYDVPDYASL).

For the intracellular localization experiments and Co-IP assay, SVCMV-IN-YFP and
SVCMV-YFP-IN, MA-YFP were constructed by using the same strategy described
previously [109, 282]. SVCMV-YFP-IN mutants including EH170,1AA, EK170,3AA,
HL171,2AA and HK171,3AA were constructed by PCR-based site-directed mutagenesis.

The nucleotide sequences of the sense mutagenic oligonucleotides are as follows:

EH170,1AA, sense: 5’-AGATCAGGCTGCTGCTCTTAAGAC-3’;
EK170,3AA, sense: 5’-GATCAGGCTGCACATCTTGCGACAGCAGT-3’;
HL171,2AA, sense: 5’-AGGCTGAAGCTGCTAAGACAGC-3’;

HK171,3AA, sense: 5’-AGGCTGAAGCTCTTGCGACAGCAGTAC-3".

The amplified HIV-1 IN fragment was cloned in-frame at the 3' end of the EYFP cDNA
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in a pEYFP-C1 vector (Clontech) at Bglll and BamH1 sites. To construct pAcGFP-
INwt/mut, each of the INwt/mut coding sequences was subcloned into pAcGFP1-C
vector (Clontech) in-frame with the AcGFP coding sequence at Bglll and BamH1

restriction sites.

To achieve high-level IN expression, a codon-optimized IN (INopt) cDNA was
synthesized and cloned into the pUC57 vector (GenScript Co., Ltd.). To construct
pAcGFP-INopt, the INopt fragment was excised from pUC57-INopt with BamHI and
cloned in-frame at the 3’ end of the pAcGFP1-C vector (Clontech) with the same
restriction enzyme. To construct pAcGFP-INwt/mut, each of the INwt/mut coding
sequences, including 1-230, 1-250, 1-270, 50-288, 112-288 and KR186,7AA, was
amplified by PCR-based mutagenesis and subcloned into the pAcGFP1-C vector
(Clontech) in frame with the Green Fluorescent Protein (GFP) coding sequence at the

Bglll and BamHI restriction sites [283].

To construct pAcGFP-INopt 3KR mutant (K46R/K136R/K244R) and 3VI mutant
(V72A/I73A, 1200A/V201A, 1259A/1260A), the codon-optimized IN (INopt) 3KR and
3VI cDNAs were synthesized and cloned into the pUC57 vector by GenScript Co., Ltd.
Then the INopt fragment was excised from pUC57-INopt with BamHI and cloned in
frame at the 3’ end of the pAcGFP1-C vector (Clontech) with the same restriction
enzyme. The constructs of GFP-INopt mutants M1 (V72A/173A), M2 (1200A/V201A),
M3 (1259A/1260A), M1+M2 (VT2A/I73A/1200A/V201A), M1+M3
(V72A/173A/1259A/1260A) and M2+M3 (1200A/V201A/1259A/1260A) were synthesized
through a two-step based PCR method using GFP-INopt wt as template which was

described previously and cloned into pAcGFP-C vector using Bglll and EcoR1 sites
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[215]. All the mutants were confirmed by sequencing. The following primers were used:

INopt-Bglll-5: S-TAAGATCTTCCTGGACGGCA-3;
INopt-EcoR1-3’: 5-GCTGAATTCTCAGTCCTCGTCCT-3;

INOpt72,3AA-5"; 5S-AGGGAAAGGCTGCACTAGTGGCAGTG-3;
INOpt72,3AA-3": 5-CACTGCCACTAGTGCAGCCTTTCCCT-3;
INOpt200,1AA-5"; 5-AGGAGAGAGGGCAGCTGACATCATC-3;
INOpt200,1AA-3"; 5-GATGATGTCAGCTGCCCTCTCTCCT-3;
INOpt259,60AA-5": 5-AGCGACATCAAT GCAGCTCCTAGGCGGAAGG-3;
INOpt259,60AA-3": 5-CCTTCCGCCTAGGAGCTGCATTGATGTCGCT-3.

3.1.3.2 Provirus or virus-related plasmids

The RT/IN/Env gene-deleted provirus (NL4.3Luc/ABg/ARI) has been previously
described [282]. To complement RT/IN and Env defects of NL4.3Luc/ABg/ARI, a
vesicular stomatitis virus G glycoprotein (VSV-G) expressor and a SVCMV-Vpr-RT-IN
fusion protein expressor [109, 282] were used in this study. To test the effects of different
IN mutants on viral infection, cDNAs encoding the IN mutants, including V165A, A179P,
KR186,7AA, D64E, EH170,1AA, EK170,3AA and HL171,2AA were introduced into

the SVCMV-Vpr-RT-IN expressor by PCR-based method as described before [282].

The HIV-1 proviruses pNL4.3-GFP, HxBru or HxBru-IN-HA were described earlier
[279]. CMV-Vpr-RT has two stop codons TAGTGA in replace of first six nucleotides in
IN sequence of CMV-Vpr-RT-IN and the sequence was confirmed by sequencing. To
construct CMV-Vpr-RT-IN-ProLabel (Vpr-RT-IN-PL) plasmid, two-step based PCR

method was used. ProLabel tag sequence was amplified from pProLabel-C Vector from
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ProLabel™ Detection Kit II (Clontech Laboratories, Inc.) and inserted after IN sequence
in CMV-Vpr-RT-IN plasmid with IN stop codon and ProLabel start codon removed. The

following primers were used:

RT Nhel 5°: 5-GCAGCTAGCAGGGAGACTAA-3;
R-RT-IN-ProLabel pstl 3": 5-GTCGACTGCAGAATTCGAAGCTTATTC-3;
IN-ProLabel 5": 5-AGACAGGATGAGGATAGCTCCAATTCACTG-3;

IN-ProLabel 3": 5-CAGTGAATTGGAGCTATCCTCATCCTGTCT-3.

3.1.3.3 Constructs of cellular proteins

To construct SVCMVin-T7-LEDGF, the LEDGF cDNA derived from a pFT-1-LEDGF
plasmid [167] was cloned into a SVCMVin vector [284]. The pFT-1-LEDGF plasmid
was kindly provided by Dr. A. Engelman through the AIDS Research Reference Reagent
Program, Division of AIDS, NIAID, NIH. LEDGF/p75 was cloned into the pProLabel

vector in-frame downstream of the ProLabel tag named pProLabel-LEDGF.

LEDGF/p75 SUMOylation defective mutant T7-LEDGF/p75 4K  mutant
(K75R/K250R/K254R/K364R) was constructed through mutagenesis from T7-
LEDGF/p75 wt which was described earlier by two-step-based PCR method [215, 285].
BamH1 and Hindlll were used to clone into SVCMVin-T7 vector. The following primes

were used:

LED-BamH-5" 5' CCGGATCCACGACTCGCGATTT 3'
LED-HindllI-3’: 5' CGGATCAAGCTTCGAATTCCT 3'

LED-K75R-5": 5' CCAAATAAAAGCCGCGGTTTTAATG 3'
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LED-K75R-3": 5' CATTAAAACCGCGGCTTTTATTTGG 3'

LED K250RK254R-5": 5' GAGCCGGATAGAAAAGAGGGGAGGAAAGAAGT 3
LED K250RK254R-3’: 5' ACTTCTTTCCTCCCCTCTTTTCTATCCGGCTC 3'
LED K364R-5: 5' TTCACTCCGGATTGATA 3'

LED K364R-3’: 5' TATCAATCCGGAGTGAA 3’

The Inil expressor pPCGN-HA-Inil used in this study was described previously [286].

Untagged human full-length Ku70 cDNA in the pCMV6-XL5 vector was purchased
from OriGene Technologies Inc. To construct SVCMV-T7-Ku70, a Ku70 cDNA without
a start codon was amplified and cloned into the SVCMVin-T7 vector at the BamHI and
Notl restriction sites. The T7-Ku70 truncation mutants (1-263, 1-430, 226-609 and
430-609) were obtained using the same strategy. The nucleotide sequences of the

mutagenic oligonucleotides are as follows:

5’Ku70-BamH1: 5-TAGCCGGATCCTCAGGGTGGGAGTCATATTA-3;
3’Ku70-Notl: 5-T ATATGCGGCCGCTCAGTCCTGGAAGTGCTT-3:
Ku70-263-Notl: 5-AGATGCGGCCGCCTAGAGCTTCAGCTTT-3;
Ku70-430-Notl: 5-TATGCGGCCGCTCATGGAGGAGTCACCTGAAT-3;
Ku70-226-BamH1: 5-TATGGATCCGATGAGGACCTCA-3;

Ku70-430-BamH1: 5-ATATGGATCCCCAGGCTTCCAGCT-3.

HA-tagged Ubiquitin (HA-Ub) and mutants HA-UbK48R, HA-UbK63R were provided
by Dr. Gottlinger HG (UMass Medical School, Boston, USA) and described previously
[287]. HA-SUMO3 (plasmid 17361) was obtained from Addgene [288]. HA-Ubc9 wt

was constructed from pcDNA3-V5-Ubc9 wt digested with BamH1 and Xhol and cloned
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into CMV-HA vector. pcDNA3-V5-Ubc9 was a generous gift from Dr. Ronald Hay

(University of St. Andrews, St. Andrews, UK).

3.1.4 Antibodies and chemicals

Epitope tag antibodies: The rabbit anti-GFP (Molecular Probes), mouse anti-HA
antibodies (Molecular Probes), the rabbit anti-HA antibody (Sigma), anti-T7 monoclonal
antibodies (Novagen) were used either for fluorescence assay, immunoprecipitation (IP)
or Western Blot (WB). Horseradish peroxidase (HRP)-conjugated anti-GFP antibody
(Molecular Probes), HRP-conjugated anti-HA antibody (Miltenyi Biotec.), and HRP-

conjugated anti-T7 antibody (Novagen) were used for WB detection.

HIV and IN antibodies: Anti-IN antibodies were kindly provided by Dr. Grandgenett
through the AIDS Research Reference Reagent Program, Division of AIDS, NIAID, NIH.

Anti-HIV p24 monoclonal antibody used in this study were previously described [284].

Antibodies recognizing cellular proteins: The mouse monoclonal antibody against yeast
B-actin (ab8224) was purchased from Abcam and mouse anti-a-tubulin was form Sigma.
And the monoclonal anti-Nup62/p62 antibody was purchased from Sigma. Rabbit anti-
LEDGF/p75 (Bethyl Laboratories, Inc.), mouse anti-Ku70 (Abcam), mouse anti-Ku80

(Abcam) antibodies were used as primary antibodies in WB or IP assay.

Secondary antibodies: HRP-conjugated donkey anti-rabbit 1gG and sheep anti-mouse
IgG were purchased from Amersham Biosciences and GE healthcare, respectively.
Fluorescein isothiocyanate (FITC)-conjugated anti-rabbit antibody (Kirkegaard & Perry

Laboratories (KPL) was used in the fluorescence assay.
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Chemicals: The WB-detection Enhanced chemiluminescence (ECL) kit was purchased
from PerkinElmer Life Science (Boston, MA). 4'-6-Diamidino-2-phenylindole (DAPI)
was purchased from Molecular Probes, Invitrogen. NP-40 was from Roche. Protease
Inhibitor Cocktail Set 111, MG-132 and puromycin were obtained from Calbiochem.

Subtilisin was purchased from Sigma.

3.2 General Methods

3.2.1 Evaluation of the lethal phenotype induced by HIV-1 IN in the HP16 yeast

strain

The experimental procedures to evaluate protein expression and yeast growth arrest
activity were described previously [278]. Briefly, HP16 cells transformed with
p424Gall or p424Gall-IN wild type or mutant plasmids were first grown in an IN non-
inducible selective medium (Trp", 2% raffinose (raf+)) for 2 days. Then, equal amounts
of transformed HP16 yeast cells were inoculated into IN-non-inducible (Trp", 2% raf+) or
IN-inducible (Trp’, 2% galactose (gal+)) media for the liquid assay. After cultivation
while shaking at 30°C for 24-36 h, yeast growth was monitored by measuring the culture
density spectrophotometrically at 600 nm. Meanwhile, equal amounts of transformed
yeast cells were serially diluted and spotted onto either IN non-inducible or inducible
agar plate for the “drop test”. After incubation for 3 to 5 days, yeast growth was recorded
photographically. To detect IN expression in yeast, equal amounts of transformed yeast
cells were grown in IN-inducible media for 6 h, then cells were pelleted by
centrifugation and lysed in RIPA buffer by vortexing with glass beads for 1 min on ice,

four times. Supernatants were collected and IN was immunoprecipitated with anti-HIV
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antibodies. Immunoprecipitates were then resolved by 12.5% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) followed by WB using rabbit anti-IN

antibody.

3.2.2  Yeast chromatin-binding assay

HP16 cells harboring either p424-Gall-IN wild type or p424-Gall-IN encoding the
V165P, A179P or KR186,7AA mutants were grown at 30°C in IN-non-inducible (Trp’, 2%
raf+) media to a cell density of 0.25 A600. Cells were then induced with IN-inducible
(Trp’, 2% gal+) media for 3 h. Cells were spheroplasted and fractionated, as described
previously [289] with minor modifications. Briefly, cells were resuspended in
spheroplasting buffer (1% yeast extract, 2% peptone, 0.2% galactose, 50 mM
KH,PO4/K;HPO, (pH 7.5), 0.6M Sorbitol, 10 mM DTT) containing 20 ul of 10 mg/ml
of Zymolyase 100T. Spheroplasts were centrifuged for 3 min at 1000 x g and then
resuspended in 200 ul of ice-cold lysis buffer (0.1M Pipes-KOH, 10mM DTT, pH 9.4)
containing proteases inhibitors and lysed in 1% Triton X-100, yielding whole cell
extracts. Chromatin and non-chromatin fractions were separated by centrifugation for 15

min at 15 000 x g and subjected to WB analysis.

3.2.3 Chromatin binding assay in 293T cells

The association of HIV-1 IN with chromatin in mammalian cells was analyzed using a
previously described chromatin binding assay [290]. Briefly, 293T cells were transfected
with different SVCMV-HA-IN mutants. At 40 h post-transfection, cells were lysed for 15
min on ice with cold CSK | buffer (10 mM Pipes pH 6.8, 100 mM NaCl, 1 mM EDTA,

300 mM sucrose, 1 mM MgCI2, 1 mM DTT) supplemented with 0.5% (v/v) Triton X-
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100 and protease inhibitors. Cell lysates were centrifuged at 500 x g, for 3 min at 4°C to
separate Triton-soluble (S1) and non-soluble (P1) fractions. Half of the S1 fraction was
further lysed in RIPA buffer (150 mM Tris—HCI, pH 8.0, 150 mM NaCl, 0.5% DOC, 0.1%
(w/v) sodium dodecyl sulfate (SDS), 1% (v/v) NP-40). The P1 fraction, which contains
chromatin-bound, nuclear matrix-bound and insoluble proteins, was divided into two
equal portions. One half was resuspended in RIPA buffer (the P1 fraction). The
remaining half was resuspended in CSK Il buffer (10 mM Pipes pH 6.8, 50 mM NacCl,
300 mM sucrose, 6 mM MgClI2, 1 mM DTT) and treated with DNAse (10 unit) for 30
min. It was then extracted with 250 mM (NH,),SO, for 10 min at 25°C and centrifuged
at 1200xg for 6 min at 4°C. The supernatant (S2 fraction, containing DNase-released
chromatin-associated proteins) and pellet (P2, containing insoluble, cytoskeletal, and
nuclear matrix proteins) were collected and resuspended in RIPA buffer. All fractions
were immunoprecipitated with anti-HA antibodies followed by a WB with the same

antibody.

To simplify the assay, after transfection of YFP-INwt/mut plasmids only S1 (non-
chromatin-bound) and S2 (chromatin-bound) fractions in chapter 5 were analyzed by
immunoprecipitation using an anti-GFP antibody and detected by WB with the same
antibody. Protein bands in each fraction were further quantified with the software
Quantity One (Bio-Rad), and the values are expressed as a percentage of chromatin-

bound YFP-IN to total input, which consists of YFP-IN present in both S1 and S2.

3.2.4 Co-immunoprecipitation (Co-1P) assay and chemiluminescent Co-IP assay

The interaction between IN and the cellular proteins Inil or LEDGF/p75, Ku70 was
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verified by Co-IP. 293T cells were first cotransfected with different IN plasmids
including SVCMV-IN-YFP or YFP-IN, GFP-IN with pCGN-HA-Inil1 or SVCMVin-T7-
LEDGF or SVCMVIin-T7-Ku70. At 48 h post-transfection, cells were lysed with 0.25%
NP-40 prepared in RPMI-1640 medium and a protease inhibitor cocktail (Roche) on ice
for 30 min and the extracts clarified by centrifugation at 14,000 rpm for 30 min. The cell
lysates were precleared for at least 2 h at 4°C. To test the interaction between IN and Inil,
IN-bound Inil was detected by immunoprecipitation with anti-GFP antibody overnight
and incubation with protein A sepharose for another 2h. After washing the beads for five
times, the bound proteins were detected by a WB using an anti-HA antibody. To detect
the IN/LEDGF complex, the extracts were subjected to immunoprecipitation with rabbit
anti-GFP antibody and followed by a WB using a mouse anti-T7 antibody. The IN/Ku70
interaction was detected by IP with a rabbit anti-GFP antibody and immunoblotting with
anti-Ku70 or anti-T7 antibodies in WB. Meanwhile, the unbound HA-Inil, T7-LEDGF
and T7-Ku70 proteins in the remaining cell lysates were checked by an
immunprecipitation with anti-HA or anti-T7 antibodies followed by a WB with the same
antibody. Alternatively, 10% of transfected cells were lysed in 0.5% NP-40, and the
lysates were used to detect the expression of YFP-INwt/mut and T7-LEDGF/p75, T7-
Ku70 by WB using anti-GFP and anti-LEDGF or anti-T7 antibodies, respectively. The
expression of IN-YFP or YFP-IN was checked by a WB with anti-GFP-HRP antibody. To

increase GFP-IN stability, 10 uM MG-132 was added 12 h prior to cell lysis for Co-IP.

The chemiluminescent Co-IP assay was performed according to manufacturer's
instructions. After AcCGFP1-INwt/mut or AcGFP1-C and ProLabel-LEDGF, or ProLabel-

Ku70 fusion protein expression plasmids were co-transfected in 293T cells for 48 h, the
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cells were collected and lysed in 0.25% NP-40 lysis buffer and co-immunoprecipitated
with anti-GFP polyclonal antibody and protein A sepharose. After washing the beads five
times with the |lysis buffer, the immunoprecipitates were resuspended in
lysis/complementation buffer and transferred to a well in a 96-well assay plate (Costar,
Corning, NY). To each well, the substrate mix was added, and ProLabel activity was
measured using the POLARstar OPTIMA multidetection microplate reader (BMG

Labtech, Ortenberg, Germany).

To examine the IN/Ku70 interaction in HIV-1-infected cells, HIV-1 (HxBru or HxBru-
IN-HA)-infected C8166 T cells were lysed with 0.25% NP-40 and immunoprecipitated
with anti-HA antibody followed by WB with anti-Ku70 antibody to detect IN-bound

endogenous Ku70.

3.2.5 Detection of ubiquitination of IN in the absence or presence of Ku70

To determine the ubiquitination level of HIV-1 IN in the absence and presence of Ku70,
293T cells were cotransfected with GFP-IN and HA-Ub wild type (wt) or mutants K48R
and K63R with and without T7-Ku70wt or T7-Ku701-430. After 48 h, cells were lysed
in 199 medium containing 0.25% NP-40 and a protease-inhibitor cocktail and
immunoprecipitated with anti-GFP antibody. Then, the precipitated complexes were run
on a 10% SDS-PAGE gel and analyzed for the presence of HA-Ub by WB with HRP-
conjugated anti-HA antibody. Simultaneously, GFP-IN was detected by immunoblotting
the same membrane with HRP-conjugated anti-GFP antibody. And protein band
intensity was quantified using Quantity One 1-D Analysis Software (Bio-Rad

Laboratories).
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3.2.6 Immunofluorescence assay

COS-7 cells or HeLa cells were grown on glass cover slips (12 mm?) in 24-well plates
for 24 h and then transfected with different IN expression plasmids (CMV-YFP-IN or
GFP-INopt). After 48 h, cells on the cover slip were fixed and permeabilized for 30 min
in methanol/acetone (1:1 ratio) at room temperature. The glass cover slips were
incubated with a primary rabbit anti-GFP antibody followed by a secondary FITC-
conjugated anti-rabbit antibody. Nuclei were stained with DAPI. Cells were visualized

on a Carl Zeiss microscope (Axiovert 200) with a 63x oil immersion objective.

To test the effect of Ku70 knockdown on the expression of IN, HelLa cells were first
transfected with Ku70-specific sSiRNA oligonucleotides or nontargeting random siRNA
(siNC) for 48 h and further transfected with GFP-INopt for another 48 h with or without
MG-132 (10 uM) treatment. Then immunofluorescence assay was performed as

described above.
3.2.7 Transient knockdown of LEDGF/p75 or Ku70

To transiently knockdown LEDGF/p75 and Ku70, RNA interference (RNAI) for LEDGF
or Ku70 and scrambled RNAI were purchased from Invitrogen. 293T cells or HelLa cells
were seeded in a 6-well plate for 24 h and then cells were transfected with sSiRNA
oligonucleotides (20 nM for siLEDGF and 5nM for siKu70) (Stealth RNAI; Invitrogen)
directed against PSIP1/LEDGF/p75 or Ku70 mRNA wusing Lipofectamine 2000
(Invitrogen) or Lipofectamine™ RNAIMAX Transfection Reagent (Invitrogen).
Synthetic siRNA for LEDGF/p75 targeting nucleotides 541 to 565 of PSIP1HSS146003

(5’UAAUGAAGGUUUAUGGGAGAUAGAU3’). The sense primer for siKu70 is 5-
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GAUCCAGGUUUGAUGCUCALt-3, targeting Ku70 nucleotides 1,094 to 1,112. In
parallel, a scramble siRNA was used as negative control (SINC). RNAi-mediated
knockdown of endogenous LEDGF/p75 and Ku70 was monitored by WB at different

time points using corresponding antibodies.

3.2.8 The production and transduction of lentivirus vector containing LEDGF/p75

and Ku70 short hairpin RNA (shRNA)

To produce stable LEDGF/p75 gene knockdown 293T cell lines, the pLKO.1 lentiviral
vector comprising siRNA hairpin targeting nucleotides of LEDGF/p75 mRNA was
purchased from Open Biosystems (Waltham, MA, USA). The hairpin structure contains
a 21-bp stem, 5-nt loops, and 5° CCGG and 3’ TTTTTG overhangs. The shRNA
sequence RHS3979-97063117 targets the corresponding LEDGF/p75 mRNA nucleotides
860-880, and its stem-loop sequence was
CCGGGCAGCTACAGAAGTCAAGATTCTCGAGAATCTTGACTTCTGTAGCTGC
TTTTTG. shRNA pLKO.1 vector containing shRNA targeting the Ku70 mRNA: 5-
CCGGCGACATAAGTCGAGGGACTTTCTCGAGAAAGTCCCTCGACTTATGTCGT
TTTTG-3 (Oligo ID: TRCN0000039608) was also purchased from Open Biosystems.
The lentiviral particles harboring LEDGF/p75 or Ku70 shRNA were produced by co-
transfecting the shRNA pLKO.1 vector, packaging DNA plasmid A8.2 and VSV-G
plasmid into 293T cells. After 48 h, supernatants containing lentiviral vectors were
pelleted by ultracentrifugation (32,000 rpm at 4 °C for 1 h) and stored in aliquots at —

80 °C.

To obtain stable LEDGF or Ku70 shRNA expressing cell lines, 293T cells or C8166 T
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cells were transduced with the ShRNA LEDGF or shRNA Ku70 lentiviral vector for 48 h
and then selected with 2 pg/mL puromycin for one week. Silencing of LEDGF/p75 or
Ku70 was determined by WB analysis with an anti-LEDGF or anti-Ku70 antibody.
Detection of endogenous beta-actin was used for normalization of sample loading. The
pLKO.1 vector without the ShRNA sequence (empty vector) was introduced into cells by

the same method as a negative control.

3.2.9 invivo SUMOylation Assay

Detection of IN SUMOylation using immunoprecipitation analysis was described
previously [291], with minor modifications. 293T cells were cotransfected with HA-
SUMO3 and AcGFP-INwt/mut for 40 h. The cells were harvested and washed in cold
Phosphate buffered saline (PBS) once and then lysed in 150l lysis buffer (0.15 M Tris-
HCI, pH 6.7, 5% SDS, and 30% glycerol), which is then diluted 1:10 in PBS/0.5% NP40
plus complete protease inhibitor (Roche). Prior to cell lysis, pelleted cells were added 10
unit/ml Benzonase (Novagen, Billerica, MA, USA) in 2mM MgCl, for 20 min to reduce
the cellular viscosity. Cell lysates were centrifuged at 16,000xg for 10 min at 4°C to
remove cellular debris. The supernatants were first precleared at 4°C for 30 min by
protein G-Sepharose. The cell lysates were immunoprecipitated with anti-GFP antibody
for 2 h and followed by the protein A-Sepharose for another 2 h at 4°C. The beads were
collected and washed with PBS/0.5% NP40 buffer five times. The bound proteins were
eluted with 4x Laemmli buffer and separated on SDS-PAGE gel. SUMO conjugated IN

was detected by anti-HA antibody in WB.

3.2.10 Subcellular protein fractionation
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293T cells were transfected with AcGFP-INopt wt or 3VI in 6-well plate for 48 h. Cells
were harvested and proteins were sequentially extracted using differential detergents,
yielding cytoplamic, nuclear and chromatin-bound fractions using a Thermo Scientific
Subcellular Protein Fractionation Kit according to manufacturer's protocol. Each fraction

of proteins was subject to WB analysis using anti-GFP antibody.
3.2.11 Single cycle viral replication and infection

A VSV-G pseudotyped single-cycle replicating virus was produced in 293T cells as
described previously [292]. Briefly, 293T cells were co-transfected with an RT/IN/Env-
deleted HIV-1 provirus NLIucABgIARI, each CMV-Vpr-RT-IN (wt/mutant) expression
plasmid and a VSV-G expression plasmid. After 48 h post-transfection, viruses were
collected and concentrated from the supernatants by ultracentrifugation at 35,000 rpm for
2 h. Virus titers were quantified using HIV-1 p24 Antigen Capture Assay Kit (purchased

from the NCI-Frederick AIDS Vaccine Program).

To test the effect of the IN mutants on viral infection, equal amounts of VSV-G-
pseudotyped, single cycle replicating viruses (adjusted by virion-associated p24 levels)
were used to infect C8166 T cells overnight at 37 °C. At different time points after
infection, 1 x 10° cells from each sample were collected and lysed with 50 pL of
luciferase lysis buffer (Fisher Scientific Inc., Rockford, IL USA). A 10 pL aliquot of cell
lysate was subjected to the luciferase assay by using a POLARstar OPTIMA (BMG
LABTECH, Germany), and the luciferase activity was valued as relative light units

(RLU).
3.2.12 ProLabel detection assay to check metabolism of IN under infection
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condition

To test the effect of Ku70 on IN during HIV infection, VSV-G pseudo-typed HIV single
cycle virus containing ProLabel tag fused to C-terminal of IN was generated to quantify
IN expression under HIV infection. NL4.3lucABgIARI was cotransfected with Vpr-RT-
IN-ProLabel (Vpr-RT-IN-PL) and VSV-G expressor into 293T cells to generate VSV-G
pseudotyped HIV-1 single cycle IN-PL virus. The viruses were used to infect shKu70-
knockdown or empty-vector transduced C8166T cells for 3 h. The cells were washed
three times and kept in fresh medium, then lysed with lysis/complementation buffer at 8
h post-infection. IN-ProLabel activity in the cell lysate was measured according to
manufacturer’s instructions from the assay kit (ProLabel™ Detection Kit II, Clontech

Laboratories, Inc.)

3.2.13 Virus Production and Infection

To study the effect of Ku70-knockdown on HIV-1 replication, equal amounts (quantified
by HIV-1 p24 Antigen) of pNL4.3-GFP virus were used to infect Ku70-knockdown or
empty-vector-transduced C8166 T cells for 2 h; cells were then washed and cultured in a
37°C incubator. At different time points, viral replication levels were monitored by the
measurement of p24 levels using an HIV-1 Gag-p24 ELISA. To test the infectivity of
progeny virus produced from the Ku70- knockdown cells, empty-vector and Ku70-
knockdown C8166 T cells were infected with the same amounts of pNL4.3-GFP.
Progeny viruses were collected by ultracentrifugation after four days of infection and
equal amounts of viruses (quantified by HIV-1 p24 Antigen) were used to infect empty-

vector or Ku70- knockdown C8166 T cells. Viral infection was examined at three days

68



post-infection by monitoring HIV p24 levels in the supernatant.
3.2.14 Virus composition and incorporation of cellular protein into HIV-1 virion

To examine the viral protein compositions, the pNL4.3-GFP viruses from empty-vector-
transduced and Ku70- knockdown C8166 T cells were pelleted through a 20% sucrose
cushion at 35,000 rpm for 1.5 h at 4°C. Then, equal amounts of viruses (normalized by
p24 values) were lysed with 4X Laemmli Buffer and directly loaded onto an SDS-PAGE
gel and analyzed for IN and p24 expression using their corresponding antibodies. The
reverse-transcriptase activity from the purified viruses was analyzed by Reverse
Transcription Assay using a commercial RT assay kit (Roche Diagnostics) according to

the manufacturer’s instructions.

To detect the presence of Ku70 in the HIV-1 particles, 15 x 10° CD4+ C8166 T cells
were mock infected or infected with pNL4.3-GFP for three days. Then, supernatants
from both cell cultures were ultracentrifuged at 35,000 rpm for 1.5 h through a 20%
sucrose cushion. The pellets were dissolved in the same volume of RIPA buffer and
mixed with 20% v/v TCA, followed by precipitation on ice for 30 min and acetone
washing. Protein precipitates were dissolved in 4X Laemmli Buffer and directly loaded
onto a 10% SDS-PAGE gel. Virus- associated Ku70 and p24 were then examined by WB

using the corresponding antibodies.
3.2.15 Subtilisin treatment of purified HIV-1 virions

The subtilisin assay was performed according to the protocol as described [293]. The

Vpr-RT-IN or Vpr-RT expressor was cotransfected with VSV-G and NL4.3lucABgIARI
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to produce single cycle IN+ and IN- virus. The viruses were first ultracentrifuged
through 20% sucrose at 35,000 rpm for 2 h and then mock treated or treated with 0.1
mg/ml of subtilisin (Sigma) for 20 h at 37°C incubator. Subtilisin was inactivated by
phenylmethylsulfonyl fluoride. Virus was then repelleted as described above, lysed in
RIPA butter and loaded onto SDS-PAGE followed by WB. Blots were sequentially

probed with anti-Ku70, anti-IN and p24 antibodies.
3.2.16 Quantitative real-time PCR

To measure reverse transcription step of VSV-G pseudotyped single-cycle replicating
viruses containing IN mutants EH170,1AA, EK170,3AA, and HL171,2AA, quantitative
PCR (qPCR) analysis was conducted. Equal amounts of viruses (adjusted by virion-
associated p24 levels) were treated with 340 IU/mL DNase (Roche Molecular
Biochemicals) for 1 h at 37 °C to remove residual plasmid DNA and then used to infect
C8166 CD4+ T cells. For negative control (NC), prior to DNase treatment, wt virus was
inactivated by incubating at 70 °C for 0.5 h. The DNA was isolated from 1 x 10° C8166T
cells at 12 h post-infection using QlAamp® DNA blood kit (Qiagen sciences, Maryland,
USA) following the manufacturer’s instruction. The reverse transcription activity of
HIV-1 in the infected cells was analyzed by quantifying the total HIV cDNA by using the
gPCR technique. The qPCR was performed on Mx3000P detection system (Stratagene,
CA) using LightCycler FastStart DNA Master SYBR Green | master mix (Roche
diagnostics, Germany) along with forward (5’-tac tga cgc tct cgc acc-3’) and reverse (5°-
tct cga cgc agg act cg-3’) primers targeted to the 5’ end of the LTR and Gag region of the
HIV-1 Bru genome [294]. The optimized thermal conditions used in the gPCR were as

follows: initial hot start (95 °C for 15 min) followed by 35 to 40 cycles of denaturation
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(94 °C for 30 s), primer annealing (60 °C for 30 s) and extension (72 °C for 1 min). The
total HIV-1 cDNA levels were expressed as copy numbers per cell, with DNA template

normalized by the B-globin gene.

To examine the effects of Ku70 knockdown in the formation of late reverse transcription
products (late RT), 2-LTR circles and integrated DNA, 1.5 x 10° stable C8166 T cell
lines with Ku70- knockdown or empty-vector-transduced were infected with the pNL4.3-
GFP virus as described above. Heat-inactivated virus (70°C for 30 min) was used as a
negative control for infection. After 4 h infection, cells were washed and cultured in
fresh RPMI medium. At 24 h post-infection, cells were harvested and washed with PBS
twice. DNA was isolated using a QIlAamp blood DNA minikit (Qiagen). The total levels
of HIV-1 DNA, 2-LTR circles, and integrated DNA were quantified following the same

procedure in an Mx3000P real-time PCR system (Stratagene, CA) as described [283].
3.2.17 Statistical analysis

To analyzing the data obtained from real-time PCR in chapter 6, student's t test was used

to calculate the statistical significance, and a p value < 0.05 was considered significant.
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Chapter 4 (Published in Retrovirology 2008, 5:102)

Contribution of the C-terminal region within the catalytic core domain of HIV-1

integrase to yeast lethality, chromatin binding and viral replication

4.1 Rational

As discussed in Introduction section in chapter 1, IN has pleiotropic effects on various
HIV-1 replication steps including reverse transcription, nuclear import, chromosomal
targeting and integration. Thus, it is difficult to specifically study the effects of individual
mutations on one particular function of IN during viral replication. Hence, other
functional assays have been developed in order to elucidate the mechanisms underlying
the biological activities of IN in eukaryotic cells. Several previous studies have reported
a yeast eukaryotic system in which the expression of IN alone in some S. cerevisiae
strains, such as the W303-1A rad52 mutant strain and the AB2 diploid strain, resulted in
a lethal phenotype [295, 296]. These studies revealed that the IN-induced lethal
phenotype may be related to the catalytic activity of IN as an IN catalytic mutant (D116A)
was unable to induce the lethal phenotype in yeast [295, 297]. However, a subsequent
study has reported that another mutant targeting E152 in IN, one of the three critical
residues (D64, D116 and E152) essential for the catalytic activity of IN, did not disrupt
the ability of IN to induce the lethal phenotype in yeast cells [298]. Therefore, the
mechanisms for the IN-induced lethal phenotype in yeast still remain to be defined and it
is likely that other functions of IN might be implicated in inducing the lethal phenotype
in S. cerevisiae. A recent study reported that the expression of IN in yeast could mediate

the integration of DNA containing viral LTRs into the yeast genome [299]. Given that
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chromatin binding by IN is a prerequisite step for viral DNA integration [147, 154, 168,
300], it was hypothesized that the yeast lethal phenotype induced by IN might be due to

its chromatin binding activity.

This project was initiated by a previous graduate student Zaikun Xu in Yao’s lab, who
generated a series of IN mutations and identified several residues (V165, A179, KR186,7)
located in the C-terminal region of HIV-1 IN CCD that are required for the IN-induced
lethal phenotype. He also found that these IN mutants were impaired in their ability to
associate with cellular chromatin in 293T cells. My contribution to this project was to
explore the potential involvement of cellular cofactors of IN including LEDGF/p75 and
Inil in this process and to investigate the chromatin-binding ability of these IN mutants

in yeast cells.

Two IN’s cofactors including LEDGF/p75 and Inil might account for the impairment of
chromatin-binding and lethal phenotype of IN mutants V165, Al179, KR186,7AA.
LEDGF/p75 is well characterized as the IN-to-chromatin tethering factor [147]. Another
cellular co-factor Inil was originally discovered in a yeast two-hybrid system screening
for cellular proteins interacting with IN [153]. Inil is a subunit of the SWI/SNF
chromatin-remodeling complex [302] and it has been shown to increase the efficiency of
integration in an in vitro assay [153]. Further studies have also found that Inil is capable
of being incorporated into the HIV-1 virion and can modulate reverse transcription and
Tat-mediated transcription [44, 286, 303]. Since the counterpart of Inil in yeast SNF5 is
required for lethal phenotype induced by IN in yeast [301], it was hypothesized that these
lethal phenotype- and chromatin-binding defect of these IN mutants (V165, A179,

KR186,7AA ) might result from impaired IN-Inil interaction.
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4.2  Hypothesis

The hypothesis of this section is that lethal phenotype induced by HIV-1 IN in yeast

requires its chromatin association and cofactor(s) binding ability.

4.3  Objectives

1. Characterize the mechanism(s) underlying the IN-induced lethal phenotype in
yeast by testing its chromatin-binding and cofactors-binding ability.
2. Determine the importance of the C-terminal region of HIV-1 IN CCD in the viral

life cycle.

4.4 Results

4.4.1 Effects of IN mutations on the lethal activity in HP16 yeast cells

Caumont et al. first demonstrated that HIV-1 IN induced a lethal phenotype in some
yeast strains, including the JSC 302, W839-5C and AB2 strains, but not in the W303-1
strain (Rad52+) [296]. The system of the lethal phenotype induced by HIV-1 IN in the S.
cerevisiae strain HP16 (MATa ura3-52; his341; leu2; trpl463; prbl-1122; pep4-3 prcl-
407) was successfully established in the lab. A yeast expression plasmid encoding the
HIV-1 IN cDNA under the control of the galactose-inducible GAL1 promoter
(p424Gall-IN) was constructed and transformed into HP16 yeast cells which were
cultured in inducible media (Trp’, 2% galactose (Gal)) to drive the expression of IN. The

empty vector was used as control.

After we confirmed that the expression of HIV-1 IN in the HP16 yeast strain is able to

74



induce the lethal phenotype (data not shown), we moved on to identifying the critical
amino acid(s) or motif(s) in IN important for the induction of the lethal phenotype.
Various IN mutants, including F1A, K136A, K159P, V165A, A179P, KR186,7AA,
KK215,9AA and RK263,4AA, were introduced into HP16 yeast cells. Most of these
mutants have been previously shown to disrupt HIV-1 replication at different steps,
including proviral DNA integration [79, 112, 282, 304-306]. As determined by an anti-
IN IP and WB, transformation of plasmids encoding these IN mutants resulted in
comparable IN expression (Figure 6A lanes 2-10). Endogenous yeast (3-actin was used as
internal control. The effect of each mutant IN on yeast growth was measured in both
liquid media and agar plates by the “drop test”. Interestingly, our steady state analyses
revealed that in the inducible media, yeast cells transformed with different IN mutants
showed varying growth (Figure 6B and C). In particular, cells transformed with the IN
mutants V165A, A179P or KR186,7AA had growth rate similar to the yeast cells
transformed with empty vector, indicating that these three mutations, all located in the C-
terminal region of the IN CCD, are unable to induce the lethal phenotype in the HP16
yeast strain. As such, we designated them as lethal phenotype-defective IN mutants.
Therefore, these data indicate that the IN-induced lethal phenotype in HP16 yeast cells is
not related to the catalytic activity of IN. This suggests that other functions of IN, which
were affected by each of these three mutations, may play an important role for IN

lethality in HP16 yeast strain.

4.4.2 Lethal phenotype-defective IN mutants are unable to efficiently associate

with host chromatin.

While the IN mutants identified in this study do not induce the lethal phenotype in HP16
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Figure 6 Effects of different IN mutants on yeast growth. A. Expression of different IN
mutants in HP16 yeast cells. And the endogenous yeast (3-actin was detected by anti-actin
WB (lower panel). B. Each transformed yeast population was first grown in non-
inducible selective media overnight. Then equal amounts of transformed yeast cells were
grown either in non-inducible media (upper panel) or in the inducible media (lower panel)
at 30°C for 24 h. Yeast growth was monitored by measuring each yeast cell culture
density. Means and standard deviations from three independent experiments are shown. C.
The growth of yeast in the absence of IN expression (left panel) or in the presence of IN

expression (right panel) was also tested by the “drop test” on agar plate, as described.
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cells, the mechanisms underlying this loss of lethality remained unknown. A recent
study has demonstrated that the expression of IN in yeast could catalyze the integration
of DNA containing the LTRs of HIV into the yeast genome with the same specificity in
yeast and human cells [299]. This suggests that IN may utilize similar cellular machinery,
including proteins important for chromatin tethering, for the integration process in yeast
and mammalian cells. Therefore, we tested whether the lethal phenotype-defective
mutants might affect the association of IN with chromatin by a chromatin binding assay;,
as previously described [289]. Yeast cells expressing either wild type or mutant IN were
spheroplasted and lysed in a buffer containing 1% Triton X-100 for 5 min. The whole
cell extracts were then incubated with 50mM or 200mM NaC1 for 20 min and the
chromatin-bound and non-chromatin-bound fractions were separated, as described in the
Materials and Methods. An anti-IN WB of chromatin-bound and non-chromatin-bound
fractions showed that the wild type IN was exclusively detected in the chromatin-bound
fraction, whereas the chromatin binding of the three lethal phenotype-defective IN
mutants was impaired to differing degrees. Approximately 10% of the KR186,7AA IN
bound chromatin and the association of the V165A and A179P IN with chromatin was
also reduced to 70% of wild type (Figure 7A, left panel). As a control, the localization of
the yeast homocitrate synthase isoenzymes Lys20/21p [307] was also evaluated and, as
expected, Lys20/21p were exclusively associated with non-chromatin fraction (Figure 7A,

right panel).

In order to determine whether these IN mutations also affected their chromatin binding in
mammalian cells, we tested the binding of the IN mutants to chromatin in 293T cells

using a chromatin isolation protocol as described previously [168]. As a control, the YFP
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protein and the nuclear pore complex-associated protein Nup62 were also transfected
into the 293T cells and analyzed for their chromatin association. Results showed that up
to 20-25% of the wild type IN and mutants D64E and K136A were detected in the
chromatin-bound P1 fraction (Figure 7B, left panel, lanes 2 to 4). Similar to what was
observed in yeast cells, the V165A, A179P and KR186,7AA mutants were exclusively
present in the non chromatin-bound S1 fraction (Figure 7B, left panel, lanes 5 to 7). As
expected, the expressed YFP was only detected in the S1 fraction, whereas the Nup62
was detected in P1 fraction (Figure 7B, right panel). In order to confirm that the wild
type IN and the D64E and K136A mutants were indeed associated with the chromatin,
the chromatin-bound P1 fractions were further treated with DNase and salt to release the
chromatin-bound proteins into the soluble fraction (S2). After being treated with DNase
and salt, all of the chromatin-bound IN protein was released into S2 fraction (Figure 7B,
left panel, lanes 2 to 4). However, the Nup62 protein remained in the insoluble fraction
(P2) (Figure 7B, right panel). These results indicate that, similar to that in yeast, the
lethal phenotype-defective IN mutants were impaired for their association with the

cellular chromatin in mammalian cells.

To exclude the possibility that the loss of the ability to bind chromatin by these lethal
phenotype-defective IN mutants is caused by a defect in nuclear translocation, we
analyzed intracellular localization of different IN mutants by immunofluorescence in
COS-7 cells. To avoid passive diffusion of the relatively low molecular weight IN
protein into the nucleus, we constructed YFP-IN fusion proteins by fusing each IN
mutant to YFP. An IN deletion mutant, YFP-IN1-212, which was previously shown to be

unable to be localized in the nucleus [282], was used as a negative control. In contrast to
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Figure 7 The lethal phenotype-defective IN mutants lack chromatin binding ability in

yeast and mammalian cells. A. Chromatin binding ability of IN in yeast cells. After
growing in IN-inducible media (Trp-, 2%gal+) for 3h, p424-Gal-IN wild type-, A179P-,
V165A- and KR186,7AA-transformed yeast cells were lysed. Whole cell extracts were
incubated with 50 or 200mM NaCl for 20 min before the separation of chromatin-bound
and non-chromatin-bound fractions. Both fractions were subjected to WB using anti-IN
antibody (left panel). Right panel: The wild type IN-expressing yeast cells were
fractionated into chromatin- and non-chromatin-bound fractions and the Lys20/21 protein
in each fraction was detected by WB using an antibody against Lys20.21. B. 293T cells
were transfected with different SVCMV-HA-tagged-IN expressors (including the wild type
IN and different mutants, as indicated. After 48h, transfected cells were lysed in cold CSK |

buffer (0.5% Triton X-100), fractionated and the presence of HA-IN in the chromatin-
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bound and non-chromatin-bound fractions was analyzed by IP and WB with anti-HA
antibodies (left panel). In parallel, the presence of the nuclear pore complex-associated
protein Nup62 in different fractions of 293T cells or 293T cells transfected with a SVCMV-
YFP expressor was also analyzed using following the same procedure and by using anti-
Nup62 and anti-GFP antibodies (right panel). S1: Supernatant (non-chromatin-bound
fraction); P1: Pellet (chromatin-bound fraction); S2: DNase-released chromatin-associated

proteins in P1; P2: insoluble, cytoskeletal, and nuclear matrix proteins in P1.
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Figure 8 Intracellular localization of different IN mutants. COS-7 cells were
transfected with different SVCMVin-YFP-IN fusion protein expressors as indicated. Cells
were incubated with primary rabbit anti-GFP antibody followed by secondary FITC-
conjugated anti-rabbit antibodies and the nuclei were stained with DAPI. Cells were

visualized on a Carl Zeiss microscope (Axiovert 200) with a 63x oil immersion objective.
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the cytoplasmic distribution of YFP-IN1-212 (Figure 8, a and b), the wild type and all of
the IN mutant fusion proteins were predominantly localized in the nucleus (Figure 8, c to
1). These results clearly indicated that yeast lethal phenotype-defective mutants retained

the ability to translocate into the nucleus.

4.4.3 Differential binding of IN mutants to Inil or LEDGF/p75

Inil/hSNF5 is a component of the chromatin remodeling SWI/SNF complex and was
first identified as an interacting partner for HIV-1 IN [153, 302]. A previous study by
Parissi et al. has shown that the inactivation of the SNF5 gene in yeast abolished the IN-
induced lethal phenotype [301]. In order to determine if the failure of the IN mutants to
induce the lethal phenotype may be due to their inability to bind to Inil, the counterpart
of SNF5 in mammals, we analyzed the interaction between the IN mutants and Inil using
a cell-based Co-IP assay. After co-transfection with each IN-YFP expressor and pCGN-
HA-Inil expressor into 293T cells, the binding of IN-YFP to HA-Inil was analyzed by
an anti-GFP IP followed by an anti-HA WB. Unlike YFP alone (Figure 9A lane 2), IP of
all IN-YFP fusion proteins, including the wild type IN and the three lethal phenotype-
defective mutants, were able to co-precipitate similar amounts of Inil (Figure 9A. lanes
3-6). This suggests that mutations introduced at amino acids V165, A179 and KR186,7
did not affect their ability to interact with Inil. Also, the total amount of HA-Inil in each
sample was evaluated by an IP with an anti-HA antibody followed by an anti-HA WB
analysis. Similar levels of HA-Inil were expressed in each sample (Figure 9A, lower

panel).

Another known cellular protein that interacts with IN, LEDGF/p75, has been shown to
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be a tethering factor that links IN to the chromatin during the early stage of the viral
replication [154, 168, 300]. To test whether IN mutants that have impaired chromatin-
binding ability also have altered binding to LEDGF/p75, we tested the interaction
between IN and LEDGF/p75 by using the same Co-IP assay in 293T cells. The
SVCMV-IN-YFP expressor and a SVCMV-T7-LEDGF expressor were co-transfected
into 293T cells. Cells were lysed at 48 h post-transfection and the interaction of IN-YFP
and T7-LEDGF/p75 was analyzed by an anti-GFP IP followed by an anti-T7 WB. Our
results confirmed the specific interaction between the IN and LEDGF/p75, since only the
wild type IN-YFP, not YFP alone, was able to co-precipitate T7-LEDGF/p75 (Figure 9B,
compare lane 3 and lane 2). Interestingly, all three IN mutants (V165A, A179P,
KR186,7AA) which lost their chromatin-binding ability failed to interact with
LEDGF/p75 (Figure 9B, Lanes 4-6). To rule out the possibility that the differences in
binding for each mutant may be due to different expression levels of T7-LEDGF/p75 in
the transfected cells, each cell lysate was further evaluated with an IP using an anti-T7
antibody followed by anti-T7 WB. Similar levels of T7-LEDGF/p75 were expressed in
each population of transfected cells (Figure 9B, lower panel). Together, these data

indicate that chromatin binding- impaired mutants are unable to bind to LEDGF/p75.

4.4.4 HIV-1 viruses encoding the lethal phenotype-defective IN mutations are

replication defective

In order to characterize the effect of these lethal phenotype-defective IN mutants on HIV
replication, we introduced each of these IN mutations into a previously described single-
cycle HIV-1 replication system and evaluated viral replication [282]. After production of

each virus stock, the virion-incorporated RT, IN and Gag were analyzed by WB using an
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Figure 9 Characterization of IN mutants binding to Inil and LEDGF/p75. A.

Interaction of wild type or mutant IN with Inil. SVCMV-IN-YFP plasmids expressing
wild type or mutant IN were co-transfected with pCGN-HA-Inil into 293T cells. The
CMV-YFP expressor was used as a control. At 48 h post-transfection, cells were lysed
and immunoprecipitated with rabbit anti-GFP antibody and subjected to WB with anti-
HA antibody to measure the amount of co-precipitated Inil (upper panel). The same
membrane was stripped and blotted with anti-GFP antibody to detect IN-YFP and YFP
expression (middle panel). The unbound Inil was also checked by sequential IP with
mouse anti-HA antibody followed by WB with the same antibody (lower panel). B.
Lethal phenotype-defective IN mutants do not bind to LEDGF/p75. The SVCMV-IN-
YFP plasmid expressing wild type or mutant IN or the SVCMV-YFP plasmid was co-
transfected with SVCMVin-T7-LEDGF expressor in 293T cells. Cells were lysed 48 h

post- transfection, whole cell protein extracts were immunoprecipitated with rabbit anti-
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GFP followed by a WB using mouse anti-T7 HRP-conjugated antibody to detect the co-
precipitated T7-LEDGF (upper panel). Also, the expressions of IN-YFPs were detected
using an anti-GFP HRP-conjugated antibody (middle panel). The unbound T7-LEDGF
was also checked by sequential IP with anti-T7 antibody followed by a WB with the

same antibody (lower panel).
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anti-HIV serum. Each IN mutant virus contained similar levels of IN, RT, and Gag
proteins, compared to the wild type virus, indicating that incorporation of RT and IN, as
well as HIV-1 Gag processing, was not affected by introducing various IN mutations

(data not shown).

To test the infectivity of the IN mutant viruses, we infected the C8166 CD4" T cell line
with equal amounts of VSV-G-pseudotyped IN mutant viruses. Since all IN mutant
viruses contained a luciferase gene in place of the nef gene, viral infectivity was
monitored by using a sensitive luciferase assay, as described previously [282]. While the
wild type IN virus infection resulted in a high level of luciferase activity and peaked (1.5
x10° RLU) at 64 h post-infection in dividing C8166 cells (Figure 10). The infection of
the class | mutant D64E virus only resulted in a basal level of luciferase activity that was
approximately 10*-fold lower than the wild type (Figure 10). Interestingly, when C8166
cells were infected with VSV-G-pseudotyped viruses containing the chromatin binding-
defective IN mutants, the levels of luciferase activity were similar to the D64E mutant
virus throughout the 6-day period (Figure 10). These results indicate that, like the class |
D64E mutant virus, the chromatin binding-deficient V165A, A179P and KR186,7AA

mutant viruses were replication defective in C8166 cells.

To determine whether the replication defect in IN mutant viruses could be due to a defect
at the reverse transcription level, we analyzed viral DNA synthesis following infection of
C8166 cells with each IN mutant. The levels of late reverse transcription products were
analyzed by semi-quantitative PCR at 12 h post-infection with HIV-1-specific 5’-LTR-
U3/3’-Gag primers [282]. Total viral DNA synthesis during infections with the V165A-,

Al179P- and KR186,7AA-containing viruses was similar to that following infection with
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Figure 10 Effects of lethal phenotype-defective IN mutants on VSV-G-pseudotyped
HIV-1 replication. To assess viral infection, equal amounts of VSV-G-pseudotyped
virions containing various IN mutants were used to infect the CD4+ C8166 T cell line.
At different time points, equal cell numbers were collected and the infection generated
by each virus stock was evaluated by luciferase assays. The results are representatives of

three independent experiments. NC: negative control.
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the wild type and D64E mutant viruses (data not shown). These results indicate that all
three lethal phenotype-defective IN mutants did not significantly affect reverse

transcription during single-cycle replication of HIV-1.

4.5 Discussion

451 Lethal phenotype in yeast and chromatin binding ability of IN

HIV-1 IN plays a critical role in several steps of the early viral replication, including
reverse transcription, nuclear import of viral DNA and integration [16, 90, 92, 149, 282,
308]. In order to further investigate different functions of HIV-1 IN and the molecular
mechanisms involved, numbers of in vitro and in vivo assays, including a yeast IN
expression system, have been developed to specifically assess the different activities of
HIV-1 IN. Caumont et al. initially reported that the expression of HIV-1 IN in some
yeast strains resulted in a lethal phenotype [296]. However, the mechanism for the IN-
induced lethal phenotype in yeast still remains to be fully understood. In this study, we
introduced different IN mutants into the HP16 strain of S. cerevisiae and tested their
effects on yeast viability. Three IN mutants (V165A, A179P and KR186,7AA) were

identified as lethal phenotype-defective mutants in HP16 cells (Figure 6).

A recent study has demonstrated that the expression of IN in yeast could mediate the
integration of DNA containing viral LTRs into the yeast genome [299]. Thus, it appears
that the molecular mechanisms underlying the activity of IN in both yeast and
mammalian cells are similar. Given that chromatin targeting by IN is a prerequisite step
for viral DNA integration [147, 154, 168, 300], we investigated whether the yeast lethal

phenotype-defective mutants would also have a defect in chromatin binding.
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Interestingly, the chromatin binding experiments showed that three lethal phenotype-
defective mutants were impaired for binding to chromatin in both yeast and mammalian
cells. The reduced chromatin binding ability of the IN mutants did not appear to result
from the diminished nuclear entry of IN as we found that the nuclear translocation of
these IN mutants was intact. Overall, these data clearly indicate that these mutations at
the C-terminal region of the IN CCD severely affected its ability to interact with host cell

chromatin.

4.5.2 Chromatin binding and cofactors binding of HIV-1 IN

We further investigated the possible mechanism underlying this loss of chromosomal
binding by testing the interactions of these IN mutants with two known IN-interacting
cellular proteins. The first, Inil, is a homolog to the yeast SNF5 protein and was found to
bind to HIV-1 IN in a yeast two-hybrid system and was shown to increase the efficiency
of integration in an in vitro assay [153]. Also, inactivation of the SNF5 gene has been
shown to abolish the IN-induced lethal phenotype in yeast [153]. However, our results
indicate that the three yeast lethal phenotype-defective mutants were able to bind Inil at
a level comparable to the wild type IN (Figure 9A), indicating that the loss of lethality in
these IN mutants is not related to IN-Inil binding ability. However, at this point, we still
cannot rule out the possibility that SNF5 may act on other unidentified steps to affect the

IN-induced lethal phenotype.

The second cellular protein examined, LEDGF/p75, has been previously shown to
directly interact with HIV-1 IN [147]. LEDGF/p75 functions in the tethering of IN to the

host chromosome, a step essential for HIV-1 integration and viral replication [154, 168,
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300]. Interestingly, we found that all three lethal phenotype-defective IN mutants did not
interact with LEDGF/p75 (Figure 9B) in 293T cells. Previous study have identified two
regions within IN that are involved in the interaction with LEDGF/p75: the region
around W131 and W132 and the region from 1161 to E170 [173]. In line with this
observation, the structural analysis of IN suggests that a1 and a3 helices in the B chain
of IN, in addition to the a4/a5 connector (residues 166-171) and o5 helix in the A chain
form the interface of the LEDGF/p75 binding site [169, 171]. These studies also
indicated that the V165A and L172A mutants were unable to binding LEDGF/p75 in
vitro. In this study, we confirmed that the V165A mutant was indeed unable to interact
with LEDGF/p75. Moreover, two other IN mutants (A179P and KR186,7AA) were
identified in this study that were incapable of binding to both LEDGF/p75 and to
chromatin. As both mutations are located in the region encompassing amino acids from
171 to 186, which has been predicted to form the putative helix-o5 structure and/or the
ob/ab connector (residues 166-171) [261], it suggests that these regions and/or the
helical structure play an important role in the interaction between IN and LEDGF/p75
and its chromatin tethering function. However, an important question that needs to be
addressed is how this region contributes to the interaction between IN and LEDGF/p75.
Interestingly, a recent study by Berthoux et al. demonstrated that the lysine at position
186 is critical for IN multimerization. However, their study also indicated that the
K186Q mutant interacted with LEDGF/p75 as efficiently as the wild type IN in a two-
hybrid assay [79]. In contrast, another recent report by Mckee et al. confirmed that
mutations introduced in the KRK(186-188) region affected IN multimerization.

Furthermore, their study also indicated that this KRK(186-188) region is important for
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IN binding to LEDGF/p75 [309]. Since our KR186,7AA mutant lost the ability to bind
to LEDGF/p75 and host chromatin, it still remained unknown if our other lethal
phenotype-deficient IN mutants could also affect multimerization of IN. Interestingly, it
has been reported that there is no yeast homolog of LEDGF/p75 [299]. Therefore, it is
tempting to speculate that there may be other host protein(s) in yeast that contribute to
chromatin-targeting of IN. In this regard, there is another cellular protein, Hsp60, has
also been shown to be important in IN-induced lethality in yeast [310]. However, the role
that Hsp60 plays in the chromatin targeting and/or other activities of IN in yeast still

awaits further characterization.

4.5.3 The effect of yeast lethal phenotype-defective mutants on HIV-1 replication

The effect of these yeast lethal phenotype-defective mutants on HIV-1 replication was
also evaluated using a previously described single cycle infection system with VSV-G-
pseudotyped HIV. Similar to the IN class | mutant D64E, all yeast lethal phenotype-
defective IN mutant viruses were replication deficient (Figure 10). Since these IN
mutants lost chromatin-binding and LEDGF/p75-binding abilities, the infection data
highlighted the importance of chromatin association and LEDGF/p75 binding in IN
functions and in viral replication. Overall, this study has established a functional
correlation between the IN-induced lethality in yeast and the inability of IN to associate
with host chromatin and bind to LEDGF/p75. This suggests that this yeast-based IN
expression system may be a valuable system for studying the molecular mechanisms
underlying the chromatin binding activity of HIV-1 IN, as well as for the high-
throughput screening anti-IN molecules that specifically prevent IN from associating

with chromatin. Also, our study suggests that a region encompassing amino acids 171 to
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186, which was previously predicted to form the alpha-helix-5 structure [261], may play
an important role in the binding of IN to both chromatin and LEDGF/p75. A more
detailed analysis will be required to fully elucidate how this region and/or the secondary

structure of IN contribute to this particular function of IN during viral replication.
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Chapter 5 (Published in Virology Journal 2010, 7:68)

Characterization of the HIV-1 Integrase Chromatin- and LEDGF/p75-binding

Abilities by Mutagenic Analysis Within the Catalytic Core Domain of Integrase

51 Rational

A number of previous studies have employed in vitro biochemical approaches to study
the interaction between IN and DNA substrates by using oligonucleotides that mimic the
HIV-1 LTR, and they have identified several residues in the IN that are responsible for
binding viral DNA [311, 312]. Indeed, all three domains of IN, including the NTD,
CCD and CTD, have been shown to interact with DNA by in vitro studies [313-315].
However, how IN interacts with host chromatin under physiological conditions is

considerably less well understood.

Currently, the most widely accepted IN-to-chromatin model was proposed by Engelman.
In this model, chromatin-associated LEDGF/p75 engages IN-bound viral DNA to a
nearby genomic locus to carry out strand transfer reaction ; when LEDGF/p75 is reduced
or depleted, integration of viral DNA will rely on less efficient cofactor-independent
pathway or utilize alternative tethering factor such as HRP2 for integration [176]. This
model has been supported by ample evidence [120, 140, 177, 178]. For example, HIV-1
integration in LEDGF/p75 knockout cells still remained 11% of the wild type level,
suggesting that although LEDGF/p75 is important for IN-to-chromatin tethering and
integration , it is not strictly essential [140]. HRP-2 knockdown in the human somatic
LEDGF/p75 knockout cell line further reduced HIV-1 integration and replication [177].

Despite of these observations, the clear architecture of the functional IN/LEDGF/DNA
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complex as well as the way in which both IN and LEDGF/p75 interact and work on both
the viral DNA and host chromatin in the process of integration remain elusive. In chapter
4, we have identified three IN mutations (V165A, A179P, KR186,7AA) that impaired
binding to host chromatin also failed to interact with LEDGF/p75 by using a cell-based
chromatin binding assay and co-immunoprecipitation (Co-IP) [292]. Further mutagenic
analysis for IN/chromatin and IN/LEDGF interactions may not only help to elucidate the
molecular mechanism of the IN/chromatin tethering and binding but also facilitate the

identification of novel cellular factor(s) involved in this important viral replication step.

5.2  Hypothesis

The hypothesis of this section is that LEDGF/p75 is not strictly required for IN binding

to chromatin.

5.3  Objectives

1  Characterize chromatin- and LEDGF/p75- binding phenotypes of a series of IN
mutants

2 Investigate LEDGF/p75-independent chromatin binding of IN

3 Determine the relative importance of chromatin/LEDGF binding abilities of IN in

HIV-1 infection

5.4 Results

5.4.1 Analysis of different HIV-1 IN mutants for their chromatin- and

LEDGF/p75-binding.
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Our previous study showed that three IN CCD mutants V165A, A179P, KR186,7AA,
which cannot bind LEDGF/p75, lack the ability to bind to host chromatin (chapter 4)
[292]. In the present study, we carried out a detailed mutagenic analysis to define binding
site(s) for chromatin and LEDGF/p75 within the CCD of IN. Besides the previously
reported IN mutants, V165A, A179P, KR186,7AA and a class | mutant D64/D116AA
[292], several new YFP-IN mutants were generated by site-directed mutagenesis. The
region E170-K173 was of interest because it overlaps with a-helices 4/5 connector
residues 166-171 residing at the IN-LEDGF crystal interface [171]. Meanwhile,
mutagenic studies have highlighted the importance of E170A, H171A, LK172,3AA for
LEDGF/p75 interaction [169, 172, 173]. The mutants K136, K159 were also included as
they were reported to be involved in IN/nucleotide binding [316-318]. To address the
role of a-helix 6 of IN in chromatin- and LEDGF interaction, mutants 1200A and 1203A,
1203P were also included in the study. Table 1 lists 17 IN amino acid residues analyzed

in the study, their conservations in different HIV-1 isolates (the HIV sequences database

was downloaded from the LANL website (http://www.lanl.gov) and aligned with

MEGA4 program) and mutations introduced for each residue(s).
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Conservations * Mutations Chromatin binding Interaction with LEDGF/p75
Wild type Wild type ++ 4+
D64/D116 99.4/99.7 DDG64,116EA +++ +
K136 313 K136A S+ g
K159 99.5 K159P - +/-
V165 93.5 V165A - =
E170 99.6 HI171A +t -
H171 98.5 L172A A+t -
L172 99.4 EH170,1AA o+ a
K173 96.9 EK170,3AA G o +++
V176 99.4 HL171,2AA - z
Al179 99.8 HK171,3AA ++ ++
1182 98.0 V176A - =
F185 99.4 Al79P = -
KR186,7 99.7/99.0 Al1791 = NA
1200 98.3 1182A FEF G
1203 96.8 F185A 2L e
KR186,7AA = 2
1200A 22 =
1203A +++ A+t
1203P - z

* Percent identity at that position among a collection of 1242 HIV-1and SIV,,, strains (http:/www.hiv1 lanl gov).

Table 1

Summary of IN mutant chromatin/LEDGF binding phenotypes. The

percentage of selective amino acid conservation of IN is illustrated in the left panel,

while chromatin-binding and LEDGF/p75-binding abilities of these IN mutants are

shown in the right panel.
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These IN mutants were further subjected to the chromatin binding assay [168, 292, 319]
to study their host chromatin binding abilities. Briefly, each of YFP-INwt/mut was
transfected into 293T cells, and, after 48 h, the presence of each YFP-INwt/mut in
chromatin- and non-chromatin—bound fractions were analyzed by WB with anti-GFP
antibody, as described previously [292]. Our data showed that, in addition to the
previously described IN mutants (V165A, A179P, KR186,7AA [292]), K159P, V176A,
A179I1, 1203P were also severely impaired for host chromatin binding (Figure 11A, data
not shown for A1791). By contrast, mutants K136A, H171A, L172A, 1182A and 1203A
were still able to associate with chromatin. The chromatin binding affinity of F185A and

I1200A was reduced by approximately 60% of wild type IN (Figure 11A).

Because LEDGF/p75 has been shown to be involved in chromatin targeting of IN, we
also tested the LEDGF/p75-binding ability of different IN mutants by a cell-based Co-IP
assay. Equal amounts of T7-LEDGF and CMV-YFP-IN wt/mut plasmids were co-
transfected into 293T cells. After 48 h of transfection, IN/LEDGF/p75 interaction was
analyzed by Co-IP of YFP-IN with anti-GFP antibody followed by WB with anti-T7
antibody. Results revealed a strong interaction between T7-LEDGF and YFP-IN wild
type and mutants D64E/D116A, K136A, 1182A, F185A, 1203A. Meanwhile, the mutants
K159P, H171A, and 1200A showed reduced affinity for LEDGF/p75 (Figure 12A, lanes
4, 6, and 13). Interestingly, several IN mutants including V165A, L172A, V176A, A179P,
KR186,7AA, 1203P lost their interaction with LEDGF (Figure 12A. lanes 5, 7, 8, 9, 12,
and 15). As expected, no T7-LEDGF/p75 was pulled down by YFP control (Figure 12A,
lane 1). To ensure that similar amounts of T7-LEDGF/p75 and YFP-IN were expressed

in each sample, the presence of T7-LEDGF/p75 and YFP-IN in each sample was
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detected by WB with corresponding antibodies (Figure 12A, middle and lower panel).
The host chromatin and LEDGF/p75 interaction data of all the IN mutants analyzed in
this study have been summarized in Table 1. Interestingly, we noted that IN mutants,
H171A and L172A, displayed a drastically reduced interaction with LEDGF/p75 but still

retained the interaction with chromatin.

5.4.2 Chromatin- and LEDGF/p75-binding analysis of IN double mutants within

LOOp 170EHLK 173

Interestingly, two IN mutants H171A and L172A that showed differential binding
abilities to chromatin and to LEDGF/p75 are located in the CCD loop region 170EHLK;73
of IN, a connector that links helices o4 and 5. Thus, we then focused our studies on this
region, which may be important for LEDGF/p75-binding, but not for IN chromatin-
association. Indeed, this region overlaps with the interface for LEDGF-binding in the
crystal study [171], and some IN mutants within this region, such as E170A, H171A, and
LK172,3AA, have been shown to be impaired in the ability to bind LEDGF/p75 [1609,
172, 173]. To further elucidate the functional roles of loop 170EHLK;73 on its chromatin
and LEDGF-binding, we characterized the binding affinities of this region by testing the
double mutants YFP-IN EH170,1AA, HL171,2AA, EK170,3AA and HK171,3AA
(Figure 13A). The chromatin-association experiment showed that three of the double
mutants EH170,1AA, EK170,3AA and HK171,3AA displayed strong binding affinity
with cellular chromatin, whereas HL171,2AA completely lost its chromatin binding
ability (Figure 13B). Meanwhile, the LEDGF/p75-binding ability of each mutant was
also tested by Co-IP assay, and results showed that all the mutants except YFP-IN

EK170,3AA lost their ability to interact with LEDGF/p75 (Figure 13C). The differential
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Figure 11 Identification of chromatin binding sites within IN CCD. A). 293T cells
were transfected with different CMV-YFP-IN expressors (including the wild type IN and
different mutants, as indicated). At 48 h post-transfection, cells were fractionated into
chromatin-bound (lower panel) and non-chromatin-bound (upper panel) fractions as
described in Material and Methods. YFP-IN in each fraction was analyzed by IP and WB
with anti-GFP antibody. B). The intensity of both the chromatin-bound and non-
chromatin-bound YFP-IN was densitometrically determined. The data are presented as
the percentage of chromatin-bound YFP-IN to total input. Results are representative of

two independent experiments.
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Figure 12 Identification of LEDGF/p75-binding sites within IN CCD. A). The

CMV-YFP-INwt/mut or CMV-YFP plasmid was co-transfected with SVCMVin-T7-

LEDGF expressor in 293T cells. After 48 h of transfection, 90% cells were lysed and

subjected to Co-IP assay. The IN bound T7-LEDGF/p75 was precipitated by using rabbit

anti-GFP antibody and detected by WB using mouse anti-T7 antibody (upper panel). 10%

cells were lyse
with anti-T7 or

lower panel).

d with 0.5% NP-40, directly loaded on 10% SDS-PAGE gel and probed
anti-GFP antibody to detect T7-LEDGF or YFP-IN expression (middle or

B). The intensity of protein bands was densitometrically determined.

Results were expressed as the ratio of bound T7-LEDGF/p75 expression (mutants/wild-

type) which was normalized by total input. Binding affinity to LEDGF/p75 of YFP-IN
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wild type was arbitrarily set as 100%. Results are representative of two independent

experiments.
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LEDGF-binding abilities of these four IN double mutants were re-confirmed by
chemiluminescent Co-IP assay (Figure 13D). Altogether, uncoupled chromatin- and
LEDGF-binding affinities were observed for IN mutants H171A, L172A and
EK170,1AA, with strong binding affinity to chromatin but dramatically impaired contact

with LEDGF/p75.

5.4.3 Nuclear localization of IN mutants in COS-7 cells

Since HIV-1 IN has been shown to be a karyophilic protein and is involved in nuclear
import of PICs, we wondered whether introducing mutations in the 170EHLK;73 region of
IN might interfere with IN nuclear translocation, which consequently affects their
association with chromatin and/or LEDGF/p75 binding. To address this question, we
transfected each IN mutant into COS-7 cells and analyzed their intracellular localization
by immunofluorescence. Given the low expression of the YFP-IN fusion protein in COS-
7 cells, the indirect immunofluorescence technique was used (as described in Materials
and Methods). Results showed that, while the wild type IN was localized in the nucleus,
the IN C-terminal deletion mutant YFP-IN1-212 was excluded from the nucleus,
consistent with previous studies [292]. Also, all the IN ;7,0EHLK;73 region mutants,
including EH170,1AA, HL171,2AA, EK170,3AA and HK171,3AA, were able to
accumulate predominantly in the nucleus (Figure 14). All of these results indicate that 1)
the 170EHLK73 region is dispensable for IN nuclear localization; and 2) the LEDGF/p75-
and/or the chromatin-binding defects of those IN mutants were not due to their impaired

nuclear translocation.
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Figure 13 Differential effects of IN mutants within 170EHLK 73 region on chromatin-
and LEDGF-binding. A). Diagram of amino acids sequence and introduced mutations in
HIV-1 IN 170EHLK;73 domain. B). Chromatin binding profiles of IN double mutants
within 170EHLK;73. 293T cells were mock-transfected or transfected with equal amount
of CMV-YFP-IN wild type or double mutants EH170,1AA, EK 170,3AA, HL171,2AA
and HK171,3AA. At 48 h post-transfection, cells were fractionated into chromatin-
bound and non-chromatin-bound fractions as described in Material and Methods. YFP-
IN in each fraction was analyzed by IP and WB with anti-GFP antibody. Chromatin
binding affinity was quantified by laser densitometry and results are shown as the
percentage of chromatin-bound to total input of YFP-IN (lower panel). C) LEDGF-

binding affinity within IN 170EHLK;73 by Co-IP assay. 293T cells were co-transfected
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with the SVCMVin-T7-LEDGF/p75 expressor and CMV-YFP-INwt/mut plasmid as
indicated. After 48 h of transfection, 90% of cells were lysed and subjected to Co-IP
assay as described before. The upper panel showed the bound T7-LEDGF/p75 in each
sample. 10% of cell lysates were used to detect the expression of YFP-INwt/mut and T7-
LEDGF/p75 by WB using anti-GFP and anti-LEDGF antibodies respectively (middle
panel and lower panel). D). LEDGF-binding affinity within IN 170EHLK;73 detected by
chemiluminescent Co-IP assay. AcGFP1-INwt/mut or AcGFP1-C and ProLabel-LEDGF
fusion proteins were coexpressed in 293T cells. After 48 h of transfection, cells were
lysed and immunoprecipitated with anti-GFP antibody and the chemiluminescent signals
from ProLabel-LEDGF present in the complexes were measured by using ProLabel
Detection Kit Il and valued as relative luminescence units (RLU). Results are

representative of two independent experiments.
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Figure 14 Subcellular localization of IN 170EHLK;73 mutants in COS-7 cells. COS-7
cells were transfected with different CMV-YFP-IN fusion protein expressors as indicated
for 48 h. After fixation and permeabilization, cells were incubated with primary rabbit
anti-GFP antibody followed by secondary FITC-conjugated anti-rabbit antibodies, and
the nuclei were stained with DAPI. Cells were visualized by a Carl Zeiss microscopy

(Axiovert 200) with a 63x oil immersion objective.
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5.4.4 Knockdown of LEDGF/p75 had no effect on IN’s chromatin binding

Uncoupled chromatin- and LEDGF-binding affinities observed in IN mutants within the
170EHLK ;73 region suggest that LEDGF/p75 may not be essential for IN binding to
chromatin. To gain more insight into the association between IN/chromatin binding and
IN/LEDGF interaction, we tested the effect of LEDGF/p75 knockdown (LEDGF/p75-
KD) on IN chromatin binding affinity. To obtain high efficiency gene knockdown, both
synthetic sSiRNAs and shRNAs were combined in the study to knockdown LEDGF/p75
expression in 293T cells, as described in Materials and Methods. The results showed that
such combined transient and stable LEDGF/p75-knockdown resulted in over 90%
reduction of LEDGF/p75 expression (Figure 15B, lower panel). Then, the nuclear
localization of HIV-1 IN in LEDGF/p75- knockdown cells was analyzed by indirect
fluorescence using anti-LEDGF antibody. As shown in Figure 15A (lower panel), control
cells transfected with scramble siRNA displayed abundant LEDGF/p75 protein
expression. However, only a trace amount of LEDGF/p75 was detected in 293T cells
transiently transfected with siRNA. Then, the cells were stained with anti-GFP antibody
to visualize the localization of IN. Results showed that the wild type YFP-IN in transient
LEDGF/p75- knockdown cells still accumulated in nuclei, suggesting that the
LEDGF/p75- knockdown did not exert any significant effect on IN nuclear localization

(Figure 15A, upper panel).

Next, we checked whether LEDGF/p75 depletion has an effect on IN chromatin binding.
To do so, the LEDGF/p75-knockdown 293T cells were transfected with YFP-INwt, and

after 24 h of transfection, cells were treated with MG-132, a proteasome inhibitor, to

106



prevent IN degradation. Cells were processed for IN chromatin binding analysis at 48 h
post-transfection, as described above. Of note, no significant difference in the IN
chromatin association was observed between the LEDGF/p75-knockdown cell line and
the mock-transfected cell control (Figure 15B, upper panel). In parallel, the 293T cells
transfected with the YFP-IN V165A mutant, which has been shown to be defective of
chromatin binding, was used as a negative control [292]. Thus, our results demonstrated

that the LEDGF/p75 knockdown could not abrogate IN chromatin binding.

5.45 Effect of IN 170EHLK 73 mutants on HIV-1 infection.

From the above results, we observed that LEDGF/p75 may not be mandatory for IN
targeting to host chromatin. However, we still do not know whether LEDGF/p75-
independent chromatin binding of IN could ensure HIV infection. To address this
question, we introduced IN double mutants EH170,1AA, EK170,3AA, and HL171,2AA
into an HIV-1 RT/IN trans-complemented single cycle replication system [292]. Briefly,
each of these IN double mutants was first introduced into a CMV-Vpr-RT-IN expression
plasmid. The VSV-G pseudotyped HIV-1 single cycle replicating viruses containing
these individual IN double mutants and a luciferase gene, substituted for the Nef gene,
were produced in 293T cells by co-transfecting each CMV-Vpr-RT-INwt/mut expression
plasmid with RT/IN-deleted HIV provirus NLIucABgl/ARI, and a VSV-G expression
plasmid. Then, the same amount of virus (normalized by p24 gag levels) was used to
infect C8166 CD4+ T cells, and the level of infection was monitored by measuring the
luciferase activity. The results showed that the mutant EK170,3AA, which can efficiently
bind to both chromatin and LEDGF/p75 (Figure 13B and C), displayed about 30%

replication capacity relative to the wild type virus (Figure 16A). The chromatin-bound
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but LEDGF interaction defective IN mutant virus, EH170,1AA, induced a low level of
infection, whereas the HL171,2AA mutant virus, which lost the ability to interact with
both chromatin and LEDGF/p75, was non-infectious (Figure 16A). Moreover, real-time
PCR analysis indicated that mutations introduced in the 170EHLK173 did not significantly
affect the reverse transcription step at 12 h post-infection (Figure 16B). These data
suggest that while IN/LEDGF/p75 interaction is important for a productive HIV-1
replication, the IN-mediated LEDGF/p75-independent chromatin binding is still able to

sustain a low level viral infection.
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Figure 15 LEDGF/p75 is not required for chromatin binding of IN. A). Transient
knockdown of LEDGF/p75 by siRNA had no effect on IN nuclear localization. 293T
cells were transfected with either 20nM negative control (NC) siRNA or 20nM si-
LEDGF PSIP1HSS146003 for 24 h before transfection with CMV-YFP-IN wild type. At
48 h post-transfection, cells were fixed, permeabilized and detected for YFP-IN and
LEDGF/p75 expression by using anti-GFP or anti-LEDGF antibodies. The nuclei were
stained with DAPI. B). Analysis of chromatin binding affinity of IN on LEDGF/p75
knockdown cells. The lentiviral ShRNA-mediated LEDGF/p75 stable knockdown 293T
cells were transfected with 20nM si-LEDGF for 48 h and further transfected with YFP-
IN wild type or mutant V165A and were analyzed for its chromatin binding affinity. In
parallel, cells were either mock-transfected or transfected with negative control sSiRNA to
study chromatin binding of YFP-IN wild type. The chromatin bound and non-chromatin-

bound fractions of YFP-IN wild type or V165A were showed as indicated. The
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LEDGF/p75 expression level in each sample was verified by WB with anti-LEDGF

antibody. Endogenous beta-actin was used for normalization of sample loading.
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Figure 16 A) The differential replication profiles of IN mutant viruses within the
loop 170EHLK;73 on HIV-1 single-cycle replication. To test the effect of different IN
mutant viruses on HIV-1 infection, C8166 T cells were infected with equal amount of
VSV-G pseudotyped single round replication virus containing various IN mutant (adjust
by p24 level) for 48 h. 1x10° cells were collected and cell-associated luciferase activity
was measured by luciferase assay at 48 h post-infection . Data represent mean * standard
deviation (SD) (n = 3). B) Followed by 12 h infection with single cycle replicating
viruses on dividing C8166 T cells, total DNA was extracted and amplified for total viral
DNA and human B-globin gene using corresponding primers by real-time PCR. Total
HIV-1 DNA levels were expressed as copy numbers per cell, with DNA template
normalized by the amplification of the B-globin gene. NC: negative control or 70 °C

inactivated wt virus.

111



55 Discussion

In the present study, we investigated the interactions of various IN mutants with host cell
chromatin and LEDGF/p75 by cell-based chromatin binding and Co-IP assays. In
addition to previously described LEDGF/p75-binding defective IN mutants V165A,
Al179P, KR186,7AA [169, 172, 292], this study also identified several new IN mutants,
including K159P, V176A and 1203P, which reside in a4 to a6 helices of IN that lost the
ability to bind to both chromatin and LEDGF/p75. Interestingly, we also found that
several IN mutations, H171A, L172A and EH170,1AA, within the loop region
170EHLK;373 of IN, impaired the interaction with LEDGF/p75, but retained chromatin
binding ability. This suggests that the IN is able to bind chromatin independently of
LEDGF/p75. Consistently, our combined knockdown approach for LEDGF/p75 also
failed to dissociate IN from chromatin. Moreover, we have also tested the effect of these
IN mutants on HIV-1 infection, and our results revealed that the viruses harboring the IN
mutants incapable of binding chromatin completely lost infectivity. However, viruses
bearing IN mutants with chromatin-binding ability still sustained low levels of viral
infection. All of these results clearly indicated that while the LEDGF/p75-binding ability
of IN is important for productive HIV-1 replication, the IN has the ability to bind
chromatin in a LEDGF/p75-independent manner and is sufficient to sustain a low level
of HIV-1 infection. Taken together, these data confirmed the hypothesis that LEDGF/p75

is not strictly required for IN binding to chromatin.

5.5.1 Mutational analysis of chromatin- and LEDGF/p75-binding of IN within

CCD
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The results showed that IN mutants K159P, A179P and 1203P located at the a-helices 4,
5 and 6 specifically affected both chromatin- and LEDGF/p75-binding abilities. Since
introducing Pro often bends the amino-acid backbone and affects the secondary structure
of the protein, it could be possible that introducing Pro mutations disrupts o-helix
formation and hampers both chromatin- and LEDGF/p75-binding abilities. Indeed, this
could be the case for the IN mutant 1203P because another mutant 1203A was able to
efficiently bind host DNA and LEDGF/p75 (Figure 11 and 12 compare lane 14 to 15).
However, given the fact that both A179P and A179I lost binding to host chromatin, the
A179 residue may be directly involved in interacting with host chromatin (Figure 11 and
data not shown for A1791). Nevertheless, the chromatin-binding phenotype of K159P,
A179P and 1203P IN mutants suggest the involvement of a-helices 4, 5 and 6 of IN in
host DNA recognition. Two other IN mutants that need to be addressed are KR186,7AA
and F185A. We have previously shown that the IN mutant KR186,7AA was severely
impaired in both chromatin- and LEDGF-binding affinities [292]. In this study, we
identified another mutant F185A that displayed a significant reduction in the interaction
with LEDGF and chromatin, but to a lesser extent than that of KR186,7AA. The K186
and R187 of IN, by crystallographic studies, are known to lie in the dimer-dimer
interface of IN [98, 99] and F185 has been implicated for tetramerization of IN [320]. So,
mutations at F185, K186 and R187 might affect IN oligomerization and further impair its
chromatin binding affinity. In addition, a recent study by Merad et al. revealed that a
helix-turn-helix (HTH) (residues 149-186) motif consists of two helices (helix 4 and
helix 5) and that the loop in between is involved in recognition of viral DNA [312].

Interestingly, in our study, IN mutants K159A, V165A, V176A, A179P, KR186,7AA are
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located within this region and were identified as chromatin-binding defective mutants.
Thus, the chromosomal attachment site within the IN CCD may also center on IN a-
helix 4 to a-helix 5, and this HTH motif could be critical for the recognition of both viral
and host DNA. However, how IN recognizes and binds both viral and host DNA
sequence to form an active integration complex remains an open question and requires

more detailed computational, experimental and structural investigations.

5.5.2 Uncoupled chromatin- and LEDGF/p75-binding of IN

However, the functional roles of LEDGF/p75 and its potential correlation with chromatin
binding of IN are of interest in our present study. It is well established that LEDGF/p75
serves as an IN-to-chromatin tethering factor, driving PICs to transcriptionally active
regions of host chromosomes [147, 168, 170]. Our previous results showed that
chromatin binding defective IN mutants (V165A, A179P, KR186,7AA) also fail to
interact with LEDGF/p75, suggesting that LEDGF-binding of IN might be linked to the
chromatin-binding affinity of IN [292]. Here, we attempted to select more IN mutants to
map both chromatin- and LEDGF/p75-binding sites within the CCD of IN. Results
showed that most of the IN mutants tested in this study lost both chromatin-binding and
LEDGF/p75-interacting abilities, highlighting the importance of LEDGF/p75 as a
tethering factor for IN chromatin targeting. Interestingly, two IN mutants, H171A and
L172A within the CCD of IN, displayed a different phenotype; they could not efficiently
interact with LEDGF/p75 yet still could bind chromatin (Figure 11 and 12, see also Table
1). This raises the possibility that the HIV-1 IN may still be able to target chromatin in

the absence of LEDGF/p75 association. Because H171 and L172 are located within or
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close to the loci of IN/LEDGF interface (a4/5 connector residues 166-171) [171], we
next focused on detailed chromatin- and LEDGF-binding affinities within the IN region
170EHLK;73. For this purpose, four IN double mutants, EH170,1AA, EK170,3AA,
HL171,2AA and HK171,3AA, were tested. Indeed, it was shown again that the IN
mutant EH170,1AA showed relatively high affinity with host chromatin but was unable
to bind LEDGF/p75 effectively, while the IN mutant HL171,2AA had defects on both the
chromatin- and LEDGF-binding affinities (Figure 13). These results suggest that the

HIV-1 IN is able to bind chromatin independently of LEDGF/p75.

Because the IN mutants H171A, L172A and EH170,1AA bound to chromatin but not
LEDGF/p75, we further reconfirmed the LEDGF/p75-independent chromatin binding of
wild type IN using the LEDGF/p75- knockdown cells. Our results showed that the
efficient knockdown of LEDGF/p75 had no significant effect on IN-chromatin
association, suggesting that the chromatin binding of IN might still take place in the
absence of LEDGF/p75. Meanwhile, we ruled out the possible effect of LEDGF/p75
knockdown on nuclear translocation of HIV-1 with wild type IN by observing the
intracellular localization of all the IN fusion proteins using immunostaining, which is
indeed consistent with the previous observation [154]. Most likely, the IN is still able to
target chromatin without preferential targeting sites in the absence of LEDGF/p75.
Consistently, previous studies have highlighted that the role of LEDGF/p75 during HIV-
1 integration is advantageous to HIV-1 integration but could be nonessential to the
process of integration [120, 170]. We speculate that, without the LEDGF/p75 tethering,
IN might still be able to bind chromatin, but it might lack the preferential selection site.

Also, it is possible that other unknown cellular factor(s) might contribute to the
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chromatin targeting of IN; such proteins should harbor both DNA-binding and IN-
binding domains similar to that of LEDGF/p75. Further efforts are underway to seek new

cellular partners involved in IN-to-chromatin targeting.

5.5.3 Astrict correlation between chromatin binding of IN and HIV-1 fitness

In an attempt to correlate IN chromatin-binding ability to its effect on virus infection, we
introduced IN mutants EH170,1AA, EK170,3AA or HL171,2AA into a VSV-G
pseudotyped HIV-1 single cycle replicating virus and investigated their effects on HIV-1
infection. As expected, viruses containing the IN HL171,2AA mutation, which lost both
LEDGF/p75- and chromatin-binding abilities, are unable to replicate (Figure 16). This
result is consistent with previous reports in which the impaired integration of proviral
DNA into host cell chromatin accounted for the replication defect of the L172 mutant
virus [321, 322]. Interestingly, another batch of viruses harboring the IN EH170,1AA
mutation, which fail to associate with LEDGF/p75 but are still able to interact with
chromatin, retain the infectivity towards the susceptible cell lines, although at a low
efficiency. This suggests that the chromatin association of IN, rather than LEDGF/p75
binding, is essential for HIV-1 infection. These results are consistent with the previous
study by Shun and his co-workers in which the LEDGF-null mouse embryo fibroblasts
were able to support approximately 10% of HIV-1 integration compared to control cells
[140]. These results again highlighted the importance of LEDGF/p75-binding property of
IN during HIV-1 replication. It is possible that the LEDGF-independent chromatin
binding of IN is still able to target viral PICs to host chromatin, but, without the escort of
LEDGF/p75, such IN-mediated “nonspecific” chromatin binding is less efficient and/or

could not efficiently target viral PICs to transcriptionally active sites in the chromatin
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and mediate a productive viral replication. Another interesting question is how IN is still
able to interact with host chromatin under a very low level of LEDGF/p75. Whether it is
through IN directly binding to host DNA or whether it requires other undefined
cofactor(s) for this process remains unclear and requires more detailed study. Successful
elucidation of the mechanism underlying how HIV-1 IN possesses a LEDGF/p75-
independent chromatin binding and identification of other IN-interacting cofactors
involved in this process will contribute to a better understanding of the action of IN
during HIV-1 replication and aid in development of efficient and comprehensive anti-

HIV strategies.

117



Chapter 6 (Published the paper entitled “Host protein Ku70 binds and protects HIV-1
integrase from proteasomal degradation and is required for HIV replication” in J Biol

Chem. 2011 May 20;286(20):17722-35.)

Increased stability of HIV-1 integrase by host protein Ku70 against

proteasomal degradation and its impacts on HIV replication

6.1 Rational

Recently, considerable interest has been focused on the functional interaction between IN
and host cellular proteins in the hope of disrupting their interactions, thereby blocking
HIV-1 replication. In an attempt to identify host cellular partners for IN, several research
groups have identified a number of IN cofactors using the yeast two-hybrid system, Co-
IP assays, or in vitro reconstitution of the enzymatic activity of salt-stripped PICs [150-
156]. A recent study by Studamire et al. found that 12 cellular proteins, including Ku70,
could bind to the INs of both the M-MLV and HIV-1 through screening with a yeast two-
hybrid system [150]. However, whether these cellular cofactors are associated with HIV-

1 IN during HIV replication and their functional relevance remain unknown.

Ku70 is well known as a DNA repair protein and part of the NHEJ pathway. For most
biological functions in which Ku70 participates, Ku functions as a heterodimer
consisting of Ku70 and Ku80, named according to their respective molecular weights of
70 and 80 kD. As part of NHEJ pathway, Ku70 has been suggested to participate in the
gap repair between viral DNA and host genome during HIV-1 integration [205]. Studies

have shown that the NHEJ pathway is important for retroviral transduction or infection
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and for the cell survival of HIV-1 infected or transduced cells [204, 206-209]. For
example, HIV-1-based vector transduction or infection was markedly reduced in cells
deficient in Ku80, DNA-PKcs, Xrcc4 or ligase 1V [206, 208]. Moreover, NHEJ activity
is required for 2-LTR circle formation, and Ku70 has been detected in M-MLV PICs [19,
208, 210, 211]. Ku80 was also shown to suppress HIV transcription by specifically
binding to a negative regulatory element within the LTR [212]. All of these observations
suggest that Ku70 or the K70/80 heterodimer may be involved in HIV-1 infection by
affecting multiple steps of the viral replication cycle, such as integration. In addition, a
novel deubiquitinating (DUB) enzymatic activity of Ku70 was recently described, in
which Ku70 has a regulatory effect on Bax-mediated apoptosis by decreasing the
ubiquitination of Bax and blocking Bax from proteasomal degradation [323]. However,
whether Ku70 also exerts a DUB effect on other identified binding partners of Ku70 and
how Ku70 interacts with the ubiquitin-proteasome pathway to deubiquitinate protein

substrates are still unclear.

6.2  Hypothesis

Two hypotheses of this project are: 1) host protein Ku70 interacts with HIV-1 IN and 2)

Ku70 is able to regulate IN expression and impacts on HIV-1 replication.

6.3  Objectives

1 Investigate whether host protein Ku70 regulates HIV-1 IN expression.
2 Verify the interaction of Ku70 and IN in transfected overexpression system and
under physiological infection condition.

3 Examine the roles of Ku70 in HIV-1 replication.
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6.4 Results

6.4.1 Cellular protein Ku70 protects HIV-1 IN from proteasomal degradation

As a part of the NHEJ machinery, the host protein Ku70 has been shown to participate in
HIV integration and in the circularization of unintegrated viral DNAs [209, 211].
Interestingly, based on the results of a yeast two-hybrid assay, a recent study indicated
that HIV-1 IN may bind to Ku70 [150], suggesting a direct association between HIV-1
IN and Ku70. To further investigate this viral/host protein interaction, we coexpressed
Ku70 (T7-tagged Ku70) and HIV-1 IN (IN-YFP) in 293T cells and analyzed their
interaction after 48 h of transfection. Surprisingly, our results revealed that T7-Ku70
overexpression significantly increased IN expression (Figure 17A, lanes 1 and 2).
However, the coexpression of Ku70 with another HIV-1 protein, MA (MA-YFP), did not
change the MA expression level (Figure 17A lanes 3 and 4). This suggests that Ku70 is
able to increase IN expression. Alternatively, Ku70 could protect the IN protein from

degradation [216].

To further test whether endogenous Ku70 could exert the same activity and whether it is
due to a protective effect, we first knockdown the Ku70 expression using specific SiRNA
in 293T (Figure 17B) or HelLa cells (Figure 17C) and checked the level of GFP-IN
expression by WB or fluorescence microscopy (Figure 17B and 17C). To increase IN
expression under normal conditions, we used a pAcGFP-IN with a codon-optimized IN
sequence (GFP-INopt). The results showed that IN expression in Ku70- knockdown
cells was significantly decreased when compared with IN expression in SiNC cells

(Figure 17B, compare lanes 1 and 2; 1C, compare A1-3 and B1-3). Interestingly, in the
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presence of the specific proteasome inhibitor MG-132, IN expression in Ku70-
knockdown cells was remarkably increased, reaching levels similar to those in SiNC-
transfected 293T and HelLa cells (Figure 17B, compare lanes 4 and 3; 1C, compare C1-3
and D1-3). Thus, these results clearly indicate that Ku70 is able to protect IN from

proteasomal degradation.

6.4.2 Ku70 is able to interact with HIV IN in both 293T cells and HIV-1 infected T

cells

Given that Ku70 is able to protect HIV-1 IN from proteasomal degradation, we next tried
to reveal the molecular mechanisms underlying this effect. Because Ku70 has been
implicated as an HIV-1 IN cofactor [150], it is possible that IN could escape from the
host proteasomal degradation machinery by directly interacting with Ku70. Therefore,
we further investigated the interaction between HIV IN and host protein Ku70 under
more physiological conditions by using a Co-IP approach in 293T cells and HIV-1

infected CD4+ C8166 T cells.

First, a CMV-Ku70 expressor and GFP or GFP-INwt plasmid were co-transfected into
293T cells. To prevent IN degradation, MG-132 (10uM) was added to the cells at 12 h
before cell lysis. The cells were then lysed and immunoprecipitated with anti-GFP
followed by a WB using anti-Ku70. We found that GFP-IN, but not GFP, was able to
pull down Ku70 (Figure 18A). Given that both Ku70 and IN are DNA binding proteins,
we added DNase | in the cell lysate during the Co-IP assay and found that GFP-IN still
bound to Ku70 with DNase | treatment, suggesting a direct protein-protein interaction

(data not shown). Considering that the protein-overexpression system might not
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necessarily reflect normal functional binding of IN/Ku70, we also tested the authentic
interaction of IN/Ku70 in HIV-1-infected cells (Figure 18B). To do this, C8166 CD4+ T
cells were infected with HIV-1 HxBru or HxBru-IN-HA viruses. In the provirus HxBru-
IN-HA, an HA tag was inserted at the C-terminus of IN [109], allowing us to pull down
HIV-1 IN-associated cellular proteins by using anti-HA antibody in the Co-IP assay. At
72-96 h post-infection, the C8166T cells were lysed, and the cell lysates were subjected
to Co-IP assay to detect IN-bound endogenous Ku70 in the infected cells. The results
showed that Ku70 was coprecipitated with IN-HA from HxBru-IN-HA-infected cells, but
not from mock C8166T cells or HIV HxBru-infected C8166 T cells (Figure 18B, upper
panel). The same immunoblot was reprobed with anti-HA to detect the presence of IN-
HA (Figure 18B, second panel). Similar levels of endogenous Ku70 and viral Gag-p24
in HxBru- and HxBru-IN-HA-infected cells (Figure 18B, third and fourth panel) served
as input controls. Together, these results convinced us that the DNA repair protein Ku70

is an authentic, newly described host cofactor for IN.

To delineate the Ku70-binding domain of IN, seven previously described IN N-terminal
or C-terminal deletion mutants, including GFP-IN 1-230, 1-250, 1-270, 50-288, 112-
288 and one substitution mutant, GFP-INKR186,7AA [285, 292], were used to test Ku70
binding ability (Figure 18C). The results revealed that GFP and GFP-IN1-230 did not
bind to Ku70 (Figure 18D, lanes 1, 3, and 8), while other truncated GFP-IN mutants (1-
250, 1-270, 50-288, and 112-288) and the point mutant KR186,7AA still retained their
Ku70-binding ability (Figure 18D, lane 2, 4-7, and 9). KR186,7AA, a well-

characterized oligomerization-defective mutant of IN [79, 89], still bound Ku70,
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Figure 17 Effects of Ku70 on the stability of HIV-1 IN. A) 293T cells were

cotransfected with IN-YFP or MA-YFP and T7-Ku70 wt for 48 h. Expression of IN-
YFP (lanes 1 and 2) and MA-YFP (lanes 3 and 4) were detected by IP with rabbit anti-
GFP antibody and anti-GFP-HRP antibody in a WB (upper panel). An aliquot of cells
(about 5%) was collected and checked for T7-Ku70 wt and B-actin expression (middle
and lower panels). B) Proteasome inhibitor MG-132 treatment restores IN expression in
Ku70- knockdown 293 T cells. After transfection with 5 nM siKu70 or the SiRNA
negative control (SiNC) for 48 h, 293T cells were transfected with optimized IN (GFP-
INopt) for another 48 h. The control and knockdown cells were treated with or without 1
uM MG-132 for 12 h prior to harvesting. The expression of GFP-INopt was detected by
direct loading of protein samples onto a 10 % SDS-PAGE gel using HRP-conjugated
anti-GFP antibody in a WB (lanes 1-4), and the same membrane was probed with anti-f3-
actin antibody to assess protein loading. Ku70 knockdown efficiency was detected by
mouse anti-Ku70 antibody in WB (lanes 5 and 6) and a-tubulin was used as the protein-

loading control in each sample. (C) The effects of Ku70 on HIV-1 IN expression were
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confirmed in HeLa cells by direct fluorescence. HelLa cells were treated with 5 nM
siKu70 or siNC for 48 h prior to transfection with GFP-INopt. After another 48 h, GFP-
positive HeLa cells without MG-132 (Al1-4, B1-4) or with 12 h treatment of 10 uM MG-

132 (C1-4, D1-4) were examined by fluorescence microscopy.
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corresponding antibodies to assess the expression levels of IN and Ku70 (lower panels of
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lanes 1 and 2). B) C8166 CD4+ T cells were mock infected or infected with HIV-1
HxBru or HxBru-IN-HA, as indicated. Cells were collected at 72 h post-infection, and
the cell lysates were immunoprecipitated with anti-HA antibody and immunoblotted with
anti-Ku70 antibody to detect IN-associated Ku70 in HIV-1-infected T cells (upper panel).
The same membrane was then reprobed with anti-HA antibody to detect IN-HA
expression (second panel). The same amount of cells was assessed for Ku70 expression
prior to Co-IP, serving as the immunoprecipitation input (third panel). The p24 levels in
the infected cells were checked with anti-p24 antibody (lower panel). C) Schematic
representation of the GFP-IN wild type, seven IN deletion mutants and site mutant
KR186,7AA. D) The C-terminus of IN is required for IN/Ku70 interaction. GFP or
various GFP-IN wt/mutants were co-transfected with T7-Ku70 (lanes 1-8) into 293T
cells, and their interactions were studied by Co-IP assay. Cells were treated with MG-
132 at a concentration of 10 uM for 12 h prior to Co-IP analysis. IN-bound Ku70 was
detected by IP with anti-GFP antibody and WB with anti-Ku70 antibody (upper panel).
Total cell lysates were analyzed for GFP-INwt/mutants and Ku70 expression (middle and

lower panel; input: 5% of total cell extract).
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suggesting that multimerization of IN is not required for IN/Ku70 interaction (Figure
18D, lane 9). Overall, our analysis suggested that the C-terminal half of IN (IN112-288)
is sufficient to bind to Ku70. Therefore, more detailed studies are still required to

identify the critical motif(s) in HIV IN for Ku70 binding.

6.4.3 The Ku70 truncated mutant Ku701-430 interacts with HIV IN, but cannot

form a heterodimer with Ku80

To define the IN-binding region within Ku70, expressors for four T7-tagged Ku70
deletion mutants (1-263, 1-430, 226-609 and 430-609) were constructed (Figure 19A)
and cotransfected with GFP-IN or the expressor into 293T cells. Based on a previous
mutational analysis indicating that the minimum region for DNA binding within the
Ku70 core region was estimated to be in the around aa 263-430, 1-263 and 1-430
mutants were constructed; Ku70 226-609 was shown to be defective for DNA-PK
activity and DNA binding in the same study [324]. The Ku70 430-609 mutant was
sufficient for the heterodimerization of Ku70/80 but lost DNA end-binding ability in the
two-hybrid analysis [182]. In parallel, 293T cells cotransfected with T7-Ku70 and GFP
plasmids were used as a negative control. The results showed that T7-Ku70wt and
deletion mutant T7-Ku701-430 were coimmunoprecipitated with GFP-IN (Figure 19B,
upper panel). Interestingly, T7-Ku70 1-430 displayed a higher binding affinity for IN
than T7-Ku70wt (Figure 19B, upper panel, compare lane 4 to 2). Because the N-
terminal truncation (1-263) of Ku70 did not interact with IN (Figure 19B, upper panel,
lane 3), whereas T7-Ku70 1-430 showed a strong binding affinity, the aa 263-430 region

of Ku70 is probably necessary but not sufficient for IN interaction. However, another
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Ku70 mutant, 226-609, which also encodes the aa 263—430 region, failed to interact
with GFP-IN (Figure 19B, upper panel, lane 5), suggesting that another important
binding domain might exist within the N-terminus (1-226) of Ku70. Therefore, both the

N-terminal domain and the core domain of Ku70 are suggestive of binding surface for IN.

Ku70 forms a heterodimer with Ku80, the heterodimerization which has been shown to
contribute to many cellular processes. For example, the heterodimerization of Ku70/80
is essential for activating DNA-PK and DNA repair and important for their nuclear
translocation [324, 325]. One might ask whether Ku80 is also involved in the IN/Ku70
interaction or if IN interacts with Ku70 indirectly through Ku70/80 heterodimerization.
To address this question, we performed a Co-IP assay in which T7-Ku70wt or T7-
Ku701-430 was transfected into 293T cells. At 48 h post-transfection, cell lysates were
immunoprecipitated with anti-T7 antibody followed by WB with an anti-Ku80 antibody.
In agreement with our previous findings, T7-Ku70 wt was able to pull down endogenous
Ku80 (Figure 19C, lane 2, upper panel). Interestingly, the deletion mutant T7-Ku701-
430, which efficiently binds IN, could not form a heterodimer with Ku80 (Figure 19C,
lane 3, upper panel). This result indicates that T7-Ku701-430 binding to IN was
independent of Ku80. Thus, the heterodimerization of Ku70/80 may not be required for

IN/Ku70 interaction.

6.4.4 Ku 70 protects IN from degradation by reducing the total ubiquitination

level in the host cells and by IN/Ku701-430 binding

The results above showed that Ku70 binds and protects IN from proteasomal degradation;
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Figure 19 The N-terminus (1-430) of Ku70 binds IN and IN/Ku70 interaction is
independent of the heterodimerization of Ku70/80. A) Schematic diagrams depict the
different T7-Ku70 wt/mutant constructs used in the domain-mapping experiments. The
full length of T7-Ku70 is shown at the top, as indicated. B) Interaction of GFP-IN with
T7-Ku70 wt/mutants. GFP or GFP-INwt was cotransfected with T7-Ku70wt/mut in
293T cells for 48 h. MG-132 (10 uM) was added to the cells 12 h prior to cell lysis to
enhance protein expression. The Co-IP assay was performed to map the IN binding
region in Ku70 using anti-GFP antibody IP, and a WB using anti-T7 antibody was
performed to detect IN-bound T7-Ku70wt/mut (upper panel). GFP, GFP-IN and T7-
Ku70wt/mut expression were checked by immunoblotting with anti-GFP or anti-T7
antibodies, respectively (middle and lower panels). C) T7-Ku701-430 cannot form a
heterodimer with Ku80. 293T cells were mock transfected or transfected with T7-Ku70

wt and the aa 1-430 truncation mutant for 48 h. Heterodimerization of Ku70/80 was
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determined by Co-IP with anti-T7 antibody and WB using mouse anti-Ku80 antibody to
detect T7-Ku70-bound endogenous Ku80 (upper panel). About 5% of the cell lysates
(input) were checked for the expression of T7-Ku70wt/mutants by WB using anti-T7

antibody (lower panel).
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however, the detailed mechanisms underlying the degradation of IN through the
ubiquitination-proteasome pathway remain unclear. Proteins tagged with ubiquitin can
be monoubiquitinated or polyubiquitinated. The polyubiquitination chains are formed
between the C-terminal residue Gly 76 of ubiquitin and any other internal Lys within the
ubiquitin molecule (Lys 6, 11, 27, 29, 33, 48 or 63) through an isopeptide bond [326,
327]. The two most important polyubiquitination chains are the K48- and K63-linked
chains, with the K48-linked polyubiqutination chain recognized by the 26S proteasomal
pathway for degradation and the K63-linked polyubiquitination chain implicated in
postreplicative DNA repair [328]. To analyze the ubiquitin-proteasome pathway involved
in IN degradation, HA-Ub mutants K48R and K63R were included in our study, having
mutations of K48 and K63 to Arg that were expected to disrupt G76-K48 and G76-K63
polyubiquitination-chain formation, respectively.  First, HA-Ubwt or mutant HA-
UbK48R, HA-UbK63R were cotransfected with the IN expressor (GFP-IN) into 293T
cells. At 48 h post-transfection, cells were lysed in 0.25% NP-40 and subjected to a Co-
IP assay using anti-GFP antibody to pull down GFP-IN, followed by WB with anti-GFP
and anti-HA antibodies to detect HA-Ub tagged IN-associated proteins (Figure 20A,
upper and middle panels). Simultaneously, HA-Ub expression levels in the cells were
also checked (Figure 20A, lower panel). The data showed that GFP-IN protein levels in
the HA-UbK48R overexpression cells were much higher than in HA-Ubwt- and HA-
UbK63R-transfected 293T cells (Figure 20A, upper panel; compare lane 3 to lanes 2 and
4). Similarly, the ubiquitination level of IN-associated protein expression was the
highest in the HA-UbK48R-transfected sample (Figure 20A, middle panel). The HA-

tagged ubiquitination signal (Figure 20A, middle panel) was from a pool of ubiquitinated
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IN and unknown IN-bound cellular proteins. The observation of increased levels of
ubiquitinated IN-associated proteins in HA- UbK48R cotransfected cells was expected
given the fact that the immunoprecipitate input or GFP-IN (Figure 20A, upper panel) was
the highest and that all the IN-associated proteins subjected to the UPS for degradation
were accumulated due to the defective K48-linked polyubiquitination proteasome
degradation pathway. However, similar levels of HA-Ubwt, HA-UbK48R, and HA-
UbKG63R were detected in the cell lysates (Figure 20A, lower panel). The highest IN
expression was detected in the HA-UbK48R expression cells, clearly suggesting that
GFP-IN is degraded though the K48-linked polyubiquitination proteasomal degradation

pathway.

To further investigate how Ku70 affects IN stability, we studied the ubiquitination level
of IN in the presence of both T7-Ku70 and HA-Ub. As T7-Ku701-430 showed a strong
binding affinity with IN (Figure 19), we also included this T7-Ku70 deletion mutant to
determine if the interaction of Ku70/IN plays a role in the stability and ubiquitination of
IN. As expected, GFP-IN expression in the cells transfected with T7-Ku70wt and T7-
Ku701-430 deletion mutants were 1.47+0.11 and 1.78+0.24 fold increased compared to
cells transfected with the empty vector (Figure 20B, upper panel; compare lanes 3 and 4
to lane 2). The total ubiquitin expression level detected in the whole-cell extract was
dramatically reduced in the presence of wild-type Ku70 (Figure 20B, lane 3, third panel).
Consistently, the Co-IP data showed that ubiquitinated IN-bound proteins also
remarkably reduced by 4.58+0.51 fold in the presence of wild-type Ku70 (Figure 20B,
lane 3, second panel). Interestingly, T7-Ku701-430 was still able to protect IN (Figure

20B, first and third panels, lane 4) and significantly reduced the level of HA-tagged
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ubiquitination signal in IN-bound proteins in the presence of T7-Ku701-430 by
1.18+0.19 fold (Figure 20B, second panel; compare lane 4 to lane 2; the percentage is
normalized by total HA-ubiquitin level in the third panel), even though it did not affect
the overall ubiquitin level in the cells (Figure 20B, third panel; compare lane 4 to lane 2).
These results thus indicate that even though T7-Ku701-430 lacks the activity to reduce
total ubiquitin level, as wild-type Ku70 does, it can protect IN by specifically reducing
the ubiquitination of IN and its associated proteins. Based on these results, we conclude
that Ku70 protects IN through two mechanisms: Ku70 reduces total ubiquitination level
in the cells and reduces the ubiquitination of IN and IN-bound cellular proteins through

their interaction.

We then tested whether Ku70 affects specific lysine-linked polyubiquitination
proteasomal degradation pathways. The T7-Ku70 expressor was cotransfected with HA-
Ubwt, HA-UbK48R, or HA-UbKG63R into 293T cells. The results showed that, in the
presence of Ku70, overall HA-Ub expression was still greatly reduced even though Ub
cannot form K48- or K63-linked polyubiquitin chains (Figure 20C). This observation
was confirmed by the fact that the down-regulation of Ku70 increased ubiquitin levels in
the cells. We established a stable Ku70- knockdown CD4+ C8166 T-cell line by
transducing C8166 CD4+ T cells with a lentiviral vector carrying Ku70 shRNA. In
parallel, the control cell line was transduced with an empty lentiviral vector. After
puromycin selection, control cells and Ku70- knockdown cells were checked for Ku70
knockdown efficiency by WB (Figure 20D, lower panel). These cells were then used to
detect endogenous ubiquitin levels. The results showed that the ubiquitin levels were

higher in the Ku70- knockdown cells than in the empty-vector-transduced cells (Figure
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Figure 20 IN is degraded through the K48-linked polyubiquitination proteasomal
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pathway, and Ku70 protects IN by reducing the overall ubiquitination level in the cells
and partially blocking ubiquitination of IN and its bound cellular proteins. A) IN is
degraded through K48-linked polyubiquitination. 293T cells were mock transfected or
cotransfected with GFP-IN and HA-Ub wt or HA-UbK48R, HA-UbKG63R for 48 h, as
indicated. The ubiquitination levels of IN and IN-associated proteins were checked by IP
with anti-GFP antibody and anti-HA antibody in a WB (middle panel). The same
membrane was reprobed with anti-GFP antibody to detect GFP-IN expression in each
sample (upper panel). About 5% of the cells prior to Co-IP were lysed in 0.5% NP-40,
and the protein contents were subjected to WB to detect total HA-Ub levels in the cells
using anti-HA antibody (lower panel). B) Ku70 protects IN from degradation by
targeting the cellular ubiquitin-proteasome pathway and reducing ubiquitin binding to IN.
293T cells were mock transfected (lane 1) or cotransfected with GFP-IN, HA-Ubwt and
T7 vector or T7-Ku70 wt, T7-Ku701-430 (lanes 2—-4). The Co-IP assay was done at 48 h
post-transfection using anti-GFP antibody to pull down IN and its associated proteins and
using immunoblotting with anti-HA antibody to determine the ubiquitination level of IN
and its associated proteins (second panel). The same membrane was reprobed with anti-
GFP antibody to examine GFP-IN expression (first panel). Simultaneously, equal
amounts of total cellular proteins (about 5% of the total cell lysates) were resolved on an
SDS-PAGE gel and immunoblotted with anti-HA and anti-T7 antibodies to determine the
expression levels of the transfected protein expressors (third and fourth panels). B-actin
was used as a loading control (lowest panel). C) Reduction of ubiquitin level by Ku70 is
independent of the K48- and K63-linked polyubiquitination proteasomal pathway. 293T

cells were transfected with HA-Ubwt/mut with T7-Ku70 or T7 vector for 48 h. Cells
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were lysed and analyzed for HA-Ub expression using anti-HA antibody in a WB. On the
same membrane, B-actin was used as a protein-loading control. D) Endogenous
ubiquitin levels were increased in Ku70-down-regulated cells. C8166 T cells were
transduced with empty vector or lentiviral vector expressing a sShRNA against human
Ku70 and selected with 1 pg/mL puromycin. After one week of selection, equal amounts
of control or stable Ku70- knockdown cell lines were collected and lysed. The
expression levels of ubiquitin, Ku70 and beta-actin were assessed by WB using specific

antibodies.

136



20D, upper panel). Taken together, we demonstrate here that Ku70 is able to protect HIV
IN from degradation by down-regulating cellular ubiquitin levels and simultaneously

preventing the ubiquitination of IN and its associated cellular proteins.

6.4.5 Ku70 knockdown impairs HIV-1 replication

Given that Ku70 is able to bind HIV IN and protects IN from degradation, it was
interesting to test whether and how Ku70 contributes to HIV-1 replication. To do so, the
empty-vector-transduced and Ku70-knockdown C8166 T cells were infected with
pNL4.3-GFP+ viruses at an MOI of 0.5 (Figure 21A) or 0.05 (Figure 21B) for 2 h, and
the viral replication kinetics were monitored. The infection was examined at different
time intervals by harvesting virus-laden supernatant and checking for HIV-1 p24 antigen
release. Figure 21A shows that at the MOI of 0.5, HIV infection in Ku70- knockdown
C8166 T cells was reduced by approximately 50% at four and five days post-infection
compared to the control cells (Figure 21A). However, when Ku70- knockdown cells
were infected with a lower MOI of 0.05, viral infection was undetectable by measuring
HIV p24 levels up to 11 days. However, in the control cells, viral replication peaked at
day nine (Figure 21B). Interestingly, Ku70 knockdown completely inhibited low-MOI
HIV-1 infection but only reduced high-MOI viral infection by 50%. This could be due to
the fact that the infection of a large amount of viruses produced from normal T cells may
at least partially overcome the shortage of Ku70 inside the target cells and establish an
efficient first cycle of replication in Ku70- knockdown cells. If this is the case, we
reasoned that virus produced from Ku70- knockdown cells should have a significantly

lowered infectivity compared to the virus produced from the normal cells. To test this
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possibility, we infected empty-vector-transduced and Ku70- knockdown C8166 T cells
with the same amounts of pNL4.3-GFP+ virus (normalized by p24 ELISA) produced
from either empty-vector or Ku70- knockdown C8166 T cells at an MOI of 5. At three
days post-infection, virus-laden supernatants were harvested and checked for p24 antigen
production by p24 ELISA. Consistent with the above results, when cells were infected
with virus produced from empty-vector-transduced cells (empty-vector virus or E-virus),
there was only a two fold difference in Ku70- knockdown cells compared to its infection
in empty-vector cells (Figure 21C; compare bars 1 and 2). However, when empty-
vector-transduced cells were infected with either E-virus or Sh-virus produced from
Ku70- knockdown cells, there was an approximately five fold reduction of Sh-virus
infection (Figure 21C; compare bars 1 and 3). Strikingly, Sh-virus infection in Ku70-
knockdown cells exhibited more severe impairment, with a 16-fold reduction in viral
infectivity compared with the E-virus infection in empty-vector-transduced cells (Figure
21C; Compare bars 1 and 4). Overall, this group of results indicates that down-
regulation of Ku70 in both HIV-producing and target cells significantly impairs viral

replication.

To investigate at which early step(s) of viral replication is blocked by Ku70- knockdown,
infected C8166 T cells as described above (at an MOI of 5) (Figure 21C) were harvested
at 24 h post-infection and DNA were isolated and assessed for late RT, 2-LTR circles and
integrated DNA by qPCR [285]. Results revealed that Late RT products in the Ku70-
knockdown C8166T cells did not showed significant reduction when compared with
normal empty vector transduced cells (p>0.05, compare Figure 21D left, bar 3 to bar 2),

while Late RT product was about 50% reduced compared with Ku70- knockdown cells
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infected with sh-virus (p<0.05, compare Figure 21D left panel, bar 4 to bar 2). Strikingly,
2-LTR and integrated DNA in shKu70 knockdown cells infected with either normal E-
virus or sh-virus were undetectable under current assay condition (p<0.01, Figure 21D
middle and right panel, bar 3 and 4). 2-LTR circles formation is indicative of nuclear
import [21], but it also requires proper circularization by host DNA repair enzymes [211,
329]. For example, depletion of NHEJ pathway components ( Ku80, XRCC4, Ligase V)
resulted in 2-LTR formation undetectable or reduced [211, 329]. Undetectable 2-LTR
circle formation in Ku70- knockdown cells infection with both normal E-virus and sh-
virus could be due to insufficient DNA circularization by Ku70- knockdown in the target
cells (Figure 21D, middle panel, bar 3 and 4). All of these results indicate that the
presence of Ku70 is required for an efficient viral reverse transcription and necessary for

viral integration.

6.4.6 Host protein Ku70 is incorporated into viral particles and stabilize IN

expression

Because virus produced from Ku70- knockdown cells cannot infect C8166 cells
efficiently, we first checked whether Ku70 knockdown leads to a defective maturation of
the HIV-1 particle. The progeny viruses produced from empty-vector-transduced cells
and Ku70- knockdown C8166 T cells were normalized by p24 value and loaded onto an
SDS-PAGE gel. Simultaneously, infected C8166 T cells were lysed and also subjected to
the same analysis. Next, anti-p24 and anti-IN antibodies were used to check for the
presence of p24 and IN in the virions and infected cells. We did not detect any difference

in the p24/IN ratio in the E-virus and sh-virus nor in the infected cells (Figure 22A,
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upper panel). This suggests that the virus Gag-pol processing remained unaffected in the
progeny virus produced from Ku70- knockdown cells. To examine the RT activity in the
virions produced in Ku70- knockdown cells, the same amounts of viruses (normalized by
p24 ELISA) from either empty-vector-transduced cells or Ku70- knockdown cells were
lysed and subjected to a reverse-transcriptase assay (Roche). There was no significant
difference in viral RT activity observed between normal and Ku70- knockdown cells
(Figure 22A, lower panel). All of these data suggest that Ku70- knockdown does not

affect the processing of Gag/Gag-Pol or virus maturation.

The observation that the Ku70- knockdown phenotype resulted in defective progeny
virus (Figure 21) implies that Ku70 might be packaged into the progeny virus particles
affecting HIV-1 replication. To test this hypothesis, we checked for the presence of
Ku70 in the HIV virion. Briefly, the C8166 T cells were mock infected or infected with
HIV pNL4.3-GFP at an MOI of 1 for 2 h. Virions were isolated four days after infection
on a 20% sucrose gradient by ultracentrifugation (35,000 rpm) for 1.5 h. Virions were
lysed in RIPA buffer and precipitated in 20% TCA to concentrate their protein contents
before WB analysis. Simultaneously, the infected or uninfected C8166 T cells were
lysed and analyzed by WB. Note that Ku70 was detected in the virions prepared from
infected cells but not in the mock-infected cells (Figure 22B, upper panel). Additionally,
the presence of p24 in the virions and the cells was detected by immunoblotting with

anti-p24 antibody on the same membrane (Figure 22B, upper panel).

To verify that Ku70 incorporation into HIV-1 virion is mediated by IN, the VSV-G
pseudotyped HIV-1 single cycle infection system was used. Vpr-RT-IN or Vpr-RT was

transcomplemented with VSV-G and RT/IN/Env gene-deleted NLIucABgIARI provirus
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into 293T cells to produce IN+ and IN- virus (Figure 22C). The viruses were collected
and ultracentrifuged through 20% sucrose at 35,000 rpm for 2 h. Since subtilisin
treatment can effectively remove the proteins (either microvesicles or exosomes) outside
the virions of purified HIV-1 virions [330], the IN+ and IN- virus were treated with 0.1
mg/ml subtilisin to remove potential contamination outside the virion. As shown in
Figure 22B (lower figure), Ku70 expression is dramatically higher in IN+ virus than IN-
virus without subtilisin treatment (compare lane 2 with lane 3, upper panel). However,
when virions were treated with subtilisin, Ku70 was evidently detected in IN+ virus but
not IN- virus (lane 5-6, upper panel). IN and p24 expression in both viruses were
monitored by blotting with anti-IN and anti-p24 antibodies. = Meanwhile, Ku70
expressions in mock transfected or transfected cells were assessed (Figure 22B. lower
panel). Taken together, these results suggest that mediated by IN, Ku70 is incorporated

into the HIV-1 particle.

The above results (Figure 22B and Figure 17) suggest that virus-associated Ku70 might
stabilize IN or protect it from degradation in the infected cells. To investigate the
protective roles of Ku70 on IN during viral infection, we assessed IN expression in the
presence or absence of Ku70 during VSV-G pseudotyped HIV-1 single cycle infection.
To do so, we have constructed Vpr-RT-IN-ProLabel (Vpr-RT-IN-PL) plasmid with
ProLabel tag in the C-terminal of IN which enables us to quantify IN expression by
measuring ProLabel activity (Figure 22C). Vpr-RT-IN-PL is cotransfected with VSV-G
and NLIucABgIARI provirus into 293 T cells to produce single cycle IN-PL virus (Figure
22C). C8166 T cells were first infected with the same amount of normal IN-PL virus or

virus produced from shKu70- knockdown 293T cells (normalized by p24 ELISA) and
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washed thoroughly at 3 h post-infection and collected half of the cells. The rest of cells
were harvested at 8 h post-infection. All the cells were lysed and measured for IN-
ProLabel activity. The result showed that when C8166 T cells were infected with virus
produced from normal 293T cells, IN level remains unchanged after 8 h post-infection,
as compared to that at 3 h post-infection (Figure 22C, lower panel, compare bar 2 to bar
1). When Ku70- knockdown C8166 T cells were infected with virus produced from
normal 293T cells, IN level remained 77% after 8 h post-infection, as compared to that at
3 h post-infection (Figure 22C, lower panel, compare bar 4 to bar 3). Remarkably, When
Ku70- knockdown C8166 T cells were infected with virus produced from Ku70-
knockdown 293T cells, at 8 h post-infection, the IN level was reduced to approximately
34%, as compared to that at 3 h post-infection (Figure 22C, compare bar 6 to bar 5). All
these results together suggest that Ku70 present in the progeny virus and in the target

cells contribute to stabilizing IN in the early stage of HIV-1 replication.
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Figure 21 Differential replication kinetics in Ku70-KD C8166 T cells with different
titers of viral infection. A, B) HIV-1 replication kinetics in Ku70-KD or empty-vector-
transduced C8166 T stable cell lines at a high MOI of 0.5 (A) or a low MOI of 0.05 (B).
Lentiviral ShRNA targeting Ku70 or empty-vector-transduced C8166 T stable cell lines
were infected with different doses of pNL4.3-GFP virus for 2 h. At subsequent time
intervals, the supernatants were collected, and viral replication was monitored by
measuring HIV-1 p24gag levels. The data shown are the means and standard deviations
of p24 values from duplicate wells in one infection assay and are representative of three
independent experiments. C) Ku70 KD inhibited the infectivity of progeny virus.
pPNL4.3-GFP viruses produced from empty-vector-transduced or shKu70 KD C8166 T
cells were normalized by p24 and used to infect both empty-vector-transduced and
shKu70 KD C8166 T cells. Viral replication was monitored by p24 ELISA at three days
post-infection. D) Ku70 KD impaired 2-LTR formation and integration of proviral DNA.
Stable Ku70-KD or empty-vector C8166T cells were infected with the same amount of
pPNL4.3-GFP viruses produced from either empty-vector-transduced C8166T cells or
shKu70-KD cells for 24 h. The cellular genomic DNA was extracted and quantified for
HIV-1 late RT, 2-LTR and integrated DNA by real-time PCR. Infection with 70°C heat
inactivated virus was served as a negative control (Bar 1). Data are representative of two
independent experiments performed in duplicate, shown as mean £ SD. The statistical
significance is denoted as * for p value < 0.05 and ** for highly significance with p value

<0.01. KD: knockdown.
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replication. A) Knockdown of Ku70 does not affect the p24/IN profile in the virions or
virus-producing cells. HIV pNL4.3-GFP virus produced from empty-vector-infected and
shKu70-KD C8166 T cells were pelleted through a 20% sucrose cushion and dissolved in
RPMI-1640. Viral particles with the same amounts of p24 and equal amounts of infected
cells were lysed, separated by SDS-PAGE and immunoblotted with anti-IN and anti-p24
antibodies (upper panel). The data shown represent two independent experiments. The
same amount of pNL4.3-GFP virus (normalized by p24) produced from empty-vector-
transduced and shKu70 KD C8166 T cells were analyzed for HIV reverse transcription
activity with a Reverse Transcriptase Assay kit (Roche). The data are shown as the
amount of RT in each well, reported in pg/well, representing the means and standard
deviations from viruses produced in two independent experiments (lower panel). B)
Upper panel: Ku70 is present in the HIV-1 virion. C8166 T cells were infected with
pPNL4.3-GFP virus or uninfected. After four days of infection, supernatants were
centrifuged through a 20% sucrose cushion at 35,000 rpm for 2 h at 4°C. Pellets were
dissolved in RIPA buffer and subjected to a TCA-precipitation assay. Protein contents in
the viruses and the cells were analyzed by WB using anti-Ku70 and anti-p24 antibodies
to determine the presence of various proteins. Lower panel: Ku70 incorporation into
HIV-1 virion is dependent on IN. The Vpr-RT-IN or Vpr-RT expressor was cotransfected
with VSV-G and NL4.3lucABgIARI to produce single cycle IN+ and IN- virus. The
viruses were subjected to Subtilisin resistance assay as described in Material and
Methods. Virus-associated Ku70, IN and p24 were analyzed by WB. Endogenous Ku70
expressions in the transfected 293T cells were checked by blotting with anti-Ku70

antibody. C) Upper panel: schematic structure of RT/IN/Env deleted HIV-1 proviruses
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NL4.3lucABgIARI and of the Vpr-RT-IN, Vpr-RT, Vpr-RT-IN-PL fusion protein.
NL4.3lucABgIARI and Vpr-RT-IN were described earlier [282], and Vpr-RT without IN
expression has two stop codons TAGTGA after last nucleotide of RT sequence. Vpr-RT-
IN-PL was obtained through removal of IN stop codon and insertion of ProLabel gene
after IN of Vpr-RT-IN plasmid as described in Material and Methods. Lower panel:
NL4.3lucABgIARI was cotransfected with Vpr-RT-IN-PL and VSV-G expressor into
293T cells to generate VSV-G-pseudotyped HIV-1 single cycle IN-PL virus. 2 x 10°
shKu70-KD or empty-vector-transduced C8166 T cells were infected with of IN-PL virus
(2000 pg p24) produced from shKu70-KD or normal empty-vector-transduced 293T cells
for 3 h. The cells were washed three times and half of the cells were collected. The rest
of cells were kept in RPMI medium and harvested at 8 h post infection. All the cells
were then lysed and measured for ProLabel activity by the POLARstar OPTIMA
multidetection microplate reader. The results are representative of three experiments,

shown as mean = SD. RLU: relative light unit; KD: knockdown.
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6.5 Discussion

We studied the interaction between the cellular DNA-repair protein Ku70 and HIV-1 IN,
and the potential roles of Ku70 in HIV-1 replication. By using a cell-based Co-IP assay,
we demonstrated that Ku70 interacts with HIV-1 IN in 293T cells and HIV-1 infected
CD4+ T cells. Deletion analyses on IN and Ku70 indicated that an IN region
encompassing aa 1-230 was unable to bind to Ku70, whereas the N-terminal region of
Ku70 (aa 1-430) still retained the IN binding ability, and that their interaction is
independent of Ku70/80 heterodimerization. We further discovered a dual mechanism for
Ku70 in protecting IN from proteasomal degradation, i.e., by reducing overall protein
ubiquitination levels within the host cells and by specifically reducing the ubiquitination
of IN via their binding interaction. Finally, the knockdown of Ku70 expression in both
virus-targeting and virus-producing CD4+ T cells significantly impaired HIV-1
replication. More specifically, Ku70 knockdown resulted in undetectable 2-LTR and
integration levels in the early stage of viral replication. Taken together, our current study

suggests that Ku70 is required for both the early and late stages of the HIV life cycle.

6.5.1 Mechanism of protection by Ku70 against host UPS in IN

A recent study has found that Ku70 is able to reduce the ubiquitination of Bax in the
regulation of apoptosis [323]. This study indicated that the presence of Ku70 is able to
specifically deubiquitinate Bax; however, whether Ku70 could affect total ubiquitination
level in the host cells remained unknown. Presently, we discovered that, besides
reducing the ubiquitination of Bax, Ku70 is able to universally down-regulate the

ubiquitination of the entire complement of cellular proteins. The mechanism underlying
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this down-regulation of protein ubiquitination levels by Ku70 is unclear. A prior in vitro
study revealed that Ku70, defined as a novel DUB enzyme, was able to hydrolyze
polyubiquitin chains into monoubiquitin units [323]. In the cascade of the ubiquitin-
proteasome pathway, DUBs remove ubiquitin chains from protein substrates and recycle
the polyubiquitin chain into free ubiquitin, before or after the polyubiquitination chain is
recognized by the 19S cap of the 20S proteasome [331]. Thus, if Ku70 does exert an
overall DUB activity on cellular protein, an increased free ubiquitin level in the cells
would be expected. Unfortunately, under our experimental conditions, we were not able
to detect an increased monoubiquitin form of ubiquitin when Ku70 was overexpressed.
It appears that the total pool of monoubiquitin in the cells was reduced when Ku70 was
overexpressed. Thus, how Ku70 interacts with the host UPS to regulate the total pool of
monoubiquitin in the cells and down-regulate the polyubiquitination of proteins remains

an open question.

During the HIV life cycle, the host UPS is repeatedly used by HIV-1 viral proteins such
as Vif, Vpr, Vpu and IN to ensure viral replication, either by targeting host restriction
factors for degradation, such as ViffAPOBEC3G or Vpu/BST2, or by protection from
proteasomal degradation by host cellular cofactors (e.g., IN is protected by LEDGF/p75
and Vpr is protected by Cul4A-DDB1DCAF1 ubiquitin ligase) [42, 43, 175, 332-334].
Here, we provide another example of a host cellular cofactor of IN, the DNA-repair
protein Ku70, which protects IN from host proteasomal degradation in overexpression
system and under HIV-1 infection (Figure 17, 20B upper panel and Figure 22C lower
figure). Interestingly, our results showed that, in addition to down-regulating the

ubiquitin pool within the cells, Ku70 is also able to specifically reduce the ubiquitination
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level of IN and its associated proteins through IN/Ku701-430 binding. Indeed, the IN-
binding peptide Ku701-430 was able to increase IN expression and reduce the
ubiquitination of IN (and its associated proteins) even though it does not have any DUB
activity (Figure 20B; compare lane 4 to lane 2 of the first and second panels). This
suggests that Ku70 specifically binds IN and possibly masks ubiquitin-attachment site(s)
in IN to reduce the ubiquitination of IN, thus protecting IN from degradation (Figure 20B,
upper panel). This scenario seems very likely, as the attachment of ubiquitin to protein
substrates, conducted by ubiquitin ligases E3 during the last step, is via the covalent
binding of the C-terminal G76 of ubiquitin to the e-amino group of an internal lysine
residue in the substrate protein [335], and the C-terminus of IN (230-288) is known to be
enriched in lysine residues (e.g., K240, K244, and K264). Thus, in a future study, it
would be interesting to investigate which lysine residue(s) in IN are specifically

recognized by ubiquitin and subjected to proteasomal degradation.

6.5.2 Ku70: a newly identified cellular cofactor of HIV-1 IN

We also provided solid evidence that HIV-1 IN directly interacts with Ku70 in Ku70/IN-
overexpressing mammalian cells and in T-lymphocytes during HIV-1 infection (Figure
18). Indeed, this finding is not surprising considering that previous studies using M-
MLV IN as bait in a yeast two-hybrid system were able to fish out Ku70 [150], that
Ku70 is present in M-MLV PICs [211] and that Ku70 associates with the IN of Ty
elements in S. cerevisiae, yeast retrotransposons with life cycles similar to retroviruses
[336]. We then extended our study to delineate the mutual binding interface of IN and
Ku70 and found that the C-terminus of IN (aa 230-288) appears to be involved in the

interaction with Ku70. One interesting observation here is that the Ku70 deletion mutant
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1-430, which was able to bind IN, cannot form the Ku70/80 heterodimer (Figure 19).
This result is consistent with a previous finding from a two-hybrid analysis that the C-
terminal 20 kD of Ku70 (aa 430-609) is essential for Ku70/80 heterodimerization [182],
and suggests that the Ku70/IN interaction may be independent of Ku80. It has been
shown that Ku70 has unique functions independent of Ku80, although many cellular
functions in which Ku70 participates do require Ku70/80 heterodimerization. For
example, the antiapoptotic activity of Ku70 by inhibiting Bax-mediated apoptosis is
independent of Ku80 [337]. One concern here is that, despite the fact that the Ku70 N-
terminus (aa 1-430) can still mediate IN binding, we cannot rule out the possibility that
IN is able to bind the Ku70/80 heterodimer or that IN binding to Ku70 may be enhanced
by Ku70/80 association in mammalian cells. Indeed, several cellular functions of Ku70
require association with Ku80, and this heterodimerization formation enhances the

stability of each subunit [338, 339].

6.5.3 Requirement of Ku70 in both of the early and late stages of HIV-1 life cycle

In a finding of major relevance, we further determined that Ku70 is required for HIV-1
replication. HIV-1 infection was significantly impaired when Ku70 expression was
knocked down in both producer and target cells (Figure 21). Moreover, with a low-MOI
infection, Ku70- knockdown C8166 T cells were more significantly blocked in viral
replication than for a high-MOI infection (Figure 21 A and B). These results indicate
that Ku70 affects both the early and the late steps of the HIV-1 life cycle. In order to
pinpoint the effect(s) of Ku70 on the early stage, we carried out real-time PCR to
quantify late RT, 2-LTR circles and integrated DNA under the same infection condition

as Figure 21C. Not surprisingly, 2-LTR circles formation in the Ku70- knockdown cells
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was undetectable which is consistent with previous report that NHEJ pathway is required
for 2-LTR circle formation (Figure 21D) [211, 329]. In addition, integration of viral
DNA was also abrogated by Ku70 knockdown, while reverse transcription measured by
Late RT products reduced by around 50% in the Ku70- knockdown cells infected with
sh-Ku70 virus produced from Ku70- knockdown cells (Figure 21D). Thus, Ku70 seems
to be a multi-faceted player in the early stage of viral infection. Ku70 is a component of
the NHEJ pathway [195] that has been extensively investigated for its multiple functions
during retroviral transduction or infection in previous studies. With respect to the effects
of Ku70 on the early stage of HIV replication, one possible mechanism might be through
the NHEJ pathway, such as the protection of infected cells from apoptosis, circularization
of the viral DNA, or the gap repair of integration intermediates introduced by HIV-1 IN
[204, 206-209, 211, 340]. These scenarios explain undetectable 2-LTR circyles and
integration event when Ku70 is absent during viral infection. However, whether the
NHEJ pathway is strictly required for 2-LTR and integration was challenged by the study
done by Kilzer et al who reported that another NHEJ pathway component DNA-PKcs
had limited effect on 2-LTR formation and integration [329]. While the controversy
could result from different experimental methods used to quantify 2-LTR and integration
and different cell lines, more detailed studies are surely needed to fully understand the
roles of Ku70 on DNA circularization and integration. The second possible mechanism,
with a plausibility demonstrated in this study, is that Ku70 may protect IN from
degradation before viral DNA integration by reducing overall cellular ubiquitination
and/or by specifically interacting with IN in HIV-infected cells. This scenario was

supported by studying the effect of Ku70 on IN-PL metabolism after viral entry in the
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early stage of viral replication (Figure 22C). Depletion of Ku70 in the target cells had
reduced IN expression to 77% at 8 h post-infection. Remarkably, when Ku70-
knockdown C8166 T cells were infected with virus produced from Ku70- knockdown
293T cells, the IN level at 8 h post-infection, was reduced to approximately 34%, as
compared to that at 3 h post-infection (Figure 22C, lower panel, compare bar 6 to bar 5).
These observations imply that both Ku70 associated with virus and the cells are able to
protect IN to avoid host ubiquitin proteasomal degradation in the PIC. At this point, it
should be noted that two other cellular proteins, hRad18 and LEDGF/p75, were also
previously reported to protect IN from proteasomal degradation [175, 226]. However,
unlike these two IN cofactors, whose actions are mainly through their physiological
binding to IN, Ku70 instead displays two different activities to protect IN from
degradation. To date, it has not been clear how HIV-1 IN can coordinately recruit these

cofactors to protect itself from host proteasomal degradation machinery.

With regard to the effect of Ku70 on the late stage of the viral life cycle, we originally
hypothesized that Ku70 knockdown might affect the Gag/Gag-Pol ratio, as Ku70 might
protect IN as an early Gag-Pol polyprotein precursor during viral assembly. In fact, the
results shown in Figure 22A demonstrate that Ku70 does not affect Gag/Gag-Pol
processing and maturation. Further analysis of virion composition revealed that the host
cellular protein Ku70 is present in the HIV-1 particles themselves (Figure 22B). This
finding indicates that Ku70 is packaged into HIV-1 particles as early as its assembly
stage and becomes part of the HIV-1 PICs after the virus enters target cells. Within the
PIC and associated with IN, Ku70 might deploy two mechanisms to contribute to the

early stage of HIV replication: 1) protecting IN from the host proteasomal degradation
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pathway and 2) assisting viral protein IN in specific replication step(s) including 2-LTR
formation and integration. Consistently, our data revealed that the progeny virus
produced from Ku70- knockdown cells was profoundly defective even when they were
used to infect normal cells (Figure 21C, bar 3). However, we also cannot exclude the
possibility that the presence of Ku70 is required for other events during HIV-1
morphogenesis. This notion is strengthened by the previous findings that, during
infection, free ubiquitin is incorporated into viral particles of HIV-1, simian
immunodeficiency virus (SI1V), M-MLV and equine infectious anemia virus (EIAV) [341]
and that pr55Gag is monoubiquitinated during assembly and budding [342]. In addition,
proteasome-inhibitor treatment interfered with the assembly and budding of HIV
progeny virus and efficiently inhibited HIV infectivity [343]. Thus, further investigation
is certainly needed to fully understand how Ku70 impacts HIV-1 replication, and a better
understanding of the interplay between HIV-1 IN and Ku70 during viral infection will
rationalize the design of specific inhibitors to target this viral-cellular protein interaction

and consequently inhibit HIV-1 replication.
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Chapter 7

Roles of putative SUMO-interaction motifs (SIMs) of HIV-1 integrase in mediating

its cofactor binding and nuclear import

7.1 Rational

Small Ubiquitin-like Modifier or SUMO proteins are covalently attached to protein
substrates through the canonical four-amino-acid SUMOylation consensus sites y-K-x-
D/E (or SUMO-CS, v is an aliphatic branched amino acid and x is any amino acid).
SUMOQylation affects various cellular processes, such as protein stability, localization,
DNA binding, and activation ( See a review [234]). A recent study has revealed that HIV-
1 IN contains three SUMOylation sites (45LKGE, 135IKQE and 243WKQE) at three Lys
residues (K46, K136 and K244) and SUMOylation of IN functions in the early stage of
infection, before integration but after reverse transcription [214]. When these three
critical Lys residues K46, K136 and K244 were mutated into similar positive charge Arg,
SUMO modification of IN was drastically reduced, suggesting that these three amino
acids are major SUMOylation sites [214]. However, SUMOylation of IN is not
completely abolished with all the mutations, highlighting the presence of other
SUMOylation sites. This suggested that SUMOylation of IN might take place on the Lys
residues within non-consensus SUMOylation region or inverted SUMOylation consensus
motif E/DxKy, as reported in other proteins such PCNA and human E2-25K [232, 243,
244]. Furthermore, SUMOs have three major isoforms (SUMOL1-3), all of which have
been shown to modify IN in the in vitro and in vivo studies [214]. However, it is still

unclear with respect to which SUMO subtype(s) preferentially targets IN.

155



In addition to covalent SUMO conjugation, SUMO proteins also non-covalently bind
proteins through SIM. The best characterized of SIM sequence is V/I-x-V/1-V/I or V/I-
V/I-x-V/I/L (where x can be any amino acid) [4, 5]. Of note, SUMO proteins from
SUMO-modified proteins provide platforms for non-covalent binding to SIM-containing
binding partners or itself (Figure 5C and 5D). The functional consequences of SIM-
SUMO interaction vary considerably in different protein contexts, affecting
SUMOylation, recruitment, localization, protein conformation, etc. (see a review [242]).
Interestingly, a few IN-interacting proteins such as LEDGF/p75, Ku70, p300 and Rad52
are also SUMOylated [246-249]. Thus, it may be easily conceived that the SIM-SUMO
interaction might mediate the complex formation between SIMs of IN and its
SUMOylated cofactors and affect different functions of IN. Based on this consensus SIM,
we identified three putative SIMs (72VILV75, 2001VDI203 and 2571K11260) in HIV IN
in this study. The focus of this section was to answer the questions of whether IN bears

SIMs and whether IN recruits its SUMOylated cofactors through SIM and its functions.

7.2  Hypothesis

In this study, we hypothesize that these IN putative SIMs play various roles including
SUMOQylation, recruitment of cofactors, nuclear import of IN and impact on HIV-1

infection.

7.3  Objectives
1. Investigate the roles of these IN putative SIMs in SUMOylation of IN
2. Study the regulation of putative SIMs of IN on the binding of IN-LEDGF/p75 and

IN-Ku70
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3. Evaluate the effect of IN putative SIMs on its nuclear translocation.

4. Assess the SUMO binding ability of IN and its impacts on HIV-1 replication

7.4 Results

7.4.1 HIV-1 IN contains three putative SIMs

SUMOylation of IN was identified in 2011 and three SUMO conjugation sites (45LKGE,
135IKQE and 243WKQE) (Figure 23A) were shown to be SUMOylated in the in vivo
and in vitro SUMOQylation assay [214]. However, the functional importance of this PTM
in the roles of IN during viral replication remains largely unknown. An examination of
the amino acid sequence of IN indicated that it harbours three putative SUMO binding
sites or SIMs. The four-aa-hydrophobic cores of these SIMs in IN are: SIM1 72VILV75;
SIM2 2001VvDI203 and SIM3 2571KI1260. Sequence alignment of these three SIMs of
IN with SUMO E2 protein RANBP2 and PIASL1 revealed that these three SIMs fit into
the consensus with the four-aa-hydrophobic core V/I-x-V/1-V/I or V/I-V/I1-x-V/1/L
(Figure 23B). To determine the importance of these sites to IN’s functions, we
independently mutated three SIMs: the first SIM (M1 mutant), the second SIM (M2
mutant), and the third SIM (M3 mutant). And we also mutated triple SIMs mutant 3VI
and the combination of any two SIMs mutants denoted by M1+M2, M1+M3 and M2+M3
(Figure 23C, not shown for M1+M2, M1+M3 and M2+M3). Meanwhile, we mutated
three Lys in the consensus SUMO conjugation sites (K46/K136/K244) into Arg and this

SUMOylation-defective mutant refers to 3KR.
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A B Sequence alignment of SIM
Putative SUMO-interacting motif (SIM)

45LKGE 1351KQE 243v«‘moe (VA5-V/-V or VI-V/-x-VI/L)
eeo o0 HIVIN SIM1: QLDCTHLEGK VILV AVHVASGYIE
HIVIN SIM2: GIGGYTAGER IVDI IATDIQTKEL
s » ’ ‘ 2z ’ 0 HIVIN SIM3: GAVVIQDNSD IKVV PRRKAKIIRD
72VILV 2001VDI 25TIKWV PIASI: EEEDSSSDITLDIV EVKK

RanBP2: KPEDSPSDDD VLIV YELTPTAEQK

C Mutagenesis

Ml M2 M3
HIV-1IN wt LEGK VILV AVHV AGER IVDI IATDI NSD IKVV PRRKVKII
M1 LEGK AAIV AVHV  AGER IVDI IAIDI NSD IKVV PRRKVKII
M2 LEGK VILV AVHV AGER AADI TATDI NSD IKVV PRRKVKII
M3 LEGK VILV AVHV AGER IVDI IATDI NSD IKAA PRRKVKII
3VI LEGK AAIV AVHV  AGER AADI IATDI NSD IKAA PRRKVKII

Figure 23 IN harbors three putative SIMs. A) Schematic of HIV-1 IN with its three
putative SIMs and SUMO conjugation sites highlighted. IN contains three y-K-x-E
SUMO conjugation sites (K46, K136 and K244) [214] and three putative SIMs. The core
of the SIM is composed of three hydrophobic (I, L or V) residues, arranged as V/I-V/1-x-
V/I/L or V/I-x-V/1-V/1 (where x can be any amino acid). Four residues that constitute the
hydrophobic core of each SIM are indicated (SIM1 72VILV75; SIM2 2001vVDI203 and
2571K11260). B) Sequence alignment of three IN SIMs with SUMO E3 protein RANBP2
and PIAS1, with the core highlighted in red. C) Mutational analysis of IN putative SIMs.
The amino acids of IN SIMs mutated are shown in red. Ala had been introduced into the
SIM1, SIM2, SIM3 or three SIMs to generate SIM1 mutant M1, SIM 2 mutant M2, SIM3

mutant M3, or three of SIMs mutant 3VI. SIM: SUMO-interacting motif.
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7.4.2 Three putative SIMs present in IN disfavour its own SUMOylation

SUMO binding has been shown to regulate protein SUMOQylation (see review [242]). To
study the effect of SUMO binding of IN in its SUMOylation, SUMOylation of IN was
first confirmed by in vivo SUMOylation assay as described in Material and Method
(Figure 24A). To do so, HA-SUMO3 and GFP-INopt wt was coexpressed into 293T cells.
The SUMO conjugated IN was detected by immunoprecipitating with anti-GFP antibody
and immunoblotting with anti-HA antibody (Figure 24A, upper panel). Meanwhile,
expression levels of GFP-INopt wt and HA-SUMOZ3 in the cells were verified by WB
(Figure 24A middle and lower panel). To further verify whether SUMO binding ability of
IN regulates its SUMOylation, SUMOQylation of IN wt, 3VI and 3KR was detected by
using the same in vivo SUMOylation assay. The IN mutant 3KR which showed reduced
SUMOQylation in the previous report [214] is also included in this study. Unexpectedly,
the result showed that the triple SIMs mutant 3VI increased SUMOylation of IN by four-
fold while previously identified SUMOylation-defective mutant 3KR had the same
SUMOylation level with IN wt (Figure 24B). We had repeatedly detected increased
SUMOylation of 3VI and intact SUMO3 conjugation of IN mutant 3KR under our

experimental condition.

Ubc9 is the uniqgue SUMO E2 conjugating enzyme required for all SUMOSs conjugation,
or SUMOylation. Many of the proteins modified by SUMO directly interact with Ubc9,
such as IkBa, p53, and RanGAP1, PCNA, Radl8, Rad5 [244, 344, 345]. And this
interaction between Ubc9 and target proteins is important for substrate recognition and
substrate conjugation. Studies have shown that mutations within the wKxE conjugation

sites abolished both Ubc9 binding and substrate modification [344]. To investigate the
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Figure 24 Putative SUMO binding of IN disfavor its SUMOylation. A) IN is

SUMOylated in the in vivo SUMOylation assay. 293T cells were cotransfected with GFP-
INopt and HA-SUMO3 or GFP-INopt alone. SUMOylation of IN by HA-SUMO3 is
detected by in vivo SUMOylation assay as described in Material and Methods. At 40 h
post-transfection, the lysates were immunoprecipitated with anti-GFP antibody, followed
by WB analysis using antibody against HA to detect SUMOylation level of IN (upper
panel). Meanwhile, 5% of total cells were lysed in 4 x Laemmli Buffer and loaded onto
SDS-PAGE gel to detect GFP-INopt and HA-SUMO3 expression (middle panel). In the
lower panel, endogenous beta-actin was detected as a loading control. B) 293T cells were
co-transfected with different plasmids as indicated and SUMOylation of GFP-INopt wt
and mutants were analyzed by using the same in vivo SUMOylation assay. SUMOylation
level of INwt/mut is shown in the top panel. Expression levels of GFP-INwt/mut and

HA-SUMO3 are shown in the middle and lower panel, respectively. C) The interaction
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between IN and SUMO E2 protein Ubc9 was increased in IN SIMs mutant 3VI. HA-
Ubc9 was coexpressed with various GFP-INopt wt/mut plasmids into 293T cells and
subjected to Co-IP assay to study the binding affinity of Ubc9-IN. The cell lysates were
immunoprecipated with anti-HA antibody to pull down HA-Ubc9-bound GFP-IN using
anti-GFP antibody in the WB (upper panel). Meanwhile, 5% of total cells were lysed to

check expressions of GFP-INopt wt/mut and HA-Ubc9 (middle and lower panel).
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potential roles of Ubc9 in the SUMO binding of IN, we studied the interaction between
HA-Ubc9 and GFP-INopt wt, 3VI and 3KR mutants. Co-IP data revealed that HIV-1 IN
wt and 3KR had the similar level of binding affinity with HA-Ubc9, while 3VI mutant
had greatly increased binding with HA-Ubc9 compared with wt and 3KR (Figure 24C,
upper panel). The increased 3VI/HA-Ubc9 binding is consistent with increased
SUMOylation level of 3VI (Figure 24B). The observation that IN mutant 3VI had
enhanced SUMOylation and Ubc9 binding suggested that SUMO binding of IN might
disfavor its own SUMOylation. Given that the SUMOylation consensus motif wKXxE is a
major determinant of Ubc9 binding and SUMO modification, and IN 3KR mutant shared
similar levels of SUMO conjugation and HA-Ubc9 binding with IN wt (Figure 24B. and
Figure 24C), our data reinforced the previous observation that 3K (K46/K136/K244) of

IN are not the major conjugation sites for SUMO3 modification in vivo.

7.4.3 Roles of putative SIMs of IN in its cofactor(s) binding

SUMO-binding or SIM sequence is able to mediate protein-protein interactions through
the binding between SUMOylated protein and SIM-containing binding partner (Figure
5C). For example, the SIM of RanBP2/Nup358 is responsible for the interaction between
RanBP2/Nup358 and SUMOylated RanGAP1 [240]. To investigate whether putative
SIMs of IN could mediate the interaction with its SUMOylated cofactors, we have
studied the binding ability of IN-LEDGF/p75 and IN-Ku70 as both LEDGF/p75 and
Ku70 are SUMOylated in previous studies [246, 346]. First, we investigated the
interaction of IN-LEDGF/p75 by Co-IP assay, in which 293T cells were co-transfected
with T7-LEDGF/p75 and GFP-INopt wt or IN mutants 3VI, 3KR. Results showed that IN

3KR mutant still bound T7-LEDGF/p75 to the same extent with IN wt which is

162



consistent with the previous report (Figure 25A) [214], while 3VI mutant completely lost
binding ability with T7-LEDGF/p75 (Figure 25A, upper panel). To investigate which
SIM(s) within IN might be essential for LEDGF/p75 binding, we individually or
simultaneously mutated these three putative SIMs and the mutants including 3VI, M1,
M2, M3 and M1+M2, M1+M3, M2+M3 were co-tranfected with T7-LEDGF/p75 into
293T cells. The results obtained from Co-IP assay showed that IN M1 mutant still
retained full LEDGF/p75 binding ability as IN wt, whereas LEDGF/p75 binding affinities
were compromised to different extents in other IN SIM mutants (3VI, M2, M3, M1+M2,

M1+M3, M2+M3) (Figure 25B).

Since mutations within the putative SIMs of IN impaired LEDGF/p75 binding, it was
hypothesized that these motifs of IN might mediate interaction with SUMO conjugated
LEDGF/p75. Four SUMOylation sites (K75, K250, K254 and K364) of LEDGF/p75
were revealed in the previous study [346]. To test this hypothesis, these four Lys were
first mutated into Arg to abolish its SUMOylation ability; the resulting mutant was
denoted LEDGF/p75 4K mutant [346]. Then, T7-LEDGF/p75 wt and 4K mutant was
individually cotransfected with GFP-INopt wt into 293T cells to study their interactions
by a cell-based Co-IP assay. Unexpectedly, the result showed that T7-LEDGF/p75 wt and
4K had similar binding affinity with GFP-INopt wt (Figure 25C, upper panel).
Meanwhile, the similar expression levels of LEDGF/p75 and IN in each sample were
detected as loading control (Figure 25C, middle and lower panel). Thus, the result
suggests that these putative SIMs of IN do not directly impact on the binding of SUMO

conjugated LEDGF/p75.

To study the potential effect of SUMO binding of IN in IN-Ku70 interaction, GFP-INopt
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wt, 3KR, 3VI was individually co-transfected with Prolabel-Ku70 (PL-Ku70) or T7-
Ku70 in 293T cells. The interaction of IN-Ku70 was verified by both of
chemiluminescent Co-IP assay (Figure 26A) and Co-IP assay (Figure 26B). The results
from two different detecting systems (chemiluminescent signal and autoradiography)
were consistent. Results proved that while the interaction between IN mutant 3KR and
T7-Ku70 or PL-Ku70 had similar binding ability with wt, 3VI increased binding affinity
with Ku70 by two-fold (Figure 26A left panel, 26B upper panel). Meanwhile, co-
transfection between GFP-C with PL-Ku70 or T7-Ku70 was included as a negative
control. The expressions of various proteins including GFP, GFP-INopt wt/3KR/3VI, PL-
Ku70, T7-Ku70 were detected by WB using corresponding antibodies (Figure 26A right

panel, 26B middle and lower panel).
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Figure 25 Putative SIMs of IN are indispensable for LEDGF/p75 binding. A) The
interaction of T7-LEDGF/p75 with GFP-INopt wt or two mutants 3KR, 3VI was
analyzed by Co-IP assay. The GFP-IN-bound T7-LEDGF/p75 is shown in the upper panel
by immunoprecipating the cell lysates with anti-GFP antibody and immunoblotting with
anti-T7-HRP antibody in the WB analysis. GFP alone was coexpressed with T7-LEDGF
as a negative control. Expression levels of GFP, GFP-INopt wt/mut and T7-LEDGF/p75
are shown in the middle and lower panels. B) T7-LEDGF/p75 was cotransfected with
single SIM mutant (M1, M2 and M3) or the double SIM mutants (M1+M2, M1+M3 and
M2+M3) or triple SIM mutant 3VI into 293T cells for 40 h. The cell lysates were

immunoprecipitated with anti-T7 antibody. Bound proteins were eluted with SDS-sample
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buffer and analyzed by SDS-PAGE and autoradiography, detected by anti-GFP-HRP
antibody (upper panel of the left Figure). GFP, GFP-INwt/mut and T7-LEDGF/p75
expressions are shown in the middle and lower panel of the left figure, respectively. The
intensity of protein bands was densitometrically determined. Results were expressed as
the ratio of bound GFP-INopt w/mut expression which was normalized by total input in
the right figure. Binding affinity of GFP-INopt wt and T7-LEDGF/p75 was arbitrarily set
as 100%. Results are representative of two independent experiments. C) SUMOylation
defective LEDGF/p75 mutant 4K still binds IN. T7-LEDGF/p75 wt or 4K mutant was co-
transfected with GFP-INopt wt in 293T cells and the interaction between GFP-IN and T7-
LEDGF/p75 was analyzed by Co-IP assay at 40 h post-transfection. LEDGF/p75-bound
GFP-INopt wt was detected by immunopreciptating with anti-T7 antibody and
immunoblotting with anti-GFP-HRP antibody in WB (upper panel). The expression
levels of transfected T7-LEDGF/p75 wt or 4K mutant and GFP-INopt wt were examined

from the same amount of cell lysates (middle and lower panel).
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Figure 26 IN SIMs mutant 3VI had increased binding affinity with Ku70. A) The
interaction of ProLabel-Ku70 (PL-Ku70) with GFP-INopt wt/mut was detected by
chemiluminescent Co-IP assay. GFP-INopt wt/mut or GFP1-C and PL-Ku70 fusion
proteins were coexpressed in 293T cells. After 40 h of transfection, cells were lysed and
immunoprecipitated with anti-GFP antibody and the chemiluminescent signals from IN-
bound PL-Ku70 present in the complexes were measured using ProLabel Detection Kit 11
and valued as relative luminescence units (RLU). Expression levels of PL-Ku70 and
GFP-INopt wt/mut or GFP alone in each sample were analyzed by anti-Ku70 and anti-
GFP-HRP antibodies (right panel). Results are representative of two independent
experiments. B) 293T cells were co-transfected with SVCMVin-T7-Ku70 expressor and

GFP-INwt/mut plasmid as indicated. After 40 h of transfection, 90% of cells were lysed
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and subjected to Co-IP assay as described in Material and Methods. The upper panel
showed the bound T7-Ku70 in each sample. 5% of cell lysates were used to detect the
expression of GFP, GFP-INwt/mut and T7-Ku70 by WB using anti-GFP and anti-T7-HRP

antibodies respectively (middle panel and lower panel).
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7.4.4 Putative SIMs of IN is required for its nuclear localization.

Previous studies have revealed that SUMO-SIM interaction affects localization of SIM-
containing proteins [347, 348]. To study whether these three putative SIMs of IN would
play a role in its subcellular localization, HeLa cells were transfected with different IN
plasmids GFP-INopt wt, 3KR, 3VI, M1, M2 and M3. The cells were then fixed,
permeabilized and stained with anti-GFP antibody and FITC-labeled secondary antibody
(green). The cellular nuclei were stained with DAPI (blue). The localization of IN wt and
mutants were visualized by immunofluorescence microscopy. The result from Figure 27A
showed that GFP-INopt 3VI, M2 and M3 were both cytoplasmic and nuclear localized, in
contrast to GFP-INopt wt, 3KR and M1 mutant which were exclusively localized to the
nuclear compartment (Figure 27A). Nuclear localization of IN wt and 3KR is in line with
the previous report that SUMO modification of IN at three Lys residues (K46/K136/K244)
is not required for its nuclear translocation [214]. However, distinct localization pattern
of IN putative SIMs mutants 3VI, M2 and M3 suggested the involvement of these two

motifs (2001VVDI203 and 2571K11260) in the nuclear translocation of IN protein.

To further confirm the impaired nuclear localization of IN 3VI mutant, 293T cells
transfected with GFP-INopt wt or 3VI were collected and sequentially fractionated into
cytoplasmic, nuclear and chromatin-bound extracts using Protein Fractionation Kit
(Thermo Scientific) [115]. The presence of GFP-INopt wt and 3VI in these cellular
compartments was detected by WB analysis (Figure 27B, left panel). The ratio of nuclear
portion (a combination of Nuclear and Chromatin-bound from left panel) to cytoplasmic
fractionate of proteins was calculated from their relative protein band intensities and

shown as a pie chart in the right panel of Figure 27B. The nuclear localized portion of
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GFP-INopt wt and 3VI in the total protein extracts is about 80% and 40%, respectively
(Figure 27B, right panel). Taken together, results suggest that among the three putative
SIMs of IN, at least 2001VDI203 and 257IKII260, are involved in its nuclear

translocation by as yet unknown mechanisms.
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Figure 27 Effects of putative SIMs of IN on nuclear import of IN. The potential
effects of IN SIMs in nuclear localization of IN were evaluated in HelLa cells (A) and
293T cells (B). A) Hela cells were transfected with different GFP-INopt wt/mut. At 40 h
post-transfection, cells were fixed, permeabilized and detected for GFP-INwt/mut
localization by using anti-GFP antibody. The nuclei were stained with DAPI. B) 293T
cells were transfected with GFP-INopt wt or 3VI for 48 h. The subcellular distribution
patterns of IN wt and 3VI were determined by the subcellular fractionation method. Ct,
cytoplasmic extracts; Nu, nuclear extracts; Chr, chromatin bound extract. The ratio of
nuclear portion (a combination of Nu and Chr from left panel) to cytoplasmic fractionate
of protein was calculated and shown as a pie chart in the right panel. The nuclear

localized portion of GFP-INopt wt and 3VI in the total protein extracts is about 80% and
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40%, respectively.
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7.5 Discussion

SUMOylation of IN is newly identified PTM and the importance of SUMO modification
of HIV-1 IN has not been well appreciated [214]. This ongoing study has explored the
multiple roles of three putative HIV-1 IN SIMs including the regulation of IN
SUMOylation, IN-LEDGF/p75 and IN-Ku70 interactions and nuclear localization of IN.
Continuing studies of this project will aim to unravel whether these three putative SIMs
are authentic SIMs sequence which can mediate non-covalent binding between HIV-1 IN

and SUMO proteins, and to investigate the roles of these SIMs during HIV-1 replication.

7.5.1 SUMO binding and SUMO modification of HIV-1 IN

It has been proposed that non-covalent SUMO binding may facilitate the recognition and
SUMOQylation of SIM-containing proteins. In this model, SIM-SUMO interaction
enhances the local concentration of SUMO E2 protein Ubc9 which has been attached to
SUMO, thus allowing Ubc9 to be more efficient in catalyzing covalent binding of SUMO
to the substrates. For instance, the interaction between SIM of Sp100 and SUMO-Ubc9
enhanced SUMOylation of Sp100 [349]. This SIM-dependent SUMOylation has also
been described in various SUMO targets such as Daxx, RANBP2/Nup358, HIPK2 and
BLM [347, 350, 351]. However, a few exceptions have been found in which
SUMOQylation of protein substrates inhibits SUMO binding or vice versa. For example,
Srs2 SUMOylation inhibits its own SUMO binding, possibly due to reduced availability
of its SIM motif for interaction with SUMOylated proteins in general by Srs2
SUMOylation [352]. Meanwhile, SUMOylation may potentially mask the protein-protein

interaction site of the protein targets. For example, SUMOylation of the ubiquitin-
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conjugating enzyme E2-25k could inhibit its interaction with the ubiquitin E1 enzyme,
impairing the process of ubiquitination [243]. Thus, it appears that SUMO binding and

SUMOylation can mutually regulate with each other, either positively or negatively.

In this study, we have generated the triple IN SIM mutant 3VI which simultaneously
abolished all the potential SIMs in IN. Surprisingly, IN 3VI had four-fold increased
SUMOQylation level (Figure 24B). Therefore, this result suggested that potential SUMO
binding of IN, at least these three IN sequences (72VILV75, 2001VDI203 and
257IKI1260), negatively regulate its SUMOylation. Meanwhile, 3VI also had
significantly elevated Ubc9 binding ability compared with IN wt in our study (Figure
24C). The role of SUMO E2 protein Ubc9 in the SUMO conjugation pathway, is to
interact with the SUMO-E1 thioester complex and to accept SUMO then to bind target
protein substrates, to which the SUMO molecule is attached [353]. Ubc9 is shown to
directly bind SUMO conjugation consensus ¢KXE in vitro and in crystal studies [344,
345], and mutating wKXE abolishes both Ubc9 binding and substrate modification [344].
Thus, Ubc9 binding to its target proteins is associated with SUMOylation of protein
substrates. In our study, 3VI which harbors the putative SIMs in IN had increased Ubc9
binding affinity and SUMO3 modification, reiterating the notion that Ubc9 binding is a
prerequisite for SUMO modification of substrates. This result thus suggested that putative
SUMO binding of IN could block SUMO3 modification of HIV-1 IN. This could be
explained by the possibility that SUMO binding of IN might block SUMOQylation sites by
recruiting SUMOylated binding partners or inducing conformational changes of IN,

leading to the inaccessibilty of IN for SUMO modification.
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3KR, a previously described IN mutant with mutations introduced to critical Lys residues
within the three SUMO conjugation sites (45LKGE, 135IKQE and 243WKQE) [214],
failed to perturb SUMOylation of IN by SUMO3 (Figure 24B). The discrepancy could be
explained by different SUMO paralogues used in the present study. The earlier work
done by Zamborlini and coworkers showed that 3KR had reduced SUMOylation level in
the present of a mixture of three SUMO paralogues (SUMOL1-3) in the in vitro
SUMOylation assay while 3KR did not show obvious reduction of SUMO3 conjugation
in the in vivo assay [214]. In our study, 3KR had similar SUMOylation level as wt when
GFP-IN wt or 3KR was co-expressed with HA-SUMO3 proteins (Figure 24B).
Meanwhile, 3KR still retained binding ability with Ubc9 which directly binds SUMO
conjugation consensus KXxE and is required for all the SUMOs conjugation [344, 345].
Overall, our data suggest that these three Lys residues (K46/K136/K244) are not the

major SUMO3 modification sties.

7.5.2 Consequence of SUMO binding of IN

The functional outcomes for non-covalent SUMO binding largely depend on SIM-SUMO
interaction between SUMOylated proteins and SIM-containing binding partners. Thus,
SUMO binding can promote or interfere interactions with proteins, DNA and other
macromolecules at the molecular level, affecting protein stability, cytosolic-nuclear

translocation, and transcriptional regulation ( see a review [234] ).

To investigate the potential effects of putative SIMs in IN in mediating binding with its
SUMOylated cofactors, we have studied the interaction between HIV-1 IN with

LEDGF/p75 and Ku70 both of which are modified by SUMO proteins and found that IN
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putative SIMs mutant 3VI were severely impaired in T7-LEDGF/p75 binding while
increasing the binding affinity with T7-Ku70 by 2-fold (Figure 25 and 26). However, 3VI
bound Nup62 which is non-SUMOylated cofactor of IN [354], to the same level as wt
(data not shown). These results together imply that these three putative SIMs of IN might
be involved in the regulation of the interaction with its SUMO conjugated binding
partners. We were interested in whether SIM-SUMO interaction could regulate IN-
LEDGF/p75 binding. However, T7-LEDGF/p75 4K which were shown to be
SUMOylation defective [346], could still bind IN as efficient as T7-LEDGF/p75 wt
(Figure 25C). Since the direct binding of IN-LEDGF/p75 has also been revealed by cell-
free in vitro binding assay [169, 172, 173], our data suggested that SUMO binding ability
of IN might not directly affect its binding with LEDGF/p75. Rather, the disruption of
these putative SIMs of IN might have profound impact on other functions of IN,
indirectly influencing IN-LEDGF/p75 interaction. For example, V260 has been shown to
be critical for multimerization of IN [355], and 1200 is required for chromatin binding
ability of IN [285]. With respect to the adverse impact of 3VI mutant on Ku70 binding,
although Ku70 and LEDGF/p75 have different binding regions within IN ( IN aa 230-288
for Ku70 and two binding regions for IN-LEDGF/p75 aa A128-W132 and 1161- K173A)
[154, 169, 171-173], we reasoned that IN 3VI mutant lost LEDGF/p75 binding ability
and was rendered more accessible for binding other cofactors including Ku70, and

components from SUMO pathways such as Ubc9 for more efficient SUMOQylation.

SIM-SUMO interaction has a profound impact on the subcellular localization of SIM-
containing proteins. For example, the SIM located at the C-terminal of Daxx mediated

binding to SUMOylated promyelocytic leukaemia (PML) and localization to PML
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nuclear bodies [347]. Another example is that SIMs of PML, Sp100 and hDaxx are
required for the recruitment of these proteins to herpes simplex virus type 1 (HSV-1)
induced foci, which also recruits SUMO proteins and SUMO E3 ligase PIAS2 [348]. In
the present study, our results from both HelLa cells and 293T cells revealed that putative
SIMs mutant IN 3VI were severely impaired for its nuclear localization (Figure 27A and
27B). Since SIM-containing proteins influence their subcellular localization often
through SIM-SUMO interaction, it is conceivable that the impaired nuclear localization
of IN 3VI might be caused by dysfunctional binding ability with its SUMO conjugated
cofactors, the interaction which can drive IN to the nuclei. Such candidates expected to
be SUMOylated and involved in the nuclear import of IN include LEDGF/p75,
RANBP2/Nup258. Although contradictory findings have been reported, LEDGF/p75 was
generally believed to function in nuclear import of IN [147, 165, 170]. RANBP2/Nup358
was first identified in genome-wide screens for cell factors functioning in the PIC nuclear
import [116]. RanBP2 is a nucleoporin with SUMO E3 ligase activity that harbors both
SIMs and SUMO conjugation sites [240, 350, 356, 357]. As SUMO E3 ligase, it has been
shown to promote SUMOylation of a number of SUMO targets including Mdmz2,
HDAC4, topoisomerase Il-alpha, PML or Sp100 [350, 358-360]. It is still unknown
whether RANBP2 directly interacts with HIV-1 IN and functions in the nuclear import of
IN. Hence, the impact of these putative SIMs on the nuclear import of IN still remains a

mystery.

7.5.3 Ongoing works
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The data presented so far have provided compelling evidence that three putative SIMs in
IN negatively regulate SUMO E2 protein Ubc9 binding and SUMO3 modification,
inversely affect the interactions with LEDGF/p75 and Ku70, also participate in the
nuclear translocation of IN. The first three objectives of this project has been addressed in
the result section and further investigation towards the last objective on assessing the
SUMO binding ability of IN and its impacts on HIV-1 replication is being undertaken.
We hypothesize that these putative SIMs (SIM1 72VILV75; SIM2 2001vDI203 and
SIM3 2571K11260) of IN might mediate non-covalent binding with SUMO proteins. To
test this hypothesis, we will investigate the interaction between IN wt or 3VI and SUMO
proteins by in vitro and in vivo binding assay as described previously [351, 352]. In
addition, further studies will also be required to study the potential effects of these
putative SIMs in HIV-1 infection, more specifically, during the early stage of viral
replication. To achieve this goal, various Vpr-RT-INwt/mut expresssors which will be
used for packaging single-cycle replicating HIV-1 virus containing IN putative SIMs
mutants were constructed. The same amount of IN wt/mut viruses (normalized by p24
value) will be used to infect C8166T cells. Viral infectivity of these viruses will be
accessed by Luciferase assay at 48 h post-infection and their impact on different steps of
the early stage of viral replication (including reverse transcription, nuclear import and
integration) will be analyzed by quantitative real-time PCR as reported in earlier
publications [215, 285]. Completion of these two key experiments will provide the
answer to the questions of whether these three SIMs are authentic SIMs mediating non-
covalent binding of SUMO proteins and how these SIMs of IN influence HIV-1

replication step(s).
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Chapter 8  Major findings, general discussion and future works

8.1  Major findings

Although the availability of HAART has greatly improved health and life expectancy of
HIV-1 infected patients, there are many challenges associated with current ARV drugs.
Hence, there is an urgent need to develop new class anti-HIV drugs. Since HIV-1
replication heavily relies on host cellular machinery, the new strategy to develop cheaper
and new drugs against HIV-1 is to block the key virus-host interactions. We are primarily
focused in the study of cellular proteins and pathways important for retroviral infection,
with a particular focus on the interplay between HIV-1 IN and its cellular cofactors.
Better understanding on the host cellular proteins implicated in different aspects of IN
will contribute to our knowledge of HIV-1 IN and viral replication, which will ultimately

lead to the development of novel HIV-1 drugs.

The central hypothesis of this thesis is that HIV-1 IN utilizes various cellular
cofactors to contribute to different aspects of IN and its related viral replication
steps. In support of this central hypothesis, there were four primary goals. The first goal
was to characterize the importance of chromatin binding and LEDGF/p75 binding

abilities of HIV-1 IN in lethal phenotype induced by IN in yeast.

Based on the preliminary finding that IN mutants which failed to induce lethal phenotype
in yeast cells lost its binding abilities with both host chromatin and cellular protein
LEDGF/p75, the second goal was to map chromatin binding domain of IN within CCD
and to address the question of whether HIV-1 IN can mediate host chromatin binding in

LEDGF/p75-independent manner.
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Thirdly, we aimed to investigate the interaction between IN and DNA repair protein
Ku70 and to characterize the contribution of IN-Ku70 interaction to ubiquitin

modification of IN as well as viral replication.

Lastly, our focus was to determine the roles of three putative SIMs of IN in its SUMO
conjugation, cofactors binding and nuclear import, and to address the research question of
whether these three putative SIMs indeed mediate non-covalent SUMO binding of IN and

probe the functions of these sequences during HIV-1 replication.

There are two main arms for this project. The first arm (described in the first two
objectives) was initiated from the study of lethal phenotype induced by IN in yeast cells
and extend to investigate whether chromatin binding of IN is independent of IN-
LEDGF/p75 interaction. The second arm (covered the last two objectives) focused on the
cellular proteins-involved regulation of IN PTMs and their functions in the viral
replication. To these ends, we combined molecular virology with yeast genetics, protein
biochemistry and cell biology to accomplish these project objectives. The major findings

from these objectives are summarized below.

8.1.1 Lethal phenotype induced by IN in yeast correlates with chromatin- and

LEDGF/p75-binding abilities of HIV-1 IN

Yeast provides a simple but useful eukaryotic model for the study of many basic
biological functions. The yeast expression system has been successfully adopted to
investigate the various roles of IN including lethal phenotype induced by IN, nuclear
import of IN and to identify IN-host factor interactions by yeast two-hybrid system [296,

361, 362]. The emergence of a lethal phenotype by the expression of HIV-1 IN in the

180



yeast S. cerevisiae was established earlier in our lab. And the preliminary data revealed
that three IN mutants including V165A, A179P, KR186,7AA located in the C-terminal
region of HIV-1 IN CCD failed to induce lethal phenotype. In chapter 4, our subsequent
studies revealed that these IN mutants were impaired in their ability to associate with host
chromatin and its cellular cofactor LEDGF/p75 but not Inil, and that HIV-1 viruses
harbouring these IN mutants were non-infectious. This work highlighted the importance
of the C-terminal region of the HIV-1 IN CCD in its association with the chromatin of the
host cell, viral replication and the IN-induced lethal phenotype in yeast. These data also
support the previous observation that chromatin binding ability of IN is mediated by its
interaction with host cofactor LEDGF/p75 or LEDGF/p75 serves as IN-to-chromatin

tethering factor [170].

8.1.2 Uncoupled chromatin binding and LEDGF/p75 binding abilities of HIV-1 IN

The finding that three IN mutants V165A, A179P, KR186,7AA which were impaired for
chromatin binding lost LEDGF/p75 binding affinity from chapter 4 suggested that
chromatin binding ability of IN might functionally correlate with LEDGF/p75 binding
ability. Meanwhile, extensive studies have pinpointed LEDGF/p75 as the IN-to-
chromatin tethering factor driving PICs to transcriptionally active regions of host
chromosomes [150-156]. However, LEDGF/p75-independent chromatin targeting model,
either through cofactor-independent or through alternative tethering factor mediated, was
proposed to explain the low level of HIV-1 integration and replication in LEDGF/p75
depleted cells [120, 140, 176-178]. Thus, how IN alone, in the absence of LEDGF/p75,
plays a role in chromatin binding still needs to be fully understood. In chapter 5, we

performed site-directed mutagenic analysis at the C-terminal region of the IN CCD for
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IN/chromatin binding and IN/LEDGF/p75 interaction. Results showed that several IN
mutants including K159P, V165A, V176A, A179P, KR186,7AA and 1203P were unable
to bind both LEDGF/p75 and host chromatin. The mutants H171A, L172A and
EH170,1AA, located in a loop region 170EHLK173 of IN, severely impaired their
interaction with LEDGF/p75 but were still able to bind chromatin. Also, our data showed
that LEDGF/p75 depletion in cells failed to dissociate IN from chromatin. Furthermore,
the single-round HIV-1 replication assay results showed that the viruses harbouring IN
mutants capable of LEDGF/p75-independent chromatin binding still sustained a low level
of infection. However, failure to engage chromatin of IN is a replicative dead end for the
virus. All of these data indicate that while LEDGF/p75 is important for productive HIV-
1 replication, IN has the ability to bind chromatin in a LEDGF/p75-independent manner

and sustain a low level HIV-1 infection.

8.1.3 Host protein Ku70 protects IN through two mechanisms

IN has been shown to be an unstable protein degraded by the N-end rule pathway through
the host ubiquitin-proteasome machinery. However, it is still not fully understood how
this viral protein is protected from the host UPS within cells during HIV replication. In
the present study, we provide evidence that the host protein Ku70 interacts with HIV-1
IN and protects it from the Lys48-linked polyubiquitination proteasomal pathway.
Moreover, Ku70 is able to down-regulate the overall protein polyubiquitination level
within the host cells and to specifically deubiquitinate IN through their interaction.
Mutagenic studies revealed that the C terminus of IN (aa 230-288) is required for binding
to the N-terminal part of Ku70 (aa 1-430), and their interaction is independent of

Ku70/80 heterodimerization. Finally, knockdown of Ku70 expression in both virus-
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producing and target CD4+ T cells significantly disrupted HIV-1 replication and rendered
2-LTR circles and integration undetectable, indicating that Ku70 is required for both the
early and the late stages of the HIV-1 life cycle. Interestingly, Ku70 was incorporated
into the progeny virus in an IN-dependent way. We proposed that Ku70 may interact with
IN during viral assembly and accompany HIV-1 IN upon entry into the new target cells,
acting to 1) protect IN from the host defense system and 2) assist IN integration activity.
Overall, this report provides another example of how HIV-1 manipulates host cellular

machinery to protect the virus itself and to facilitate its replication.

8.1.4 Three putative SIMs of IN are required for LEDGF/p75 binding and its

nuclear translocation

SUMOylation of IN is a newly identified PTM in 2011 and in contrast to other PTMs of
IN such as ubiquitination and acetylation, the importance of SUMO modification of HIV-
1 IN has not been appreciated [214]. SUMOylation affects various cellular processes,
such as protein stability, localization, protein-protein interaction, DNA binding and
activation ( See a review [234]). Analysing the sequence of HIV-1 IN revealed that IN
contains three putative SIMs V/I-V/I-x-V/I/L or V/I-x-V/I-V/1: SIM1 72VILV75; SIM2
2001VvDI203 and SIM3 2571KI1260. Further studies revealed that these three putative
SIMs of IN negatively regulate its SUMO E2 protein Ubc9 binding and SUMO3
conjugation, and three previous identified SUMO conjugation sites (45LKGE, 1351KQE
and 243WKQE) [214] were not required for SUMO3 modification in our in vivo
SUMOylation assay. Mutations of these three putative SIMs exert different effects on IN-
LEDGF/p75 and IN-Ku70 binding, showing severely weakened LEDGF/p75 binding but

significantly increased binding affinity with Ku70. Furthermore, our study also showed
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that mutations on the putative SIMs impaired nuclear localization of IN through a
currently unknown mechanism. Thus, three important roles of these putative SIMs of IN
including regulation of SUMOylation, cofactors binding and nuclear localization have

been identified so far in this study.

8.2 General discussion and future work

8.2.1 The architecture of ternary complex IN/LEDGF/chromatin

Lethal phenotype induced by expression of IN in yeast cells has long been a puzzle. It has
been ascribed to enzymatic activities of IN or yeast SNF5 gene which encodes a
component of the SWI/SNF chromatin remodelling complex [295, 297, 301]. However,
the contradictory finding suggested that catalytic activity of IN is not required for its
induced lethal phenotype in yeast [298]. In chapter 4, we provided the evidence that
lethal phenotype induced by IN in yeast is associated with its chromatin- and

LEDGF/p75-binding abilities.

Extensive studies have been undertaken to investigate the interaction between IN and
viral DNA by means of in vitro studies, and the mechanisms of their binding are
relatively well understood (see a review [192]). However, the mechanism for chromatin
recognition and binding of IN still remains elusive. To gain more insight into chromatin
binding profile of IN, we carried out site-directed mutagenic analysis at the C-terminal
region of the IN CCD responsible for IN-chromatin binding and IN-LEDGF/p75
interaction in chapter 5. Other than three previously identified IN mutants V165A,
A179P, KR186,7AA, several IN mutants such as K159P, V176A, Al179l, 1203P were

also severely impaired for host chromatin binding. The result from the chromatin binding
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assay enabled the delineation of several important residues of IN essential for the

formation of IN-chromatin complex.

The formation of this dynamic IN/LEDGF/chromatin ternary complex is fundamental for
HIV-1 replication. It is well established that chromatin bound LEDGF/p75 tethers IN to
chromatin [170, 363], and the presence of LEDGF/p75 promotes IN DNA-binding [364].
In chapter 5, we also discovered that IN mutants which lost LEDGF/p75 binding could
still mediate chromatin binding within the loop region 170EHLK173 of IN. This result
revealed previously undescribed, uncoupled chromatin- and LEDGF/p75-binding of IN,
and it also provided structural details of IN/LEDGF/chromatin complex. After we
published this research work, there are two independent papers describing the dynamic
interplay among IN, LEDGF/p75 and chromatin. First, the presence of IN, in turn, was
able to promote chromatin binding of LEDGF/p75 through their interaction [365]. Thus,
it was proposed that IN and LEDGF/p75 act in concert with one another in their binding
to chromatin: the binding of IN to LEDGF/p75 increases its affinity for DNA and
subsequently IN enhances the binding of the LEDGF/p75-IN complex to chromatin.
[365]. Another study investigated their relationship within the complex real-time in living
HeLa cells [366]. It was shown that LEDGF/p75 does not permanently engage in the host
chromatin; instead it moves about in nuclei of living cells in a chromatin
hopping/scanning mode. This scan-and-lock model explaining the roles of LEDGF/p75
during IN-to-chromatin tethering suggests that the PWWP domain of LEDGF/p75 first
locks the complex on chromatin, its IBD then interacts with HIV-1 IN, LEDGF/p75

lastly increases its affinity for chromatin [366].
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Furthermore, our finding that IN mutants which lost LEDGF/p75 binding still bound host
chromatin and supported low level HIV-1 replication opens up the intriguing question
that whether HIV-1 could still integrate into host genome without the cellular tethering
cofactor or there is an unidentified cellular partner involved in this process. In order to
identify novel cellular cofactors of HIV-1 IN, the graduate student Kamal Uddin from our
lab had isolated several IN’s interacting proteins such as Hsp60, B-tubulin, y-actin, ATP
synthase alpha subunit and histone H1.2 by means of tandem affinity purification (TAP)
system along with mass spectrometry [367]. This technique can be applied to
identification of unknown chromatin associated cellular cofactor of HIV-1 IN from the
chromatin bound fractionate isolated from LEDGF/p75 knockdown cells. With this
technique, we hope to identify the potential candidates that can drive chromatin binding

of IN when LEDGF/p75 is depleted.

8.2.2 Ku70 and LEDGF/p75: potential targets for anti-HIV therapy

Ku70 was identified as a new cellular cofactor of IN in this study and IN-Ku70
interaction was verified in overexpressed mammalian cells and HIV-1 infected target
cells for the first time, as described in chapter 6. Ku70 has been shown to stabilize IN
expression through down-regulating overall ubiquitin level in the cells and by reducing
the ubiquitination of IN by specific IN-Ku70 interaction. Interestingly, cellular protein
LEDGF/p75 is also able to increase IN expression and protects it from proteasome
degradation through their interaction [175]. Our unpublished data showed that
LEDGF/p75 and Ku70 indeed interact with each other in the cell-based Co-IP assay. To
date, it is still unclear whether LEDGF/p75 and Ku70 act concertedly to protect IN from

host proteasomal degradation pathway and the biological significance of LEDGF/p75-
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Ku70 interaction during HIV-1 replication. Notably, in chapter 7, IN putative SIMs
mutant 3VI almost abolished IN-LEDGF/p75 interaction while increasing Ku70 binding.
Although the direct involvement of SUMO binding of IN in its binding affinity with
LEDGF/p75 or Ku70 is presently under investigation, it implies that IN might have
exclusive binding sites for LEDGF/p75 and Ku70 interactions. It is also necessary to
define the organization of the protein architecture consisted of LEDGF/p75, Ku70 and IN,
and to understand how they interact with and regulate each other and contribute to a more

efficient integration. Future work will address these important questions.

In order to examine the role of Ku70 beyond shielding IN from proteasome degradation
pathway in more detail, future work will also be directed toward understanding the
possible role of Ku70 in the regulation of chromatin targeting of IN or integration site
selection. The study done by Fink and colleagues showed that Ku heterodimer facilitates
chromatin binding of the telomere binding protein TRF2 and that interaction with the
chromatin may stabilize the TRF2 protein and prevent its proteasomal degradation [368].
Given that IN is a chromatin binding protein and is protected by Ku70 from proteasome
degradation, it would be interesting to test the hypothesis that proteasomal protection of
IN by host protein Ku70 would enhance chromatin association of IN. Additionally, it has
been shown that heterozygous knockout and knockdown of Ku70 increased recombinant
adeno-associated virus (rAAV) —mediated integration frequency in human somatic cells
[369]. This finding not only has direct implication on rAAV-mediated knockout and gene
therapy approaches, but also implies that Ku70, as part of the NHEJ pathway, might have

a role in HIV-1 integration considering that it is incorporated into HIV-1 virion in the late

187



stage, and that it interacts with and prevents IN from host ubiquitous ubiquitin

proteasome pathway during the early stage of viral replication.

Results from chapter 6 showed that N-terminal part of Ku70 (Ku70 1-430) had stronger
binding affinity to bind IN than Ku70 wt, and Ku70 knockdown in both virus-producing
and target CD4+ T cells significantly disrupted HIV-1 replication. These data have
provided proof-of-concept that IN-Ku70 interaction might represent novel, potentially
druggable, anti-viral target. LEDGF/p75 is the most well understood cellular cofactor of
IN and the interaction between LEDGF/p75 and IN has been extensively investigated as a
new class of anti-IN target. It has been demonstrated that stable overexpression of the
LEDGF/p75 IBD reduces HIV replication 100-fold and the replication block was mapped
to the integration step [168, 178]. LEDGINs which are small molecule inhibitors that
bind to the LEDGF/p75 binding pocket in HIV-1 IN have been proven to inhibit IN-
LEDGF/p75 interaction and have potent antiviral activity [274]. The same basic
strategies can be used when investigating IN-Ku70 interaction as antiviral target. For
example, overexpression of Ku70 binding domain aa 1-430, or even smaller binding
region, can potentially inhibit IN-Ku70 interaction and further block HIV-1 replication.
And future solution structure of IN-Ku70 binding will not only shed light on the
binding/interaction mechanism but also provide valuable information for structure-based

drug design.

Two host DNA damage signaling and repair pathways including the NHEJ pathway
(DNA-PK, Ku, Xrcc4, DNA ligase 1V) and DNA damage-sensing (Atr (Atm and Rad
related), y-H2AX) pathways are suggested to participate in the successful gap repair

during integration [203-205]. A latest study reported that LEDGF/p75 enhances DNA-
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end resection and homologous recombination—mediated repair through its PWWP-
dependent binding to chromatin [370]. It is still unknown currently whether HIV-1 recruit
LEDGF/p75 to enhance homologous DNA repair when infected cells enter S phase with
retroviral DNA intermediates unrepaired. NHEJ is known to repair DNA double strand
break throughout all the cell cycle phases mainly occurring in the G1 phase, while
homologous recombination which repairs DNA break with high fidelity predominates the
repair during the S phase [371]. Therefore, it is tempting to speculate that HIV-1 utilizes
the complementary Ku70 and LEDGF/p75 to be corporately and actively involved in host
proteins-mediated gap repair phase of HIV-1 integration when the cells are either in G1
phase or S phase. Undoubtedly, the future will see more work in this important process

implicated with these two multifaceted cellular proteins.

8.2.3 SUMOylation and SUMO binding of IN

The only study that described SUMO modification of IN identified three y-K-x-D/E
SUMOylation sites (45LKGE, 135IKQE and 243WKQE) within IN [214]. However, it
still remains elusive as to which SUMO subtype(s) preferentially modifies IN.
Interestingly, these three SUMOylation sites are not SUMO3 modification sites as
revealed by in vivo SUMOylation assay where IN 3KR which has all key Lys residues
mutated into Arg still retains the same level of SUMOylation level as IN wt. In line with
this result, 3KR has the similar binding affinity with SUMO E2 conjugation enzyme
Ubc9 when compared with IN wt, which is in agreement with unaltered SUMO3

modification in IN 3KR mutant.
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In addition to SUMO covalent modification, we were also interested in non-covalent
SUMO binding of IN and its roles involved. Three putative SIMs of IN (SIM1
72VILV75; SIM2 2001vDI203 and SIM3 2571K11260) which fit into the SIM consensus
V/1-x-V/1-V/1 or V/I-V/1-x-V/1/L (where x can be any amino acid) were examined in this
study. In chapter 7, these putative SIMs of IN were shown to negatively regulate
SUMOylation of IN by SUMO3, differently influence on LEDGF/p75 and Ku70 binding
and participate in nuclear import of IN. The results showed that IN 3VI mutant which had
hydrophobic Val and lle in 72VI173, 2001201 and 25911260 mutated into Ala largely
diminished LEDGF/p75 binding and moderately increased Ku70 binding, while bound
non-SUMOylated cofactor Nup62 to the same extent as IN wt. Thus, we speculate that
the three putative SIMs of IN might be involved in the regulation of the interaction with
its SUMO conjugated binding partners. Another interesting observation is that 3VI, M2
and M3 mutants were both cytoplasmic and nuclear distributed, in contrast to exclusively
nuclear localization of IN wt. The roles of these putative SIMs in the nuclear localization
of IN still await further characterization. Since 3VI, M2 and M3 all had decreased
LEDGF/p75 binding, it raised the possibility that nuclear redistribution of these mutants
might be caused by impaired IN-LEDGF/p75 binding [147, 165, 170]. However, we
cannot rule out the possibility that other cellular proteins such as RANBP2/Nup358 might
contribute to this process. In support of this hypothesis, RANBP2/Nup358 was involved
in the PIC nuclear import , and it is a SUMO E3 ligase that harbors both SIMs and
SUMO conjugation sites [116, 240, 350, 356, 357]. Despite all these critical roles that

these putative SIMs play, the exact mechanisms still remain elusive.
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Current and future work in this project will focus on the following key questions: 1)
whether these three putative SIMs or which specific SIM of IN could mediate non-
covalent SUMO binding of IN; 2) whether and how these important motifs affect HIV-1
viral replication. Yeast two-hybird assay and in vitro binding assay are the two main
approaches being employed to investigate non-covalent SUMO binding of certain
proteins [218, 372]. The in vitro binding assay studies the binding between recombinant
epitope-tagged SUMO proteins and proteins of interest. To address the first question,
GST pull down assay will be performed to study the potential interaction between
recombinant IN wt and recombinant GST-SUMO1, GST-SUMO2 or GST-SUMO3
fusion proteins. Then we will express recombinant IN 3VI proteins in bacteria and
analyse its binding with SUMO fusion protein. GST alone will be included as a negative
control. We speculate that IN wt is able to bind SUMO in the GST pull down assay
whereas IN 3VI might lose SUMO binding ability. Though this assay, we will be able to
demonstrate whether these three putative SIMs are authentic SIMs that mediate non-

covalent SUMO binding of IN.

To investigate the functional roles of these important sequences during HIV-1 replication,
single cycle replicating HIV-1 virus harbouring IN mutants M1, M2 and M3 will be
generated by packaging VSV-G, Vpr-RT-IN and RT/IN/Env gene-deleted
NLIucABgIARI provirus into 293T cells, as described earlier [215, 285]. These viruses
containing various IN mutants will be used to infect C8166 CD4+T cells and viral
infectivity will be assessed by Luciferase assay at 48 h post-infection. To pinpoint which
early step of viral replication might be blocked in these single cycle replicating viruses,

real-time PCR will be carried out to quantify late RT, 2-LTR circles and integrated DNA
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which are indicative of reverse transcription, nuclear import of PIC and integration in the
viral life cycle [215, 285]. Although it is currently unknown the effects of these IN
mutants on HIV-1 replication, it is expected that these viruses, at least for the viruses
containing M2 and M3 mutants which were impaired for LEDGF/p75 binding and
nuclear import of IN, are replication and integration defective. Future studies aimed at
investigating the detailed biological action of these IN putative SIMs mutant viruses will
provide important clues to the understanding of the involvement of SUMO binding of IN

in the retroviral replication cycle.

8.3  Potential applications

The first FDA-approved HIV IN inhibitor RAL blocks integration by binding to catalytic
metal cations in the catalytic core and preventing covalent bonds forming between IN and
host DNA [373]. Current research effort is focused on virus-host protein/DNA
interactions which are required for the completion of integration and the HIV replication
cycle. The development of new IN inhibitors will be driven by an improved
understanding of IN/cofactors/chromatin structure and of cellular cofactors-regulated pre-
integration and integration events. In chapter 4 and 5, we characterized two critical
molecular interactions that determine the fate of HIV-1 integration and viral replication:
IN with host chromatin and IN with the cellular cofactor LEDGF/p75. Chapter 6
described another cellular cofactor Ku70 and its roles in the ubiquitin modification of IN.
Lastly, chapter 7 described the roles of putative IN SIMs in SUMO modification,
cofactors binding and nuclear localization. Our hope is to translate this basic knowledge
into novel targets for antiviral therapies, by developing inhibitors of host-virus protein

interactions.
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8.4 Concluding remarks

A hallmark of retroviral replication is the permanent integration of the viral genome into
the host cell genome, which is catalyzed by the viral enzyme IN. The process of
integration is accompanied by the dynamic interactions among IN and viral DNA,
chromatin, host proteins within the multiprotein complex PIC. Our goal was to determine
the molecular mechanisms of cellular cofactors involved regulation of HIV-1 integration,
with a particular emphasis on the interplay between IN with chromatin and cellular
cofactors LEDGF/p75, Ku70. We have shown that 1) lethal phenotype induced by HIV-1
IN in yeast might be related to its capability of chromatin association and LEDGF/p75
binding; 2) HIV-1 IN is able to mediate chromatin binding in LEDGF/p75-independent
manner; 3) IN is protected by host DNA repair protein Ku70 from proteasomal
degradation pathway; 4) IN harbors three putative SIMs which have been shown to affect
SUMO modification, cofactors binding and nuclear localization of IN. Overall, these
results obtained from this thesis work highlighted the roles of cellular cofactors of HIV-1
IN (including LEDGF/p75 and Ku70) in the regulation of various actions of IN and viral

replication.
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