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ABSTRACT
A programmed -1 frameshift in the HIV-1 protease gene has been previously demonstrated. The
sequence encoded in the overlapping —1 reading frame, named pro-fs, has significant similarity
to the DNA binding loop of NF-xB, which is also the peptide known to bind thioredoxin (Trx) as
part of the process of NF-kB activation. The hypothesis that the putative HIV-1 pro-fs gene
product functions by mimicry of NF-kB via interacting with Trx was tested by co-
immunoprecipitation and GST-pull down assay in vitro. Both experiments consistently showed
that pro-fs binds human Trx in vitro; and the binding affinity is apparently stronger with Trx-wt
than with Trx-CS, in which the two Cys residues in the active center of Trx were mutated to Ser.
The fact that pro-fs interacts with Trx-CS rules out the possibility that the interaction between
pro-fs and Trx is just due to cross-linkage via formation of an intermolecular disulfide bond
between the Cys residues of pro-fs (the Sec residues in pro-fs sequence are mutated to Cys for

bacterial expression) and the Cys residues in the active site of Trx. Due to the nature of the -1



frameshift mechanism, pro-fs and the HIV-1 protease share the first 20 amino acid residues at the
N-terminus. Since both the retroviral protease and NF-xB function as dimers, we investigated
whether pro-fs also dimerizes in living mammalian cells by fluorescent resonance energy transfer
(FRET) analysis using confocal microscopy. Fluorescence microscopy was utilized to investigate
the hypothesis that pro-fs is a nuclear protein, based upon its high pl and mimicry of NF-xB. The
results demonstrated that pro-fs localizes in cell nuclei and forms oligomers. FRET analysis was
also used to study the interaction between pro-fs and Trx in living cells. The results showed that
phorbol 12-myristate 13-acetate (PMA) treatment of the 293T cells induces the nuclear
translocation of Trx, and pro-fs binds to both Trx-wt and Trx-CS in PMA-stimulated cells.
Together with the results of co-immunoprecipitation and GST-pull down assay, it suggests that
Trx-pro-fs binding is a structurally specific interaction that involves multiple amino acid residues
in the interactive region.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1. NF-«xB: a linker of HIV and immune activation

The rate of replication of a virus in lymphoid tissues is important for disease progression,
which requires the reactivation of the proviral genome in the infected cells [1, 2]. The regulation
of HIV transcription is dependent on the functions of both the viral Tat protein (trans-activator
of transcription) as well as the activities of a number of cellular transcriptional factors [3, 4].
These transcription factors interact with viral promoter and enhancer elements, located
predominantly within the viral long terminal repeat (LTR), such as binding sites for nuclear
factor kappa B (NF-kB), Sp1, USF, NFAT-1, and activator protein 1 (AP-1) [5]. A variety of
stimuli, including cytokines, phorbol esters, tumor promoters, protein kinase inhibitors [6], heat
shock [7] and oxidative conditions [8-12], regulate the transcription of the HIV-1 provirus
through the modulation of the complex eukaryotic promoter localized in the LTR. Although a
large number of different cellular transcription factors have been suggested to participate in the
regulation of HIV transcription, either through direct interactions with HIV DNA or RNA, or
through modulating the effects of Tat protein, only a few of them have been clearly shown to
have important effects on viral replication, among which NF-kB plays a critical role in HIV
disease [13].

NF-kB is a ubiquitous and well-known transcription factor in cell nuclei that binds to a
specific DNA consensus sequence. It regulates hundreds of genes involved in immune activation
and cellular responses to stress, including cytokine genes associated with T cell activation and
inflammation responses (for example, GM-CSF, IL-6, IL-8, IL-2, etc.), adhesion molecules (for
example, VCAM-1 and E-selectin), and genes that regulate cell proliferation and apoptosis [14-
17]. In addition to a wide variety of cellular genes, it also regulates gene expression of viruses

including HIV-1, cytomegalovirus (CMV), and simian virus 40 (SV40) [17-19]. NF-kB belongs



to a family of inducible mammalian transcription factors, the Rel/NF-xB family, which are
encoded by five genes p50/p105, p65/RelA, c-Rel, RelB, and p52/p100 [20, 21]. The Rel
homology domain (RHD) contains conserved amino acid sequences in all NF-xB/Rel proteins
(Fig. 1.1) involved in important functions including DNA binding, dimerization, nuclear
localization, and interaction with 1xB molecules [22]. Many homo- and heterodimeric forms
have been described, which may account for their distinct transcriptional regulation properties
[23, 24]. Among these the NF-kB heterodimer consisting of the p65/RelA and p50 subunits is the
classic form. NF-kB dimers exist in most cell types in an inactive cytoplasmic form associating
with inhibitory molecule IxB [25]. Initial activation of NF-kB in the cytosol occurs as a result of
specific phosphorylation of 1kB, followed by ubiquitination of 1B and proteolytic degradation
of 1B by the 26S proteasome, which results in unmasking of the nuclear translocation signal on
NF-kB. Then the active NF-xB dimers can enter the nucleus and bind to their cognate DNA
binding sites to activate gene transcription (Fig.1.2) [26-32].

The presence of NF-kB binding sites in the enhancer sequences in the U3 region of the
viral LTR is a fundamental characteristic of all the primate immunodeficiency lentiviruses. There
are two functional NF-«B sites located in LTR of HIV-1, which lie directly upstream to the Spl
tandem binding sites. The mechanisms by which NF-kB activates HIV transcription are
fundamentally the same as those by which NF-«xB activates transcription of the multitude of
normal cellular targets. Active NF-xB dimers, particularly the p50/p65 or p52/p65, bind to the
kB motifs in the LTR, through which the potent transcriptional activation domain of p65 RelA is
brought to the LTR promoter and activate HIV transcription [21, 33-36]. The transcriptional

activation of HIV-1 LTR was clearly shown to depend on NF-kB when exposed to oxidative



stress mediated by either hydrogen peroxide or tumor necrosis factor-o. (TNF-a) [11, 12, 37, 38].
Thus, by incorporating two NF-«kB binding sites in LTR, HIV has cleverly co-opted this
fundamental cellular regulatory pathway to support its own intimate interactions with the resting
and activated host immune system.

Moreover, it is also important to note that NF-kB also works in a synergic manner with
several other transcription factors, such as the Ets family of transcription factors and C/EBP
transcription factors, in the activation of HIV transcription [39, 40]. Other transcription factors
besides NF-xB have been reported to also interact with the HIV enhancer kB motifs. PU.1, a
member of the Ets family of transcription factors, has been reported to play a role with NF-xB in
activating HIV LTR transcription induced by lipopolysaccharride (LPS) in macrophages by
binding to an additional Ets motif located within the upstream NF-xB binding site, whereas NF-
kB binds to the downstream site [41]. NFAT-1, a T-cell transcription factor distantly related to
the NF-kB/Rel family protein, can also bind to the HIV LTR NF-kB sites and negatively
regulate the NF-xB activation of LTR transcription, whereas NFAT-2 positively regulates HIV-1
LTR through NF-kB binding sites [42]. These studies illustrate the complexity of NF-kB
regulation of the HIV LTR and suggest the importance of cellular transcription activators in
altering viral replication and perhaps pathogenesis.

Not only can NF-kB activate HIV transcription, it also plays a number of different roles
in HIV-cell interactions that could affect HIV replication. NF-xB can be activated by many viral
infections, including infections by human leukemia virus, human herpes virus, other human
retroviruses [43]. A hypothesis of an autocrine stimulatory loop, which HIV infection activates
NF-kB to further enhance HIV gene replication, was made to illustrate the mechanism [21]. The

binding of HIV to CD4 on cell surface, HIV Tat protein, and HIV protease were reported to



account for this autocrine stimulatory loop of NF-«kB activation by either inducing 1B
phosphorylation and degradation or increasing proteolytic processing of the inhibitory p105 NF-
«kB-1 precursor to generate more p50 (Fig.1.3) [28, 44-47]. It is probably noteworthy that HIV
infection may suppress HIV-induced apoptosis in infected myeloid cells by inducing activation
of NF-kB [48].

NF-kB is susceptible to regulation by the intracellular reduction-oxidation (redox) state
[14-17, 49, 50]. A large variety of stimuli are now known to induce the activation of NF-«B,
including phorbol ester (such as PMA), phytohaemmaglutinin (PHA), TNF-a, LPS, HIV-1
protease, calcium ionophores and H,O,. These stimuli function at least in part by a common
pathway involving reactive oxygen intermediates (ROI) [11, 51-55]. Antioxidants such as N-
acetylcysteine (NAC) or lipoic acid were shown to efficiently block NF-kB activation in the
signaling pathway in the cells [11, 56]. Furthermore, even fully activated NF-kB was found to be
blocked by gold ion via a redox mechanism in vitro, during which the reduced Cys residues in
the active center of NF-kB was oxidized [57]. Other studies also reported that treatment with
some antioxidants or the overexpression of the detoxifying enzyme glutathione peroxidase
(GPx), a selenoprotein, were able to abolish the activation of NF-xB [58-60]. Therefore, in
general, antioxidants are now considered to be effective NF-«kB inhibitors. The importance of
cellular redox status and antioxidant defense will be discussed in more detail in the following

section.



1.2. Selenium (Se) and selenoproteins: important factors in regulation of cellular redox

milieu

One of the principal classes of chemical reactions for life on this planet is oxidoreduction.
There is strong chemical reactivity of the thiols on protein molecules. However, oxygen plays
pleiotropic roles in the life of modern living organisms. While oxygen is indispensable for the
cell to obtain the essential chemical energy in the form of adenosine triphosphate (ATP), oxygen
is also often transformed into highly reactive forms, ROI, which can be toxic to the cell and play
critical roles in a number of diseases such as inflammatory disease, atherosclerosis,
cataractogenesis, Alzheimer disease, cardiovascular disease [61-63]. The role of oxidants in the
inactivation of viruses was described as early as 1970 [64]. Over the decades, accumulating
evidence illustrates the involvement of oxidants in viral infection and disease progression, such
as infection by influenza virus, hepatitis-causing viruses, and most importantly HIV [65-67].
Humans infected with HIV have been shown to be under chronic oxidative stress caused by
perturbations of the host antioxidant defense system, including changes in ascorbic acid,
tocopherol, carotenoids, Se, superoxide dismutase and glutathione (GSH). In addition, elevated
levels of hydroperoxides and malondialdehyde are found in plasma of HIV-infected individuals
(reviewed by [68]). The complex role of oxidants in viral infection has led us to realize the
importance of antioxidants in immune defense.

The relationship between low intake of the antioxidant nutrients, such as Se, Zinc,
Vitamin E, lipoic acid, and Vitamin A, with a high disease incidence has been demonstrated in
numerous studies [69-71]. Se is an essential trace mineral in various aspects of human health.

The past three decades have revealed the important roles of Se in prevention of cancers,



cardiovascular disease, and viral infection, as well as regulating thyroid function, immune
function, mood and reproduction, and especially its critical role for host antioxidant defense [72-
74]. Growing evidence links Se deficiency to the occurrence, virulence, or disease progression of
several viral infections. Starting from 1979, a relationship between low Se status and Keshan
disease, a nonobstructive cardiomyopathy endemic to parts of China, was documented [75].
Later it was shown that Se-deficiency could trigger non-virulent coxsackie virus to become
virulent, a situation that is likely to be relevant to the development of Keshan disease [76]. These
observations in regard to coxsackie virus may also explain the steady emergence of new strains
of influenza virus in China within its Se-deficient belt [76]. Both experimental data and
epidemiological surveys demonstrated the association between low dietary Se intake and
increased hepatitis virus (B or C) infection as well as the resulted increase of liver cancer
incidence; and a continuous intake of Se is essential to sustain the chemopreventive effect
against the progression of the condition to liver cancer [77, 78].

Se seems also to be a crucial nutrient for HIV-infected individuals. A correlation between
HIV disease outcome and patient’s Se status has been widely documented suggesting that Se
deficiency exposes the host to a more significant risk than deficiency of any other nutrient.
Plasma Se is not only correlated with various indicators of disease progression, but is also an
independent predictor of mortality in HIV infection, being a significantly greater risk factor for
mortality than low helper-T-cell count in some studies [79-82]. In fact, there are more than 20
papers reported a progressive decline in plasma Se in parallel with the on-going loss of CD4 T
cells in HIV-1 infection [83]. Se-deficient HIV patients showed a mortality risk from HIV-

related causes nearly 20 times that of those with adequate levels [80].



There is evidence showing that Se is a potent inhibitor of HIV replication in vitro [84]. Se
supplementation suppressed HIV replication induced by TNF-a in acute infected monocytes via
increasing concentration of selenoproteins GPx and thioredoxin reductase (TR), which inhibit
NF-kB activation [14, 84, 85]. Therefore, adequate concentrations of Se are essential to maintain
a reductive cytoplasmic milieu in HIV-infected cells to suppress the rate of HIV replication.

The influence of Se on the immune system is multifactorial. Most of its important
functions are associated with specific selenoproteins in the form of selenocysteine (Sec), a rare
amino acid encoded by the opal stop codon UGA in bacteria, archea, and eukaryotic organisms
[86, 87]. Sec is a Se analog of the sulfur amino acid, cysteine (Cys), and acts as an integral
constituent of the selenoproteins. Thus, via the selenoproteins, Se can influence broad areas of
cell function through regulation of the activity of redox-active proteins [88]. Most of the
identified selenoproteins play a role in antioxidant defense and are important for the involvement
of Se in the immune system. There are 4 classes of GPx enzymes (cellular or classical [89],
plasma or extracellular [90], phospholipid hydroperoxide [91], and gastrointestinal [92]), which
all detoxify hydrogen peroxide and organic lipid peroxides at the expense of reduced GSH,
thereby preventing the formation of the highly toxic hydroxyl radical, which causes cellular
damage [93]. Like GPx, selenoenzymes families of thioredoxin reductase (TR) [94] and
iodothyronine deiodinases [95-97] also have essential functions in redox regulation of many
metabolic functions in cells (in particular transcription factors) as well as in thyroid hormone
metabolism. Selenoprotein P is an extracellular, monomeric glycoprotein containing up to 10
selenocysteine residues in the polypeptide chain and was proposed to exert extracellular oxidant
defense as GSH-dependent peroxidase for phospholipid hydroperoxides in extracellular fluid

[98]. Selenoprotein W reduced the sensitivity of both cell lines to H,O, cytotoxicity and was



suggested to have antioxidant functions in a GSH dependent manner [99]. Selenophosphate
synthetase 2 catalyzes the production of selenophosphate, which is an essential inorganic
precursor for the synthesis of selenocysteine from serine during selenoprotein synthesis [100].
Recently, 25 genes that code for selenoproteins have been detected in the human genome using
bioinformatics tools and more than 20 selenoproteins have been characterized by purification,
cloning, recombinant expression and prediction of function using bioinformatic techniques [101,
102].

Since Se status plays an important role in viral infection and disease progression, it is not
surprising to find out that viruses have acquired homologues of selenoproteins during the course
of evolution to hijack the Se supply of the host, thereby reducing the ability of the host to
produce enough mammalian selenoproteins and to generate an effective immune response. The
first confirmed examples of a virally encoded selenoprotein, a functional GPx enzyme encoded
by Molluscum contagiosum, a poxvirus that causes persistent skin neoplasms in children and
acquired immunodeficiency syndrome (AIDS) patients, has now been firmly substantiated by
both theoretical [103] and experimental evidence [104]. It has a high degree of homology with
the known mammalian selenoprotein GPx-1 (76%) at the amino acid level, with an identically
in-frame UGA codon. This viral selenoprotein was shown to protect human keratinocytes against
cytotoxic effects of ultraviolet irradiation and hydrogen peroxide, which provides a mechanism
for a virus to defend itself against environmental stress [104]. Similarly, studies of the genome
sequence of the pathogenic Fowlpox virus, the poxvirus that infects chickens and turkeys,
revealed a GPx homologue with 44% identity to human GPx [105]. In addition to the presence of
GPx-homologues in the poxviruses, Taylor and his colleagues have presented theoretical

evidence based on molecular modeling that suggested the capability of making viral



selenoproteins, such as GPx, by many human viral pathogens such as HIV-1 and 2, coxsackie
virus B3, hepatitis B and C viruses, and the measles virus [106, 107]. This hypothesis was
supported by findings from the experimental data, in which the viral GPx module, when
expressed in mammalian cells, showed measurable GPx activity [107]. Taylor et al. suggested
that sufficient dietary Se intake may maintain host cellular immunity and appropriate redox
control, thus protects host against HIV progression. While under low Se conditions, increased
oxidative stress induces cell apoptosis and activates viral replication, thus leading to increased

pathogenic effects [71].

1.3. Thioredoxin: a complex factor in regulating NF-xB activation

The selenoprotein TR and its substrate thioredoxin (Trx) have been shown to regulate
NF-kB activation through oxidoreduction. TR is a member of the Type-1 pyridine nucleotide-
disulfide oxidoreductase enzyme family that includes glutathione reductase, lipoamide
dehydrogenase, and mercuric ion reductase, with a conserved -Cys-Val-Asn-Val-Gly-Cys- redox
catalytic site in the N-terminal region [108]. These enzymes catalyze the NADPH-dependent
reduction of their substrates (Fig. 1.4), including lipoic acid, vitamin K-3, 5, 5’-dithiobis (2-
nitrobenzoic acid), dehydroascorbic acid, the tumour-suppressor protein p53 and Trx [93, 109,
110]. Both mammalian [94] and Caenorhabditis elegans [111, 112] encoded TR contain a Sec
residue in an additional redox center at their C-terminus formed by Cys495 and Sec496, which is
strikingly different from the Escherichia coli enzyme. It has been confirmed that the Sec center
plays a key role in the novel, wide ranging functions as an oxidant sensor controlling cell

signaling pathways [108, 113, 114]. The role of the Se atom in Sec during catalysis of Trx by TR
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is to transfer electrons to oxidized Trx, with the reduced Trx subsequently serving as an
important source of reducing power for thioredoxin peroxidase, ribonucleotide reductase and
other proteins and enzymes containing redox-active disulfide groups, such as NF-«B [71] (Fig.
1.4). Since TR is a selenoprotein, its activity is tightly regulated by Se status. It was reported that
both TR activity and its mRNA level were greatly down-regulated in Se-deficient rat liver
comparing to that in Se-adequate rat liver, similar to the fall in Se-dependent GPx-1 activity
[115]; as a result, it may increase the risk of cancer [116]. In vivo experiment showed that adding
Se at 1uM to the medium of cultured cells gave about 11-23 fold increase and adding Se at 10
uM a 40-65 fold increase in activity via increasing Se incorporation into the enzyme without an
significant increase in protein synthesis of TR [116].

Trx, a small ubiquitous protein with two redox-active cysteine residues in its catalytic
center, with the consensus amino acid sequence -Trp-Cys-Gly-Pro-Cys-Lys-, is known to be an
important endogenous redox-regulating molecule due to its thiol reducing activity [50, 117, 118].
It exists either in a reduced form with a dithiol or in an oxidized form, in which the cysteine
residues form an intra-molecular disulfide bridge. Trx participates in redox reactions by
reversible oxidation of the two Cys residues and catalyzes dithiol-disulfide exchange reactions
involving many thio-dependent cellular processes, including a variety of biological functions
related to intracellular signaling, gene regulation, resistance to oxidant stress, and control of
apoptosis [118-120].

Trx was initially identified as a hydrogen donor from E. coli [121], and later was
recognized for its role in induction of the o subunit of the IL-2 receptor in human, which is now

known to be under the regulation of NF-xB [122-124]. Trx regulates the DNA binding ability of

a number of cellular transcription factors, either directly, as in the case of NF-kxB (by reducing a
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disulfide bond involving Cys62 of the p50 subunit) [16, 50, 122, 125, 126] and the
glucocorticoid receptor {Makino, 1996 #60}, or indirectly, as in the case of AP-1 via Ref-1
[127]. Hirota and his colleagues demonstrated that Trx associates directly with NF-kB and plays
dual and opposing roles in the regulation of NF-kB activation. Overexpression of wild-type Trx
suppressed NF-xB activation in the cytoplasm while overexpression of nuclear-targeted Trx
potentiated NF-xB-dependent transcription in the nucleus [50]. Structure analysis has elucidated
the mechanism for the redox regulation of NF-kB by Trx. First, the crystal structures of the NF-
kB subunit p50 with its target DNA revealed the novel DNA-binding 3 barrel structure of NF-xB
and confirmed the prediction that the DNA-binding loop contains the Cys62 residue [128, 129].
Then, NMR studies by a group in National Institutes of Health determined that a boot-shaped
hollow on the surface of Trx containing the redox-active Cys residues (Cys32 and Cys35) can
recognize the DNA-binding loop of p50 of NF-xB and is likely to reduce the oxidized Cys62 of
NF-kB [126]. The NMR structure also indicates that the reduction of NF-kB by Trx involves a
structurally specific interaction because in addition to the intermolecular disulfide bridge
between Cys32 of human Trx and Cys62 of NF-kB. The Trx - NF-xB complex was stabilized by
numerous hydrogen-bonding, electrostatic and hydrophobic interactions involving multiple
amino acid residues [126].

Several lines of evidence indicate an important role for Trx in HIV-1 replication and
disease. In addition to the essential role of Trx in the cell nucleus for reductive activation of NF-
kB [16, 50, 122], and thus for activation of HIV transcription, Trx is a key participant in a
mechanism whereby HIV-infected cells resist apoptosis while simultaneously inducing apoptosis
of bystander cells via upregulation of FasL. It was shown that Trx directly associates with the N-

terminal portion of apoptosis signaling kinase 1 (ASK1), a key component of TNFa-induced
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apoptosis [130], promoting the ubiquitination and degradation of ASK1, removing the pro-
apoptotic signal to downstream kinases [117, 130]. Mutagenesis studies showed that the presence
of at least one of the two active site Cys residues (C32 or C35) is required for Trx to inhibit
ASK1-dependent apoptosis [117]. There is evidence indicates that the pleiotropic HIV-1 nef
protein participates in the process of inhibiting ASK1-dependent apoptosis by preventing
stimulus-coupled release of Trx from ASK1 in HIV infected cells [131]. More generally, because
of its role as a hydrogen donor for ribonucleotide reductase, essential for DNA synthesis [132],
Trx is required by retroviruses for formation of their DNA provirus. Clinical data has shown that

there is an increase in plasma Trx levels in HIV disease, particularly in the later stages [133].

1.4. HIV-1 encoded selenoproteins: predictions and hypotheses

Previously, Taylor et al. predicted several selenoprotein modules encoded by HIV-1
based on theoretical evidence, including an env variant associated with a predicted —1 frameshift
site, which was named env-fs and was subsequently identified as a virally-encoded homologue of
GPx. The viral GPx (vGPx) module contains a single opal stop codon (UGA), encodes for Sec.
The putative vGPx showed functional GPx activity when cloned and expressed as a
selenoprotein in mammalian cells [107]. Another predicted selenoprotein is potentially expressed
by a —1 frameshift from the HIV-1 protease coding region [134], and was later named pro-fs
[135]. The frameshift site in HIV-1 protease gene was established experimentally using a
standard in vitro assay [71]. The pro-fs sequence contains two in-frame UGA codons, potentially

enabling the incorporation of Sec to form a selenoprotein [71, 135].
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Programmed -1 translational frameshifting happens when the ribosome shifts upstream
by one nucleotide during the course of reading an mRNA. As a consequence, the protein product
is encoded in two overlapping reading frames [136, 137]. Thus, there are two primary products
translated from a single MRNA that share the N-sequence encoded upstream of the shift, and
differ in the sequence encoded downstream of the shift, possibly having very different functions
or enzymatic activities [136, 137]. Due to this nature of —1 frameshifting, pro-fs would first be
expressed as a gag-pol-pro-fs double frameshift fusion protein because the pol gene itself
reguires a —1 frameshifting to be expressed. After processing by the viral protease, the first 20 N-
terminal residues of pro-fs would be identical to the protease sequence. This shared module is
fused to a C-terminal domain of 49 residues encoded in the —1 reading frame to form the pro-fs
protein. The amino acid sequence of pro-fs is highly conserved in HIV-1 sequences, especially
the sequence spanning its first UGA codon, which overlaps the HIV protease active site in the
zero frame [71]. Based on the protein sequence, the computed pl of pro-fs is 11; thus, pro-fs was
predicted to be a very basic, positively charged protein, which suggests that it may be a nuclear
protein.

Sequence analysis suggested a match to the NF-kB family of transcription factors, which
contains a conserved Cys that aligns with the highly conserved UGA codon of pro-fs. The
homology between pro-fs and the DNA binding loop of NF-kB, which is also the peptide
interacting with Trx, is highly significant, with a similarity score 4.5 standard deviations better
than that expected for random sequences of identical composition. The sequence alignment
suggests that the protease-processed form of pro-fs could be at the least a minimal mimic of an

NF-kB-like DNA-binding domain, or Trx-binding domain. Mammalian cells co-expressing pro-

fsand a HIV-1 LTR driven lacZ reporter gene construct showed increased 3-gal activity in
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response to TNF-a treatment, and deletion of the NF-«xB binding sites located in HIV-1 LTR
abolished the effect, which suggests that pro-fs is a potent bioactivator of HIV-1 LTR, exerting
its effects via NF-kB (Taylor et al, unpublished data). The existing NMR structure of Trx-NF-xB
enabled the construction of a homology model of pro-fs peptide binding Trx. The minimized
energy of the pro-fs-Trx complex showed a lower value than that of Trx-NF-kB complex,
indicating pro-fs, like NF-kB, is a target of Trx (Taylor et al, unpublished data).

It may be also significant that both retroviral proteases and NF-xB function as dimers.
The arrangement of the pro-fs gene in HIV-1 suggests that perhaps the protease N-terminal
region (the first 20 amino acid residues) functions as a common dimerization motif that can be
attached to protease and pro-fs, which are encoded by the same nucleic acid sequence in two
different reading frames. Thus, it was previously suggested that pro-fs itself might exist as a
dimer [134].

The functional role of pro-fs is far from clear. Does it function by direct binding to NF-
kB site in the HIV LTR in a homodimeric form, or by forming heterodimer with NF-xB
subunits? Does it function as a mimic of the nuclear TR to maintain nuclear Trx in a reduced
state, or as a substrate of Trx? Is it produced by HIV-1 at early stage of infection to promote
HIV-1 replication, or at latent stage to prevent apoptosis of the infected cells? Obviously, we
cannot draw any conclusion based on the evidence that already exists. More investigation needs
to be taken place to solve the puzzle. The most immediate hypotheses derived from the known
facts are: (1) Pro-fs functions by mimicry of NF-kB by interacting with Trx; (2) Pro-fsis a
nuclear protein, and forms a dimer. The main purpose of this dissertation is to test these
hypotheses, and thus clarify the role of pro-fs in this network and build the foundation for future

research.
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Figure 1.1. The NF-kB/Rel family of proteins. The NF-kB/Rel proteins form to a family of
inducible transcription factors, which are encoded by five genes p105/p50 (NF-xB1), p65
(RelA), c-Rel, RelB, and p100/p52 (NF-kB2) [20]. The Rel homology domain (RHD) contains
conserved amino acid sequences in all NF-kB/Rel proteins that are involved in important
functions including DNA binding, dimerization, nuclear localization, and interaction with 1B
molecules. Dorsal and Dif are Drosophila proteins, homologous to mammalian NF-xB/Rel

family of proteins (adapted from Figure 1 in [22]).
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Figure 1.2. The NF-xB activation scheme. NF-xB localizes in the cytoplasm associating with the
inhibitory IkB proteins. Upon stimulation by a large array of factors, such as viruses, cytokines,
and stress-inducing agents, kB undergoes phosphorylation, ubiquitination and degradation,
leading to nuclear translocation of NF-kB DNA binding subunits, and thus transactivate NF-kB
responsive genes containing the xB site sequence (5-GGGRNNYYCC-3'). Target genes are
selectively regulated by the distinct transcriptional activation potential of different NF-xB

subunit combinations (adapted from Figure 1 in [28]).
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Figure 1.3. Proposed mechanisms of NF-kB activation in HIV-1-infected cells. Several
mechanisms may regulate NF-«B activity in HIV-1-infected cells. Binding of HIV-1 to CD4 and
CD4 crosslinking leads to NF-«B activation. Protein kinase R (PKR), induced by low level
interferon (IFN) and HIV-1 transcripts, may induce 1xB kinase (IKK) activation. Autocrine
release of cytokines such as tumor necrosis factor -o. (TNF-at) and interleukin -1 (IL-1) may
constitutively stimulate the signaling pathways leading to NF-kB activation. Activation of the
IKK complex either directly by HIV-1 regulatory proteins or by cytokine release leads to the
phosphorylation, ubiquitination and degradation of kB, thus releasing NF-«xB to translocate to

the nucleus and transactivate HIV gene transcription (adapted from Figure 2 in [28]).
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Figure 1.4. Mechanism of the reduction reaction of thioredoxin (Trx) catalyzed by the
mammalian selenoprotein thioredoxin reductase (TR), and functions of Trx. (1) NADPH binds to
the NADPH-binding domain of TR, and electrons (e") flow from NADPH through FAD to
reduce the conserved catalytic-site -Cys-Xaa-Xaa-Cys- disulphide bond of TR. The C-terminal -
Cys-SeCys- catalytic site is in the oxidized form at this time. (2) Thiol-disulphide exchange
results in oxidation of the Cys-Xaa-Xaa-Cys- site and reduction of the C-terminal -Cys-SeCys-
site. (3) The reduced Cys-SeCys moves away and transfers electrons to its substrate, oxidized
Trx, to reduce its disulphide bond. (4) Reduced Trx provides reducing equivalents to Trx
peroxidase, which breaks down H,O; to water, ribonucleotide reductase, which reduces
ribonucleotides to deoxyribonucleotides for DNA synthesis, and transcription factors, such as
NF-kB, which leads to their increased binding to DNA and altered gene transcription. In
addition, Trx increases cell growth and inhibits apoptosis (adapted from Figure 1 and Scheme 2

in [108]).

36



CHAPTER 2

A HIV-1 ENCODED PEPTIDE MIMICS THE DNA BINDING LOOP OF NF KAPPA B AND

BINDS THIOREDOXIN WITH HIGH AFFINITY IN VITRO!

1 Su, G., W. Min, and E. W. Taylor. To be submitted to Journal of Biological Chemistry.
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ABSTRACT

It has previously been shown that the gene encoded in the overlapping -1 reading frame
of the human immunodeficiency type 1 (HIV-1) protease, named pro-fs, has significant
homology to the DNA binding loop of nuclear factor kappa B (NF-xB), which is known to bind
thioredoxin (Trx). The hypothesis that the putative HIV-1 pro-fs gene product functions by
mimicry of NF-xB via binding to Trx was tested by co-immunoprecipitation and GST-pull down
assay. The UGA codons (coding for selenocysteine residues) in pro-fs sequence were mutated to
Cys codons, and pro-fs was expressed in E. coli and purified by high performance liquid
chromatography (HPLC). Both experiments consistently show that pro-fs binds to human Trx
with high affinity in vitro. The mutation of the two conserved Cys residues in the redox center of
Trx to Ser reduced the binding affinity but failed to abolish the interaction. These results ruled
out the possibility that the interaction between pro-fs and Trx is merely due to the formation of
an intermolecular disulfide bond between the Cys residues of pro-fs and the ones in the redox
center of Trx, suggesting that Trx-pro-fs binding is a structurally specific interaction that

involves multiple amino acid residues in the interactive region.

Keywords: Frameshift; HIV-1; Protease; NF kappa B; Thioredoxin; Selenocysteine; Cysteine;

HPLC; Pro-fs; Co-immunoprecipitation; GST-pull down.
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INTRODUCTION

Selenium (Se) is an essential trace element important for various aspects of human health
(reviewed in [1]). Growing evidence links Se deficiency to the occurrence, virulence, or disease
progression of several viral infections, such as Coxsackie virus, human immunodeficiency type 1
(HIV-1) virus, and hepatitis virus (B or C) [2-8]. A statistically significant correlation between
HIV disease outcome and patient Se status has been widely documented. Se is not only
correlated with various indicators of disease progression, but is also an independent predictor of
mortality in HIV infection [2, 4, 6]. There is evidence showing that Se is a potent inhibitor of
HIV replication in vitro [9]. Se supplementation was shown to suppress HIV replication induced
by tumor necrosis factor-a. (TNF-av) or interleukin-1 (IL-1) by increasing the concentration of
cellular selenoproteins glutathione peroxidase (GPx) and thioredoxin reductase (TR) [9-12].

To activate its replication, HIV employs the cellular transcription factors that interact
with its long terminal repeat (LTR), most importantly nuclear factor kappa B (NF-xB) [13-18].
NF-xB is composed of homo- or heterodimers of Rel family proteins (reviewed in [19]), which
all share an N-terminal Rel homology domain (RHD) that is essential for DNA binding and
dimerization. The classic NF-kB heterodimer (p50/p65) is sequestered in the cytoplasm by
interaction with the inhibitory molecule 1xB [19]. Initial activation of NF-«xB in the cytosol
occurs with phosphorylation and degradation of 1xB, which results in unmasking of a nuclear
translocation signal on NF-xB. Then the free NF-xB dimers can enter the nucleus and bind DNA
to start gene transcription [20-25]. There are two conserved kB sites located in HIV LTR that
are binding targets of NF-xB. Thus, the DNA-binding activity of NF-«B is a crucial factor in

HIV replication. The transcriptional activation of HIV LTR via NF-xB can be stimulated by a
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variety of proinflammatory or pathogenic stimuli including inflammatory cytokines, phorbol
esters (PMA), T-cell mitogens, lipopolysaccharide (LPS), hydrogen peroxide (H20;) and TNF-a
[26-29], which function at least in part by forming radical oxygen intermediates (ROIs). NF-kB
also regulates numerous cellular genes that relate to immune functions and host cellular defense
against stress, including cytokine genes associated with T cell activation and inflammatory
responses (for example, GM-CSF, IL-6, IL-8, IL-2, etc.), adhesion molecules (for example,
VCAM-1 and E-selectin), and genes that regulate cell proliferation and apoptosis [10, 17, 30,
31].

NF-kB is susceptible to redox regulation by thioredoxin (Trx), which is known to be an
important endogenous redox-regulating molecule with thiol reducing activity [32-34]. Trx plays
a role in modulating various kinds of gene expression. It is a small ubiquitous protein with two
Cys residues in its catalytic center with the consensus amino acid sequence Trp-Cys-Gly-Pro-
Cys-Lys. Trx participates in redox reactions by reversible oxidation of the dithiol of the amino
acid Cys32 and Cys35 residues to an intramolecular disulfide bond. It catalyzes dithiol-disulfide
exchange reactions involving many thiol-dependent cellular processes, including intracellular
signaling, gene regulation, resistance to oxidant stress, and control of apoptosis [34-36]. Hirota et
al. demonstrated that Trx plays a dual and opposing role in the regulation of NF-«xB.
Overexpression of wild-type Trx suppressed NF-kB activation in the cytoplasm while
overexpression of nuclear-targeted Trx enhanced NF-kB-dependent transcription in the nucleus
[32]. A growing body of evidence shows that Trx serves as a reductive catalyst in the reduction
reaction of the Cys62 residues of NF-kB [31, 32, 37], which is conserved in NF-xB RHD
domain and needs to be maintained in a reduced (thiol) state in order for NF-xB to bind to DNA

[31], e.g. B sites in HIV LTR. It was demonstrated that the reduction of the Cys62 residue of
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NF-xB requires direct association between the active center of Trx and the DNA binding loop of
NF-xB [32, 38].

Previously, Taylor et al. predicted that HIV-1 may encode several selenoprotein modules,
based on computational analysis of the viral genome [39]. One of these was potentially
expressed by a —1 frameshift from the protease-coding region, and was later named pro-fs [39,
40]. Pro-fs contains two in-frame UGA codons. UGA codon is generally a stop codon, but now
is well known for its role in coding for selenocysteine (Sec) in both eukaryotic and prokaryotic
genomes, depending upon the presence of appropriate mMRNA signals in the cell [41-43]. The
amino acid sequence of pro-fs is highly conserved in HIV-1 sequences, especially at the UGA
codons [44] [45]. Sequence analysis suggested a match to the NF-xB family of transcription
factors, in which the conserved amino acid Cys62 residue aligns with the conserved UGA codon
of pro-fs [45]. The frameshift site in HIV-1 protease gene occurs just upstream of the pro-fs
sequence (RYRSRU) that matches the sequence of the NF-xB/Rel family DNA binding domain
(RFRYXC) [45], which is also the peptide of NF-kB that interacts with Trx, as shown in the
NMR structure [38].

The main aim of this paper is to clarify how pro-fs regulates HIV gene replication via
NF-kB, and to elucidate a mechanistic role of pro-fs in cells, and its relationship with Trx. We
hypothesized that Trx is a target of pro-fs because of the local sequence similarity mentioned
above, between a central region of pro-fs and the DNA binding loop of NF-kB, which contains
the critical Cys residue that must first be reduced by Trx in order for NF-kB to bind to DNA. A
homology model of pro-fs peptide binding to Trx was constructed and the minimized energy of
this complex was shown to be at least as favorable as that of the NMR structure of Trx-NF-xB

complex (Taylor, et al., unpublished data). Therefore, we investigated the potential protein-
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protein interaction between pro-fs and Trx in vitro. Our data indicate that there is a direct

association between pro-fs and Trx.

MATERIAL AND METHODS

Construction of HIV-1 pro-fs bacterial expression vector. Because the hypothetical HIV-1
encoded peptide pro-fs was predicted to be expressed by a —1 frameshift in protease coding
region [39], the primary gene product would be a gag-pol-pro-fs fusion protein of 557 amino
acids (aa), with an expected molecular mass of about 62.3 kDa. However, a HIV-1 protease site
was located immediately upstream of the protease coding region [39], so the pro-fs module,
which is the C-terminal 69 aa of the predicted fusion product, may also cleaved and released as
an independent small (about 8.3 kDa) protein, in which form it has great significant sequence
similarity to NF-kB. It was this low molecular mass peptide that we have cloned. The above
molecular mass was estimated using Protein Calculator
(http://www.scripps.edu/~cdputnam/protcalc.html).

The full-length pro-fs gene was obtained by PCR from the constructs provided by Dr.
Hondal (Vermont University). The stop codon TAA was mutated back from CAA in the original
construct by amplifying the pro-fs coding region using sense primer PROFS-BAM, 5 GAT ATC
GGA TCC GTT CAACTT CCC GC 37, containing a BamHI site, and anti-sense primer PROFS-
ECO, 5 AGC TCG AAT TCT TAT GTC CAC AGA TTT CTA TGA G 3’, containing an EcoRlI
site. A protease site was constructed immediately before pro-fs coding region. The PCR product
was then digested by BamHI and EcoRI and inserted into vector pET43.1b (Novagen), which

contains a Nus:-Tag and a hexahistidine (6x His) tag upstream of the cloning site (Fig. 2.1). The
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pro-fs gene construct (Nus-pro-fs) was transformed into Escherichia coli (E. coli) strain
BL21(DE3) from Stratagene (La Jolla, CA) using chemical transformation method followed by
extraction and purification using QlAprep Miniprep Kits (Qiagen). Fidelity of the construct was
verified by automated DNA sequencing (Molecular Genetics Instrumentation Facilities,

University of Georgia).

Production of Nus-pro-fs and Nus proteins in bacteria. The transformed bacteria were
cultured in 50ml of LB medium supplemented with 50 ug/ml of ampicillin for about 6 hrs at 37
°C with vigorous shaking until the optical density at 600 nm (ODggo) Was 0.6-1.0. This was
stored overnight at 4 °C and was then used to infect 1 L of the same medium as described above
on the next day. Isopropyl-B-D-thiogalactopyranoside (IPTG) (Fisher Scientific) was added to
the bacterial culture to a final concentration of 0.5 mM when the ODggo Of culture reached 0.5 at
37 °C to induce protein production of Nus-pro-fs. The bacteria were continuously incubated with
vigorous shaking at 30 °C for another 8 h before harvesting. The pET43.1b vector alone was
transformed into E. coli BL21 (DE3) and Nus protein was produced using the protocol described
above. Aliquots of cells were taken at 0, 2, 4, 6, 8, 16, 24 h post-induction for Nus-pro-fs and 0,
4, 8, 16 h for Nus to monitor the production of Nus-pro-fs and Nus by running the supernatants

of cell lysates on SDS-PAGE (Fig. 2.2).

Protein purification using HPLC. Bacteria transformed with Nus-pro-fs construct or vector
alone were harvested by centrifugation at 6,000 x g for 30 min at 4 C. Cell pellets were
resuspended in buffer A (20 mM Sodium Phosphate, 0.5 M NaCl, pH 7.4) and cells were

disrupted on ice by sonication using a model 550 Sonic Dismembrator (Fisher Scientific) in the
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presence of protease inhibitor (Roche). Cell debris and a soluble fraction in buffer A were then
separated by centrifugation at 10,000 x g for 30 min at 4 °C. The supernatant was immediately
loaded into a Akta Purifier (Pharmacia Biotech) to be fractionated on a HiTrap™ metal chelating
column (Amersham Biosciences) using high performance liquid chromatography (HPLC).
Proteins were eluted from the column separately by application of a linear gradient of 0-0.5 M
imidazole in Buffer B (0.5 M imidazole, 20 mM Sodium Phosphate, 0.5 M NaCl, pH 7.4),
controlled by a program written to automatically increase buffer B intake.

Protein concentrations of each fraction were determined with Bio-Rad protein assay
solution and aliquots were analyzed in Western blots to detect Nus-pro-fs or Nus protein with
mouse anti-Nus tag monoclonal Ab (Novagen) and alkaline phosphatase (AP) conjugated goat
anti-mouse-1gG. Signals were detected using Western Blue reagent (Promega) following the

manufacture’s instructions.

Immunoprecipitation and immunoblotting. For immunoprecipitation to analyze protein
interaction in vitro, 3 pg of purified Nus-pro-fs and 5.5 ug of rabbit polyclonal anti-Trx antibody
(Ab) (Sigma) were mixed without or with 2 pg of human Trx (Sigma) and incubated for
overnight at 4 °C on a 3D rotor. The mixture was then added to the protein A magnetic beads
(NEB) to incubate on 3D rotor for 2 h at 4 °C. Nus protein was used to incubate with Trx and
Trx Ab for the same procedure as a negative control. The beads were separated from the
supernatant by applying the mixture to the Dynal Magnetic Particle Concentrator (MPC, Dynal
Biotech) for 2 min and followed with 4 washes with 1 ml of cold 0.1 M Sodium Phosphate
buffer (pH 8.0). The immune complexes binding to the beads were eluted with 30 ul of cold 0.1

M glycine (pH 2.5) by gentle vortexing and inverting. Ten pl of the sample was analyzed in
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Western blots with mouse anti-Nus tag monoclonal Ab (Novagen) and alkaline phosphatase (AP)
conjugated goat anti-mouse-1gG secondary Ab. Signals were detected using Western Blue

reagent (Promega) following manufacture’s instructions.

GST-pull down assay. Two GST-Trx fusion proteins were used for a GST pull-down assay to
study protein-protein interactions in vitro. Wild-type GST-Trx fusion protein (GST-Trx-wt) and
a mutant GST-Trx fusion protein (GST-Trx-CS), were generously provided by Dr. W. Min
(Center for Cardiovascular Research, University of Rochester Medical Center, Rochester, NY).
In brief, GST-Trx fusion proteins expressed in E. coli XL-1 blue were affinity purified on
glutathione-Sepharose (GSH) beads (Pharmacia) [33]. Three pug of Nus-pro-fs were added to 50
ul of glutathione-Sepharose beads alone or 50 ul beads bound with GST-Trx-wt or GST-Trx-CS,
in which Trx residues Cys32 and Cys35 were mutated to Ser [33]. Fifty ul of cold 1X PBS buffer
was added to each reaction to bring the final volume to 100 ul. Three ug of Nus protein was
added to GST-Trx-wt or GST-Trx-CS as negative controls. After overnight incubation at 4 °C on
3D rotor, the beads were separated from supernatant by centrifugation at 14,000 rpm for 1 min.
Beads were then washed 3 times with 1m cold 1X PBS buffer. The bound protein was then
denatured by addition of 30 ul 2X protein sample buffer and boiling at 95 °C for 5 min. Ten pl

of the sample was analyzed in Western blots with anti-Nus tag Ab as above.

RESULTS

Cloning and expression of Nus-pro-fs and Nus proteins. For the purpose of producing soluble

pro-fs protein in bacteria, we inserted the pro-fs gene in vector pET43.1b (Fig. 2.1). The fusion
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protein produced from this construct, Nus-pro-fs, therefore has Nus-Tag at the N-terminus and
pro-fs at the C-terminus. His-Tag was located between these two domains for purification
purposes. To purify the proteins using HPLC, Nus-pro-fs and Nus were expressed in bacteria by
isopropyl-beta-D-thiogalactopyranoside (IPTG) induction. The time course aliquots of Nus-pro-
fs and Nus expression were analyzed in 10% Tris-HCI| SDS-PAGE gel (Bio-Rad). The protein
was expressed in native form when induced at 30 °C (Fig. 2.2).

There were two successive peak fractions from HPLC purification (Fig. 2.3, panel A)
containing Nus-pro-fs protein, as shown by Western blot analysis using Nus-Tag Ab (Fig. 2.3,
panel C). One of the two peaks eluted on the HPLC chromatograph when the proportion of
buffer B reached 16.1%, the other eluted when buffer B reached 23.9%. The first fraction of
Nus-pro-fs had about 70% homogeneity and the second had about 90% or more homogeneity.
The high purity of the protein allowed us to examine the interaction between pro-fs and Trx in
vitro. There was one peak from HPLC purification that contained Nus protein as shown by
Western blot analysis using Nus-Tag Ab (Fig. 2.3, panel C). This peak eluted when buffer B

reached 31% (Fig. 2.3, panel B).

Co-immunoprecipitation of pro-fs and Trx demonstrated the interaction between the two
proteins. Based upon the sequence similarity between pro-fs and the DNA binding loop of NF-
kB, we hypothesize that pro-fs interacts with Trx. To assess this interaction in vitro, fusion
protein Nus-pro-fs was co-immunoprecipated with human Trx protein using anti-Trx Ab via
incubation with Protein A magnetic beads. Western blots of the elution products showed that
Nus-pro-fs was not detected from incubation with beads and anti-Trx in the absence of Trx, and

no Nus protein band was detected from incubation with Trx and anti-Trx. Only the combined Trx
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+ Nus-pro-fs gave a strong positive band (Fig. 2.4), showing that Nus-pro-fs bound to the beads

only in the presence of Trx, and that the pro-fs domain was required for that binding (Fig. 2.4).

Pro-fs binds to Trx-wt with a stronger affinity than to Trx-CS. We then examined if the two
Cys residues in the active center of Trx are essential for the interaction between Trx and pro-fs,
by comparing interactions between Trx-wt + pro-fs and Trx-CS + pro-fs. When Nus-pro-fs was
incubated with GSH beads alone, Nus-pro-fs was not detected on the Western blot (Fig. 2.5, lane
1), indicating that there is no unspecific binding of Nus-pro-fs to the GSH beads. Nus-pro-fs was
detected in a Western blot with anti-Nus tag Ab from incubation with either GST-Trx-wt or
GST-Trx-CS (Fig. 2.5, lane 2 and 3). However, a stronger signal of Nus-pro-fs was shown when
the protein was incubated with GST-Trx-wt than with GST-Trx-CS. The control protein Nus
was not detected in the Western blot from incubation with either GST-Trx-wt or GST-Trx-CS
fusion proteins (Fig. 2.5, lane 4 and 5). This result concurred with that of co-

immunoprecipitation as shown in Fig. 2.4.

DISCUSSION

The double Cys mutant of pro-fs, in which the two UGA codons were mutated to Cys,
was successfully expressed in E. coli and purified as a soluble protein (Fig. 2.2 and Fig. 2.3 A
and C). Since the amino acid Sec residue is a Se homologue of Cys, which has an S in the
position of the Se, we assume the mutation does not alter the binding specificity of pro-fs to

other proteins.
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In this study, we demonstrate that the putative HIV-1 encoded peptide, pro-fs, is a target
of the cellular antioxidative protein Trx. Both co-immunoprecipitation and GST-pull down
results consistently show that pro-fs binds to human Trx in vitro (Fig. 2.4 and 2.5); and the
binding affinity is apparently stronger with Trx-wt than with Trx-CS, in which the two Cys
residues in the active center of Trx are mutated to Ser (Fig. 2.5). The fact that pro-fs interacts
with Trx-CS rules out the possibility that the interaction between pro-fs and Trx is just due to
cross-linkage via formation of an intermolecular disulfide bond between the Cys residues of pro-
fs and the Cys residues in the active site of Trx. These results suggest that Trx-pro-fs binding is a
structurally specific interaction that involves multiple amino acid residues in the interactive
region. These results are consistent with the modeling results of Taylor et al. (unpublished data),
which demonstrates that Trx binds pro-fs with a more favorable energy compared to Trx binding
to its known ligand, the DNA binding loop of NF-«xB, and that at least 8 amino acid residues are
involved in the protein-protein interaction.

Trx participates in redox regulation in the cell by reversible oxidation of the free dithiol
to an intramolecular disulfide bond between the two active center Cys residues. The reduction
reaction of the Cys residues is known to be catalyzed only by the selenoprotein TR [46].
Mammalian TR has two redox active centers. The N-terminal center, conserved in bacteria, as
well as C. elegans and mammals, is formed by two Cys residues. The one in the C-terminus is
found only in TR expressed in mammals and C. elegans, and is formed by a conserved Sec
residue and a conserved Cys residue. This Sec is required for catalytic activity of mammalian
TR, whose activity is therefore tightly regulated by dietary Se status [47, 48]. Since there are two
in-frame UGA codons in the pro-fs sequence, pro-fs can possibly incorporate one or two Sec

residues, depending on the availability of Se. The direct and structural specific interaction
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between Trx and pro-fs may enable pro-fs to store up and deliver the necessary reducing
equivalents to Trx in the midst of the oxidizing environments. Thus, pro-fs may be a candidate to
possess activity similar to the cellular enzyme TR to catalyze the reduction reaction of Trx,
which in turn regulates the activation of NF-xB. Another important role of Trx is that it acts as a
hydrogen donor for ribonucleotide reductase that is essential for DNA synthesis [46], thus, Trx is
required by retroviruses for formation of their proviral DNA. By associating with and possibly
reducing Trx, pro-fs might make contribution to viral DNA synthesis.

Viral replication is important for disease progression in AIDS patients throughout the
latent stage [49, 50]. Not only does HIV employ the cellular transcriptional machinery, including
various cellular transcriptional activators, such as NF-xB and activator protein-1 (AP-1), to
produce new viruses, but also many HIV-encoded proteins directly participate and play major
roles in the process of the viral reproduction. HIV tat protein is a well-known trans-activator that
activates the transcription of LTR through a RNA dependent mechanism [51] and it was
demonstrated that HIV-1 tat protein potentiates TNF-induced HIV-1 replication through
activation of NF-kB by altering the cellular redox state [52]. The role of HIV-1 nef protein in
regulating HIV transcription is controversial. It was initially thought that nef is a transcriptional
repressor of HIV-1 LTR [53], but a recent report demonstrated that exogenous nef protein
activates NF-xB and AP-1 and stimulates HIV-1 transcription in promonocytic cells [54]. Given
the complexity of activation of HIV-1 transcription, it is reasonable for viruses to try to encode
homologues of regulatory proteins involved in this process. Since pro-fs has high sequence
similarity to the DNA binding loop of NF-xB, with a Se instead of S in the RHD, and has a
computed pl of 11 (suggesting that it may be a nuclear protein), it is possible that pro-fs can bind

to the HIV LTR in cell nucleus to activate HIV-1 replication. Because Trx is recognized as a
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reducing agent of NF-xB by direct interaction, and modulates the DNA binding activity of NF-
kB by dithiol-disulfide exchange reaction [32, 38], we argue that the structural specificity
between Trx and pro-fs indicates that Trx may serves as a reducing agent to pro-fs. Taken
together with experiments demonstrating that pro-fs is a potent activator of HIV-1 LTR and
functions via NF-xB in a HIV-1 LTRIlacZ reporter system (Taylor, et al., unpublished data), our
results suggest that pro-fs may function as a mimic of NF-«B in activation of HIV-1
transcription. The existence of this protein might provide a way for virus to survive the battle
against host antioxidative defense system and continue to replicate. Since NF-kB regulates
hundreds of genes involved in host immune responses including cytokines, adhesion molecules
and genes regulating apoptosis, as a mimic of NF-kB, it is possible for pro-fs to bind to other kB
sites located in host DNA to activate cellular genes, enabling HIV to directly manipulate host
cellular defenses.

AP-1is a cellular transcription factor that regulates HIV transcription by binding to HIV
LTR [55] [54]. It is a redox-responsive transcription factor, and was activated by transient
expression of Trx in HeLa cells [56, 57]. It was shown that in HeLa and COS-7 cells, AP-1 is
under redox regulation by Trx via redox factor 1 (Ref-1) [58], a DNA repair enzyme that restores
AP-1-DNA binding activity [59, 60]. Hirota et al. showed that a direct active site-mediated
association between Ref-1 and Trx is necessary for the redox regulation of AP-1 activation [58].
Thus, by directly interacting with Trx, pro-fs could possibly play a role in the redox regulation of
AP-1 activated HIV-1 replication.

The involvement of Trx in HIV infection is not limited to that was described above. Trx
plays a key role in inhibiting apoptosis of HIV-infected cells while simultaneously inducing

apoptosis of bystander cells via upregulation of FasL. This mechanism requires the direct
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association of Trx with the N-terminal portion of apoptosis signaling kinase 1 (ASK1), a key
component of TNF-a-induced apoptosis [61]. By inhibiting ASK1 activity, Trx suppresses the
subsequent ASK1-dependent apoptosis [33, 61]. Mutagenesis studies showed that the presence
of at least one of the two conserved Cys residues in the redox center is required for Trx to inhibit
ASK1-dependent apoptosis [33]. There is evidence indicates that HIV-1 nef protein participates
in this process by preventing disassociation of Trx and ASK1 in HIV infected cells [62]. Thus,
based on the interaction between Trx and pro-fs, there is a good chance that HIV-1 encoded pro-
fs would also participate in the regulation of apoptosis process in infected cells.

The redox regulation in host cells is complicated. The role of reactive oxygen species and
oxidative stress in HIV pathogenesis has received considerable attention in recent years due to
their roles in inducing activation of HIV transcription. NF-kB plays a key role in regulating HIV-
1 replication and was the first transcription factor found to response to oxidative stress mediated
by prooxidants and pathogenic stimuli [26-29]. Conversely, this activation can be inhibited by
antioxidants, including glutathione, N-acetyl-L-cysteine (NAC), and the cellular selenoprotein
GPx [63-65]. It has been reported that low dose of Se supplementation can suppress NF-«B
activation in response to TNF-a and H,O, in vitro, via increased production of GPx [12]. It
seems reasonable for the viruses to directly intervene in the biochemical pathways in host redox
regulation to protect themselves against cellular antioxidative defense by encoding viral
selenoproteins. Through this mechanism, virus can hijack the Se in host and cause a decline of
cellular selenoprotein production. Molluscum contagiosum, a poxvirus that causes persistent skin
neoplasms in children and acquired immunodeficiency syndrome (AIDS) patients, encodes a
functional GPx enzyme [66, 67]. It was shown to protect human keratinocytes against cytotoxic

effects of ultraviolet irradiation and hydrogen peroxide, which provides a mechanism for a virus
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to defend itself against environmental stress [67]. It was reported that HIV-1 encodes a highly
truncated GPx enzyme [39] that showed measurable GPx activity [68]. Thus, it is not
unprecedented that HIVV-1 would encode a selenoprotein to help escape from host antioxidant
defense.

We should point out that, at this stage, pro-fs is still a hypothetical protein. Pro-fs is
encoded in the overlapping —1 reading frame in HIV-1 protease-coding region. Ribosomal
frameshifting is an inefficient process, which only happens by 1-10% of the time during
transcription [39]. As part of the pol gene, HIV-1 protease is also encoded via a -1 frameshift
from the gag coding region, thus, the chance for pro-fs to be expressed is about 1% or less than
structural proteins. The low abundance of pro-fs might account for the fact that pro-fs has not
been detected in HIV-infected cells. The other reason might be because Pro-fs has a low
molecular weight of approximately either 7.2 or 8.3 kDa, depending on whether one or both in-
frame UGA codons are decoded as Sec. However, it is noteworthy to point out that in a study of
the effect of HIV-infection on selenoprotein expression in "Se-labeled human Jurkat T cells, low
molecular mass Se-labeled compounds in HIV-infected cells were detected (Fig. 2.1 B in [69]).
The position of this wide band partially overlaps the 6 kDa marker, and is thus in the correct size
range to correspond to predicted isoforms of pro-fs. The GST-pull down assay used in this study
provides a means to assess the expression of HIV-1 encoded pro-fs. It should not be very
difficult to determine the existence of pro-fs by applying GST-pull down assay to the lysate of
HIV-infected cells labeled with "°Se and subsequent 2-D gel electrophoresis.

In conclusion, our results showed that a novel HIV-1 encoded peptide, pro-fs, is a mimic

of NF-kB. It binds human Trx with high affinity in vitro, and the interaction is structurally
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specific. A better understanding of the outcome of this interaction in HIV infection and disease

progression is necessary due to the complexity of factors involved.
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Figure 2.1. Schematic structures of Nus-pro-fs and Nus proteins. Pro-fs was fused to the C-
terminus of Nus-Tag as Nus-pro-fs. The vector alone expressed in Escherichia coli BL21 (DE3),
Nus protein, was used as negative control through out the studies. His-Tag in the fusion protein

binds to HiTrap metal chelating column loaded with Ni,SO, to enable purification using HPLC.
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Figure 2.2. SDS-PAGE analysis of the expression of Nus-pro-fs and Nus proteins in Escherichia
coli (E. coli) BL21 (DE3). Aliquots of cells were taken at 0, 2, 4, 6, 8, 16, 24 h post-induction
and supernatants of cell lysates were analyzed using SDS-PAGE to detect the production of Nus-
pro-fs (lane 1 to 7), and at 0, 4, 8, 16 h for Nus (Lane 8, 9, 11, 12). Lane 10 was loaded with
Precision Plus Protein Standard (Bio-Rad). Nus-pro-fs was successfully expressed in E. coli with

a molecular weight of 75 kDa and Nus of approximately 65 kDa.
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Figure 2.3. HPLC chromatographs of the purification of Nus-pro-fs and Nus proteins expressed
in Escherichia coli BL21 (DE3) and Western blot analysis. (A) Column separation of whole cell
lysate of bacteria expressing Nus-pro-fs. There are two peaks containing Nus-pro-fs as shown on
the HPLC chromatograph when the proportion of buffer B reached 16.1% and 23.9%. The first
fraction of Nus-pro-fs had about 70% homogeneity and the second had about 90% or more
homogeneity. (B) Column separation of whole cell lysate for bacteria expressing Nus protein.
Nus protein was eluted from the column when buffer B reached 31% and had more than 90%
homogeneity. (C) Western blot of Nus-pro-fs and Nus proteins using Nus.tag antibody
(Novagen). Lane C1 shows the first HPLC peak of Nus-pro-fs protein, lane C2 the second HPLC
peak of Nus-pro-fs, lane C3 the HPLC peak of Nus protein. Due to the pro-fs domain inserted in

the vector, Nus-pro-fs protein has a larger molecular weight than Nus protein.
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Figure 2.4. Co-immunoprecipitation of Nus-pro-fs and human thioredoxin (Trx). Three pg of
Nus-pro-fs and 5.5 pg of rabbit polyclonal anti-Trx were mixed without (lane 1) or with (lane 3)
2 ug of human Trx and incubated overnight at 4 °C. The mixture was then added to protein A
magnetic beads to incubate for 1 h at 4 °C. Similarly expressed and purified Nus protein was
used to incubate with Trx and Trx Ab by the same procedure, as a negative control (lane 2).
After washing, eluting and Western blotting with mouse anti-Nus monoclonal Ab, only
combined Trx + Nus-pro-fs gave a strong positive band (lane 3), showing that Nus-pro-fs bound
to the beads only in the presence of Trx, and that the pro-fs domain was required for that binding,

as Nus alone did not bind.
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Figure 2.5. GST-pull down assay of pro-fs. Three ug of Nus-pro-fs were added to 50 ul of
glutathione-Sepharose beads alone (lane 1) or beads bound with wild-type GST-Trx fusion
protein (GST-Trx-wt, lane 2) or a mutant GST-Trx fusion protein (GST-Trx-CS, lane 3), in
which Trx residues Cys32 and Cys35 were mutated to Ser. Three ug of Nus protein was added to
GST-Trx-wt (lane 4) or GST-Trx-CS (lane 5) as negative controls. After overnight incubation at
4°C, the beads were separated by centrifugation and washing (3x). The bound protein was
denatured with 2X protein sample buffer, and then subjected to Western blotting with anti-Nus
tag Ab as above. Nus-pro-fs but not Nus alone was detected in the Western blot. The stronger
band in lane 2 as compared to lane 3 suggests that pro-fs binds Trx-wt with higher affinity than

to Trx-CS.
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CHAPTER 3

OLIGOMERIZATION OF A NOVEL HIV-1 ENCODED PEPTIDE VISUALIZED USING

FLUORESCENCE RESONANCE ENERGY TRANSFER IN LIVING CELLS"

1 Su, G. and E. W. Taylor. To be submitted to Current Biology.
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ABSTRACT

A novel HIV-1 gene encoded in the overlapping —1 frameshift in the protease coding
region, named pro-fs, has been previously demonstrated. It was shown to have significant
sequence similarity to the DNA binding loop of NF-kB. Due to the nature of the —1 frameshift
mechanism, the first 20 residues in N-terminal domain of pro-fs are identical to that in the HIV-1
protease protein. Since both the retroviral protease and NF-kB function as dimers, it is possible
that pro-fs may also form dimers. Due to its high pl and mimicry of NF-xB, we also hypothesize
that pro-fs localizes in the cell nucleus. Fluorescence microscopy was used to visualize the
subcellular localization of pro-fs, and the results showed that pro-fs is a nuclear protein. To
investigate the dimerization of pro-fs in living cells, we used the acceptor photobleaching
method to measure fluorescence resonance energy transfer (FRET) using pro-fs fused to cyan
fluorescent protein (CFP) and yellow fluorescent protein (YFP). Efficient energy transfer
between CFP and YFP should only occur if CFP and YFP are less than 100 A apart, which
requires direct interaction of the pro-fs monomers fused to these fluorescent moieties. Significant
FRET efficiency was detected in the nuclei of cells co-expressing CFP-pro-fs and YFP-pro-fs,
indicating that pro-fs forms oligomers. Similar FRET results were obtained using scanning

fluorometry, confirming the oligomerization of pro-fs in living cells.

Keywords: HIV-1; Protease; Framshift; Pro-fs; NF kappa B; FRET; CFP; YFP;

Oligomerization; Scanning fluorometry.
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INTRODUCTION

Previously, Taylor et al. predicted the existence of several HIVV-1 encoded selenoprotein
modules based on theoretical evidence [1]. One of these was an env variant associated with a
predicted —1 frameshift site; this was named env-fs and later identified as a functional virally-
encoded homologue of mammalian selenoprotein glutathione peroxidase [2, 3]. A second
predicted HIV-1 selenoprotein, potentially expressed by a —1 frameshift from the protease coding
region [1], was later named pro-fs [4]. The —1 frameshifting happens when the ribosome shifts
upstream by one nucleotide during the course of reading the mRNA. As a consequence, the
protein product is encoded in two overlapping reading frames. Due to this nature of programmed
translational frameshifting, pro-fs would first be expressed as a gag-pol-pro-fs double frameshift
fusion protein. After processing by the viral protease, the first 20 N-terminal residues of pro-fs
would be identical to the protease sequence. This shared module is fused to a C-terminal domain
of 49 residues encoded in the —1 reading frame to form the pro-fs protein. The pro-fs sequence
contains two in-frame UGA codons (Fig. 3.1), which may encode selenocysteine (Sec) or a
conventional Cys or both, depending on cellular and viral factors, and conditions such as host
selenium status [4, 5]. The amino acid sequence of pro-fs is highly conserved in HIV-1
sequences, especially with 100% conserved for its first UGA codon [5].

Based on the protein sequence, the computed pl of pro-fs is 11; thus, pro-fs was predicted
to be a very basic, positively charged protein, which suggests that it may have the ability to bind
to nucleic acid [5]. Sequence analysis suggested a match to the nuclear factor kappa B (NF-kB)
family of transcription factors, which contains a conserved Cys residue that aligns with the

highly conserved UGA codon of pro-fs [5]. The frameshift site in HIVV-1 protease gene occurs
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just upstream of the pro-fs sequence (RYRSRU) [5]. The gene alignment suggests that the
protease processed form of pro-fs could be at the least a minimal NF-xB-like DNA-binding
domain. Mammalian cells co-expressing pro-fs and HIV long terminal repeat (LTR)-[3-gal
reporter gene construct showed increased B-gal activity in response to TNF-a treatment, and
mutations of the NF-kB binding sites located in HIV LTR abolished the effect (Taylor et al,
unpublished data).

Based on these observations, we hypothesize that pro-fs may localize in the nucleus. It is
also perhaps significant that both retroviral proteases and NF-xB function as dimers. The
arrangement of the pro-fs gene in HIV-1 suggests that perhaps the protease N-terminal region
(the first 20 amino acid residues) functions as a common dimerization motif that can be attached
to two different functional domains (protease and pro-fs) encoded by the same nucleic acid
sequence in two different reading frames. Thus, it was previously suggested that pro-fs itself
might exist as a dimer [1].

In the present study, we have examined the subcelluar localization of pro-fs and used the
fluorescent resonance energy transfer (FRET) imaging paradigm to examine pro-fs dimerization
in cells. We have also attempted to visualize the subcellular localization of fluorescent-tagged
pro-fs in living cells. Pro-fs was made fluorescent by fusion to spectral variants of green
fluorescent protein (GFP), specifically yellow (YFP) and cyan fluorescent (CFP) proteins, at the
N-terminus of pro-fs. We then applied FRET microscopy to directly visualize protein-protein
interactions in living cells. FRET between two fluorophores only occurs if they are less than
100 A apart and in the right orientation, which typically requires direct interaction of tagged
proteins. Hence, it is able to provide valuable information about protein/protein interactions and

associated conformational changes that may occur [6, 7]. FRET has been used extensively to
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study interactions between soluble proteins or a membrane protein and a soluble protein binding
partner [8-13]. Various FRET-based techniques have been developed recently to monitor
protein-protein interactions, including flow cytometry [14], scanning fluorometry [10, 15] and
confocal microscopy [16-20]. The acceptor photobleaching procedure of FRET that we use here
[11, 17, 19] is designed not only to visualize the subcelluar localization of the protein, but also to
measure the donor fluorescence emission specifically without the contaminating leak-through of
the acceptor emission, by comparing the quenched with the unquenched donor emission after
specific photobleaching of the acceptor fluorophore [19]. FRET imaging microscopy was used
herein to simultaneously visualize the subcellular localization and oligomerization of pro-fs in

living cells. Our results confirm the oligomerization of pro-fs and its nuclear localization in cells.

RESULTS

Subcellular localization of pro-fs in cells. To examine the subcellular localization of pro-fs,
YFP-pro-fs was transfected into 293T cells. DNA counterstain with 4,6-diamidino-2-
phenylindole (DAPI) nuclear staining (blue fluorescence) was used to distinguish cytoplasmic
and nuclear distribution. Live 293T cells expressing YFP-pro-fs when visualized under green
fluorescent filter showed clearly that YFP-pro-fs co-localized with DAPI stain exclusively in the
nucleus (Fig. 3.2, left panel). The merged image verifies this strong co-localization. The same
results were found in YFP-pro-fs transfected MDCK cells (Fig. 3.2, right panel) and HeLa cells

(data not shown).
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Oligomerization of pro-fs in cells detected by confocal microscopy. We employed the FRET
technique to study the oligomerization of pro-fs. YFP-pro-fs and CFP-pro-fs were transiently co-
transfected into 293T cells. Fig. 3.3 demonstrates typical images observed from the CFP and
YFP channels during the acceptor photobleaching procedure, and the resulting FRET image
derived using the formula described in Materials and Methods. All colors are artificially
assigned. Signals from the YFP channel are presented as yellow, signals from CFP channel as
cyan, and signals for FRET are shown in pseudocolor. Numerical values from each channel
represent the intensity of the signal, but do not encode color information. However, the color
images in Fig. 3.3 A do illustrate the nuclear distribution of the YFP- and CFP-pro-fs. Owing to
different expression levels of the constructs within cells and inhomogeneities in the thickness of
the cells, the FRET intensities vary from cell to cell if one is only taking into account the
sensitized acceptor emission. However, we applied acceptor photobleaching method to measure
both the quenching of the donor signal and the sensitized acceptor emission to confirm that
FRET has occurred.

Since intensity-based FRET analysis is subject to a direct fluorescent contribution from
both CFP and YFP, and may suffer from a high level of “false-positive” detection if this is not
properly compensated, appropriate controls are necessary for establishing a correct analysis. A
CFP-YFP concatemer was used as a positive control, in which the CFP fluorophore and the YFP
fluorophore were joined together with a short linker of 9 amino acid residues. Highly efficient
energy transfer was expected to occur between the two fluorophores when this construct was
expressed in cells. Using the protocol described in Materials and Methods, expression of the
CFP-YFP concatemer produced a FRET signal of 27.0% (Fig. 3.3 B). On the other hand, since

the generation of FRET requires the presence of both fluorophores, single transfection of one
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fluorophore should not produce any FRET signal. Since FRET efficiency decreases as the
inverse sixth power of distance, co-expression of unlinked YFP and CFP fluorophores should not
generate FRET signal unless they are in direct contact. As negative controls, we used single
transfection of only CFP-pro-fs or YFP-pro-fs, co-transfection of CFP-pro-fs and the YFP vector
pair, YFP-pro-fs and the CFP vector pair; there was no FRET signal detected from any of these
four transfections. Thus, there was no energy transfer, with a FRET of less than 1% in all
negative controls (Fig. 3.3 B).

Using the same protocol for FRET signal acquisition and analysis, interaction between
CFP-pro-fs and YFP-pro-fs was studied. Co-expression of these two proteins gave a FRET value
of 18.2%, which showed no significant difference with the positive control and is significantly

higher than all negative controls (P<0.0001) (Fig. 3.3 B).

Scanning fluorometry analysis of oligomerization of pro-fs in cells. To elucidate the question
that detection of FRET in individual cell nuclei may be only due to a small subpopulation of the
transfected cells, we employ the scanning fluorometry procedure [10, 15] to measure FRET
based on the whole cells population, by exciting the cell suspension at 434 nm, which gives
maximum excitation of CFP, and recording emission from 450 — 610 nm (see Materials and
Methods). In Fig. 3.4 we present summary data for the fluorescence intensity for all
combinations of CFP and YFP constructs. After subtracting cell autofluorescence and
normalizing, FRET was detected in cells expressing CFP-YFP concatemer and in cells co-
expressing CFP- and YFP-pro-fs shown in Fig. 3.4 A, indicated by the decrease in 477 nm
emission and increase in 530 nm emission (e.g. sensitized YFP emission). This was not observed

when cells were co-transfected with YFP vector and CFP-pro-fs or with CFP vector and YFP-
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pro-fs. Fig. 3.4 B shows the resulted “Apparent FRET” for cells expressing CFP-YFP
concatemer or coexpressing CFP- and YFP-pro-fs by subtracting the mean curve of the resulted
curves in Fig. 3.4 A for cells co-expressing CFP vector and YFP-pro-fs and cells co-expressing
YFP vector and CFP-pro-fs. This step eliminates any direct emission from CFP and YFP

fluorophores upon excitation at 434 nm.

DISCUSSION

By necessity, the protein sequence of pro-fs N-terminus upstream of the —1 frameshift
site is same as that of the HIV-1 protease N-terminus (Fig. 3.1). In addition, there is significant
similarity between pro-fs and the DNA binding loop of NF-xB, which is also the peptide
interacting with thioredoxin (Trx), with 4.5 standard deviations relative to that expected for
random sequences of identical composition [5] (Chapter 2, Fig. 2.0). Since both HIV protease
and NF-kB function as dimers, these structural relations between pro-fs and these two proteins
lead to the speculation that it might also form a dimer [1, 4, 5]. We addressed this question by
employing the FRET technique in live cells. The efficiency of FRET is inversely related to the
sixth power of the distance between the two fluorophores. For the CFP and YFP pair we used,
the critical distance is about 50 A. Therefore, any significant FRET signal should indicate direct
interactions between the tagged-proteins. The FRET efficiency for CFP-pro-fs and YFP-pro-fs
was significantly higher than the negative controls, although significantly lower than the positive
control, which is not surprising considering that 100% donor and acceptor pairs co-exist in the

CFP-YFP concatemer within a short distance.
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The current data highlight the utility of FRET in the examination of intermolecular
interactions in living cells. The FRET technique used is an adaptation of a well-established tool
used in biophysical studies [6]. However, although the underlying mechanism to detect FRET
may be relatively straightforward, the actually data analysis is complicated if only the sensitized
acceptor emission is measured. To compensate this problem, our study employed an intensity-
based acceptor photobleaching method. It is known that there is a concomitant quenching of the
donor fluorescence signal due to the energy transfer from the donor to the acceptor. The selective
photobleaching of the acceptor fluorophore abolishes FRET, and there is an enhancement in the
donor emission due to dequenching. The photobleaching method detects both the quenching of
the donor signal and the sensitized acceptor emission [11, 17, 19].

Across experiments, the amount of the plasmid DNA used in the transfection was
controlled to achieve relatively consistent and similar expression levels of the tagged proteins
measured by scanning fluorometry, and only cells expressing similar levels of the CFP- and
YFP-tagged proteins were selected for FRET detections. To check the sensitivity and selectivity
of the protocol for FRET, controls were always run in parallel with our experiment samples. As
expected, the positive control, a CFP-YFP concatemer, produced a FRET value significantly
larger than that produced by the negative controls. Thus, we continued to apply the same method
throughout this study.

For the FRET analysis to be meaningful, the fusion proteins must be correctly assembled
and appropriate expressed. Fluorescent and confocal microscopy showed the same nuclear
distribution of CFP- and YFP-pro-fs in 293T cells, MDCK cells and HeLa cells (Fig. 3.2),
indicating that pro-fs localizes in the nucleus independent of cell lines. We carefully examined

the protein sequence of HIV-1 pro-fs and did not find a motif that matches any known nuclear
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localization signals. However, in the core of the pro-fs sequence spanning the first UGA codon
(Fig. 3.2), there is a region containing 8 arginine (R) or lysine (K) residues over a span of 21
amino acids that may function in nuclear localization.

FRET techniques provide a way of studying protein-protein interaction in living cells as a
critical test of hypotheses originating from biochemical or other experiments requiring cell
disruption. The ability to assign protein-protein interactions to specific compartments of the cell
opens the way to more complete understanding of the regulation of the signaling processes.
However, great care must be taken to interpret the energy transfer data. Since FRET is sensitive
to the distance between the two fluorophores and the dipole orientation, such effects may be so
significant that different energy transfer readings could be due to either conformational changes
or binding-unbinding, which cannot be distinguished from the FRET data. The true FRET
efficiency is determined by the strength of protein-protein interaction and falls off with the
inverse sixth power of distance. There are strong FRET signals for both CFP-YFP, and CFP-pro-
fs and YFP-pro-fs, without significant difference between these two transfections (Fig. 3.3 B). In
the CFP-YFP concatemer, the CFP and YFP fluorophores are simply linked together by a linker
of 9 amino acids and there is no active binding activity between the two molecules. In order for
FRET to happen between pro-fs molecules, there has to be definite active binding to result in the
energy transfer. The fact that there is no significant energy transfer detected in all four negative
controls (Fig. 3.3 B) strongly suggests that there is no oligomerization between CFP and YFP, or
between CFP or YFP and pro-fs domain. Thus, the strong FRET signal detected between CFP-
pro-fs and YFP-pro-fs is due to the active oligomerization of pro-fs domain.

In summary, these data demonstrate directly that pro-fs localizes in the nucleus of cells,

where it forms oligomers. By structural analogy to HIV protease (the shared N-terminal domain),
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and functional analogy to NF-«B, it seems most likely that the observed oligomerization is
actually a dimer of pro-fs. In an independent study, we have also demonstrated that there is a
direct interaction between Trx and pro-fs (see Chapter 3). Taken together, it will be important to
investigate the possibilities that, in addition to modulating Trx activity by direct binding, pro-fs

may also interact directly with the DNA recognition sites for NF-kB in the viral LTR, or with

NF-kB itself, possibly by forming heterodimers, or via a ternary complex including thioredoxin.

MATERIALS AND METHODS

HEK 293T cells grown in 6-well plate were transiently transfected with YFP-pro-fs and
were visualized under fluorescent microscope to detect the subcellular localization of pro-fs.
293T cells in 6-well plate co-expressing CFP-pro-fs and YFP-pro-fs were visualized using a
Leica SP2 confocal microsope to detect FRET. The entire individual cell nucleus was manually
selected as region of interest (ROI). Two independent transfections were performed, and 8 to 11
ROIs were selected for measurement and the FRET efficiency was averaged from multiple ROIs.

Full details of techniques are available in Supplementary material.
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SUPPLEMENTARY MATERIAL

Expression constructs. To make CFP- and YFP-tagged pro-fs constructs, pro-fs coding region
was amplified by PCR from Nus-pro-fs construct (see Chapter 2, materials and methods) using
sense primer FS-ECORI, 5 CTC GTG AATTC GTT CAA CTT CCC GC 3’, containing a
EcoRlI site, and anti-sense primer FS-BamHI, 5 CCT GTA CAG GAT CCT TAT GTC CAC
AGA TTT °C 3’, containing a BamHlI site. The PCR product was then digested by EcoRI and
BamHI and cloned into EcoRI and BamHI sites in vectors pECFP-C1 and pEYFP-C1 (Clontech).
The fusion constructs were CFP- or YFP-tagged at N-terminus of pro-fs. CFP-pro-fs and YFP-
pro-fs constructs were then transformed into Escherichia coli strain DH5a using chemical
transformation method followed by extraction and purification using QlAprep Miniprep Kits
(Qiagen). Fidelity of the construct was verified by automated DNA sequencing (Molecular

Genetics Instrumentation Facilities, University of Georgia).

Cell culture and transient transfection. The 293T cells, derived from HEK293 cells, were
used. Cell culture was maintained in Dulbecco’'s modified Eagle's medium (DMEM) with 4 mM
L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate and 4.5 g/L glucose, 90% (Sigma),
supplemented with 10% fetal bovine serum (FBS) at 37 °C with 5% CO,. Cells were transiently
transfected using lipofectamine 2000 (Invitrogen) following manufacture’s instructions. For
subcellular localization studies, cells were thinly plated on polylysine-coated 25mm glass
coverslips with 8 x 10° cells in 35 mm dish. For FRET experiments, cells were plated in 6-well
plate at 8 x 10° cells/well 24 h before transfection. Different amount of fluorescent constructs

were used in transfection, ranging from 0.5 to 2.5 ug. The purpose was to achieve a similar
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expression level, judged by intensity of fluorescence, for either CFP- or YFP-tagged constructs

across different transfection pairs.

Subcellular localization study. Zeiss fluorescent microscope equipped with green fluorescent
and UV filter that allows excitation and visualization of green (YFP) and blue (DAPI)
fluorescence was used to visualize the YFP-pro-fs transfected cells. Plan NeoFluar 40x/0.75 air
lens and Axiocam attached to the microscope was used to capture the images to the computer.
Cells on the coverslips were stained with DAPI, a DNA stain, prior to mounting on the slides.
Cells were selected for imaging if stained with DAPI and successfully expressing YFP-pro-fs.
Three consecutive images were taken for each selected region: cells under white light, with UV
filter, with green fluorescent filter. Images were then overlay on top of each other in Photoshop

to observe the subcellular localization of YFP-pro-fs.

FRET data acquisition using confocal microscopy and analysis. Twenty-four hours after
transfection, 293T cells in 6-well plates were mounted on the confocal microscope stage. All
imaging experiments were performed using 60 x /1.20 water-immerse lens on a Leica SP2
confocal microscope (Leica Microsystems, Germany) equipped with an acous-to-optical
beamsplitter and a 100mW argon laser (457 nm, 476 nm, 488 nm, 514 nm). The fluorescent
detection channels (Ch) were set to the following ranges: Ch 1: 465-485 nm, Ch 2: 520-565 nm.
Settings for gain and offset of the detectors were identical for all experiments to keep the relative
contribution of the fluorophores to the detection channels constant. Images were scanned a speed

of 400 Hz with a line average of 4 and a resolution of 1024 x 1024 pixels.
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Acceptor photobleaching method [18] was used to assess FRET efficiency. In our
acceptor photobleaching protocol, we bleached cells in YFP channel by scanning a region of
interest (ROI) 60 times using the argon laser line 514 nm at 100% intensity. In brief, the
selective photobleaching of the acceptor fluorophore (e.g. YFP-tagged protein) abolishes FRET,
and in the region of the cell where FRET occurred, there will be an enhancement in donor
emission (e.g. CFP-tagged protein) because of the dequenching. Before and after the bleach, CFP
and YFP images were collected to assess the change in fluorescence. To minimize the
photobleaching due to imaging, images for CFP were collected at 18% of the laser intensity,
YFP at 4%. Therefore, FRET efficiency was calculated according to formula built in the Leica
software:

FRETet = ( Dpost — Dpre ) / Dpost for all Dpost > Dpre
Dpre represents the emitted donor fluorescence before and Dy, after photobleaching of the
acceptor [19]. The entire individual cell nucleus was manually selected as ROI. Two
independent transfections were performed, and 8 to 11 ROIs were selected for the measurement.
FRETe# from all ROIs from 6-cell samples were analyzed using ANOVA and Tukey's test (SAS
Institute, Cary, NC) at P=0.05.

FRET signal were recorded for 6 samples that are cells transfected with: (1) negative
control cells 1 (NC1): CFP-pro-fs alone; (2) negative control cells 2 (NC2): YFP-pro-fs alone;
(3) negative control cells 3 (NC3): CFP-pro-fs and YFP vector; (4) negative control cells 4
(NC4): YFP-pro-fs and CFP vector; (5) CFP-pro-fs and YFP-pro-fs; (6) positive control (PC):
CFP-YFP concatemer with a short linker of 9 amino acid residues between the two fluorophores

(a generous gift from Dr. Morimoto’s lab, Northwestern University).
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Acquistion of FRET signal by scanning fluometry and data analysis. Luminescent
spectrometer LS55 (Perkin Elmer) was used to detect FRET. Scanning fluorometry method was
used as described [10, 15] with modification. The excitation was set to 434 nm with a 5 nm slit,
and emission spectra was set to 450-610 nm with a 2.5 nm slit. Cells in 6-well plate was
trypsinized briefly with 1X trypsine-EDTA solution (Sigma), centrifuged at 1,500 rpm for 4 min,
washed twice with 1X PBS, and resuspended in FRET buffer (90% 1X PBS, 10% FBS). Cells
were then irradiated at 434 nm at 37 °C and were scanned at a speed of 300 nm/min to detect
emission. In each FRET experiment, fluorescence emission spectra are recorded from five
samples that contain the same number of cells: (1) control cells that are not transfected for
autofluorescence; (2) cells that co-express CFP-pro-fs and YFP vector; (3) cells that co-express
CFP vector and YFP-pro-fs; (4) cells that express CFP-YFP concatemer; (5) cells that co-express
CFP- and YFP-pro-fs. Equivalent cell number is achieved by adjusting cell density for
transfection. Data were recorded and processed using FL WinLab software from Perkin Elmer
for Window 2000 Professional. The autofluorescence emission was subtracted from that obtained
with cells expressing fluorescent proteins. The resulted emission, which only due to direct
excitation of the fluorophores, were then normalized based on the emission at 477 nm to observe
the pattern of the spectrum across all of the transfected cells. Apparent FRET was calculated for
(4) and (5) by subtracting the mean curve of normalized curves for (2) and (3) from normalized

curves of (4) and (5).
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HIV-1 PRO-FS PQITLWQRPL VTIKIGGQLK” GSSIRYRSRU YSIRRNEFAR

KMETKNDRGN WRFYQSKTVU SDTHRNLWT

HIV-1 PROTEASE PQITLWQRPL VTIKIGGQLK® EALLDTGADD TVLEEMSLPG

RWKPKMIGGI GGFIKVRQYD QILIEICGHK AIGTVLVGPT

PVNIIGRNLL TQIGCTLNF

Figure 3.1. Amino acid sequence of HIV-1 pro-fs, comparing to that of HIV-1 protease (1HHP),
modified from Table 1 of Taylor et al. [1]. The predicted frameshift site at lysine codon (K) is
indicated by asterisk. Sequence at the frameshift site was translated according to a hypothetical
single lysine tRNA P-site slippage mechanism [1]. The sequence after the asterisk is encoded in
the —1 reading frame; the sequence up to the asterisk, the underlined region, is identical to the
known protein sequence of HIV-1 protease in the zero reading frame. The two letters U in HIV-1

pro-fs sequence represent the selenocysteine residues encoded by the two in-frame UGA codons.
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Figure 3.2. Subcellular localization of YFP-pro-fs in 293T (left panel) and MDCK (right panel)
cells visualized by fluorescent microscope. Cells were transiently transfected with YFP-pro-fs
and were visualized 24 h post-transfection. Cells were stained with 4,6-diamidino-2-
phenylindole (DAPI) nuclear staining (blue fluorescence) and visualized under UV filter (A) or
green fluorescent filter (B). White light was used as background combined with both filters to
visualize the outline of cells. A merged image of the two panels is shown in (C), which verifies

this strong co-localization. Shown are cells from one of two independent experiments.
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Figure 3.3. Oligomerization of pro-fs in cells detected by FRET using confocal microscopy.
Cells were transfected with indicated constructs. FRET signal acquisition was carried out 24 h
post transfection via acceptor photobleaching method using confocal microscopy (see Materials
and Methods). Cells were only analyzed when both tagged proteins were expressed at similar
level when co-transfected. FRET efficiencies obtained for all transfections were analyzed using
ANOVA with Tukey’s test (P=0.05) as described in Materials and Methods. (A) Representative
fluorescent signals observed from two channels through photobleaching process are shown. Pre
stands from before photobleaching and post after photobleaching. FRET image was drived as
described in Materials and Methods. All colors are arbitrarily assigned to indicate signal
strength. (B) Summery of FRET between different protein pairs as indicated. CFP-YFP is a
construct, in which CFP and YFP fluorophores are directly linked (see Materials and Methods).
Data are plotted as mean +/- SEM. Letters above each bar indicates the significance among

groups separated by Tukey’s test.

90



Emission intensity
(arbitrary units)

Emission intensity
(arbitrary units)

10.0F / \ Excited at 434 nm

I \ = = CFP-YFP
\ = CFP-pro-fs + YFP-pro-fs
"""" CFP-pro-fs + YFP
\ - - YFP-profs+CFP

» oo
o o
o

&
o

N
o

450.0 500 550 600
Emission wavelength (nm)

Excited at 434 nm

8.0 | —— = CFP-YFP
= CFP-pro-fs + YFP-pro-fs

o
o

&
o

N
o

(@)
(@)

" 450.0 500 550 600

Emission wavelength (nm)

91



Figure 3.4. Oligomerization of pro-fs detected in cells by FRET using scanning fluorometry.
293T cells untransfected, or expressing CFP-YFP, co-expressing CFP vector and YFP-pro-fs, or
YFP vector and CFP-pro-fs, or CFP- and YFP-pro-fs were irradiated at 434 nm and fluorescence
emission intensity was recorded from 450 to 610 nm. The results shown are the average of two
independent experiments. (A) Emission intensity from untransfected 293T cells was subtracted
from all other emission scan results as cell autofluorescence. The resulting values are then
normalized based on its emission at 477 nm, which is the maximum emission wavelength for
CFP, using FL WinLab software (Perkin Elmer). In the cells expressing CFP-YFP, which is a
concatemer with CFP and YFP fluorophores linked together by 9 amino acid residues, or co-
expressing CFP- and YFP-pro-fs the decrease in 477 nm emission and increase in 530 nm
emission (e.g. sensitized YFP emission) implies that FRET is occurring. This was not observed
when cells were co-transfected with YFP vector and CFP-pro-fs or with CFP vector and YFP-
pro-fs. (B) Apparent FRET was obtained for cells expressing CFP-YFP and cells co-expressing
CFP- and YFP-pro-fs by subtracting the mean curve of the resulted curves in (A) for cells co-
expressing CFP vector and YFP-pro-fs and cells co-expressing YFP vector and CFP-pro-fs. This

step eliminates any direct emission from CFP and YFP fluorophore upon excitation at 434 nm.
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CHAPTER 4

FLUORESCENCE RESONANCE ENERGY TRANSFER STUDIES ON THE INTERACTION
BETWEEN A NOVEL HIV-1 ENCODED NF KAPPA B-LIKE PEPTIDE AND

THIOREDOXIN IN LIVING CELLS!

1 Su, G. and E. W. Taylor. To be submitted to Molecular Biology of the Cell.
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ABSTRACT

The gene encoded in the overlapping —1 reading frame of HIV-1 protease, named pro-fs,
has been shown to have significant similarity to the DNA binding loop of NF-«B, which is
known to bind thioredoxin (Trx) as part of the process of NF-«xB activation. It was previously
demonstrated that the putative HIV-1 pro-fs gene product localizes in cell nuclei and binds Trx
with high affinity in vitro. The hypothesis that pro-fs associate directly with Trx in living
mammalian cells was investigated in this study by fluorescent resonance energy transfer (FRET)
analysis in 293T cells expressing cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP) tagged pro-fs and Trx pairs. Confocal microscopy was utilized to quantify the FRET
efficiency in living cells using the acceptor photobleaching method. Efficient energy transfer
between CFP and YFP should only occur if CFP and YFP are less than 100 A apart, which
requires direct interaction of the pro-fs molecules fused to these fluorescent moieties. We
observed partial nuclear translocation of Trx protein in cells treated with phorbol 12-myristate
13-acetate (PMA). Significant FRET efficiency was detected in the nuclei of PMA-stimulated
cells co-expressing pro-fs and wild type human Trx (Trx-wt) or the double mutant of Trx (Trx-
CS), in which the two conserved Cys residues in the active center are mutated to Ser. The results
indicate that pro-fs binds both Trx-wt and Trx-CS, suggesting that Trx-pro-fs binding is a
structurally specific interaction that involves multiple amino acid residues in addition to the Cys
of pro-fs and Trx in the interactive region.

Keywords: Frameshift; HIV-1; Protease; Pro-fs; NF kappa B; Thioredoxin; Selenocysteine;
Cysteine; Fluorescent resonance energy transfer; FRET; Photobleaching; CFP; YFP; Confocal

microscopy; PMA.
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INTRODUCTION

Pro-fs is a human immunodeficiency type 1 (HIV-1) encoded putative selenoprotein that
was predicted by Taylor et al. based on computational analysis of the viral genome; it is
potentially expressed by a —1 frameshift from the protease-coding region [1, 2]. Pro-fs contains
two in-frame UGA codons, generally a stop codon, which is now well known for its role in
coding for selenocysteine (Sec) in both eukaryotic and prokaryotic genomes [3-5]. The amino
acid sequence of pro-fs is highly conserved in HIV-1 sequences, especially in the region
spanning the UGA codons [6, 7]. Sequence analysis suggested a match to the NF-kB/Rel family
of transcription factors, in which the conserved amino acid Cys62 residue aligns with a
conserved UGA codon of pro-fs [7]. The frameshift site in the HIVV-1 protease gene occurs just
upstream of the pro-fs sequence (RYRSRU), which matches the sequence of the NF-xB/Rel
family DNA binding domain (RFRYXC) [7].

NF-«B is an inducible, multisubunit transcription factor of higher eukaryotes that belongs
to the NF-kB/Rel family. It is recognized as a key regulator of HIV replication. NF-kB/Rel
family proteins are encoded by five genes: p50/p105, p65/RelA, c-Rel, RelB, and p52/p100, all
of which share a conserved Rel homology domain (RHD) that is important for DNA binding,
dimerization, nuclear localization, and interaction with 1B molecules (reviewed in [8]). NF-xB
is composed of homo- or heterodimers of Rel family proteins, among which the heterodimer
(p50/p65) is the major form. NF-kB is sequestered in the cytosol by interaction with the
inhibitory molecule IxB family proteins [8]. Activation of cells with appropriate stimuli results
in phosphorylation and degradation of 1B by IxB Kinase (IKK), which results in nuclear

translocation of NF-kB. In the nucleus, NF-xB dimers bind to a specific DNA consensus
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sequence, e.g. the two conserved kB sites at the long terminal repeat (LTR) promoter region of
HIV, to start gene transcription [9-14].

The transcriptional activation of HIV LTR via NF-xB can be stimulated by a variety of
proinflammatory or pathogenic stimuli including inflammatory cytokines, phorbol 12-myristate
13-acetate (PMA), T-cell mitogens, lipopolysaccharide (LPS), hydrogen peroxide (H,O,) and by
tumor necrosis factor-a (TNF-ot) [15-18], which function at least in part by forming reactive
oxygen species (ROS). In addition to HIV replication, NF-xB also regulates hundreds of cellular
genes involved in immune activation and cellular responses to stress, including cytokine genes
associated with T cell activation and inflammation responses (for example, GM-CSF, IL-6, IL-8,
IL-2, etc.), adhesion molecules (for example, VCAM-1 and E-selectin), and genes that regulate
cell proliferation and apoptosis [13, 19-21], as well as gene expression of cytomegalovirus and
simian virus 40 [22, 23].

NF-kB is susceptible to regulation by alterations in the intracellular reduction-oxidation
(redox) state [13, 21]. Just as oxidants can activate NF-xB, antioxidants, such as N-
acetylcysteine (NAC), lipoic acid, gold ion, and selenium (Se), can effectively suppress the
activation of NF-xB [16, 24-29]. Se is an essential trace element important for various aspects of
human health (reviewed in [30]). Its most important function, antioxidative function, is
associated with specific selenoproteins including glutathione peroxidase (GPx) and thioredoxin
reductase (TR) in the form of selenocysteine (Sec), an analog of Cys. Growing evidence links Se
deficiency to the occurrence, virulence, or disease progression of several viral infections, such as
Coxsackie virus, HIV-1, and hepatitis virus (B or C) [31-37]. Se supplementation was shown to
suppress HIV replication induced by TNF-a or IL-1 by increasing the concentration of cellular

selenoproteins GPx and TR [19, 27, 38, 39]. A statistically significant correlation between HIV
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disease outcome and patient Se status has been widely documented. Moreover, Se is also an
independent predictor of mortality in HIV infection [31, 33, 35].

Activation of NF-kB was shown to be regulated by the cellular selenoprotein TR and its
substrate thioredoxin (Trx) through oxidoreduction (redox). Mammalian TR has two redox active
centers. The N-terminal center, conserved in all species that encodes Trx, is formed by two Cys
residues. The one in the C-terminus is found only in TR expressed in mammals and C. elegans,
and is formed by a conserved Sec residue and a conserved Cys residue. This Sec is required for
catalytic activity of mammalian TR, whose activity is therefore tightly regulated by dietary Se
status [40, 41]. Trx is a small ubiquitous protein, known to be an important endogenous redox-
regulating molecule with thiol reducing activity [42-44]. It has two Cys residues in its catalytic
center with the consensus amino acid sequence Trp-Cys-Gly-Pro-Cys-Lys. Trx participates in
redox reactions by reversible oxidation of the dithiol of the amino acid Cys32 and Cys35
residues to an intramolecular disulfide bond. It catalyzes dithiol-disulfide exchange reactions
involving many thiol-dependent cellular processes, including intracellular signaling, gene
regulation, resistance to oxidant stress, and control of apoptosis [44-46]. Hirota et al.
demonstrated that Trx plays a dual and opposing role in the regulation of NF-xB.
Overexpression of wild-type Trx suppressed NF-kB activation in the cytoplasm, while
overexpression of nuclear-targeted Trx enhanced NF-kB-dependent transcription in the nucleus
[42]. A growing body of evidence shows that Trx serves as a reductive catalyst in the reduction
reaction of the Cys62 residues in NF-xB RHD, and needs to be maintained in a reduced (thiol)
state in order for NF-kB to bind to DNA [21, 42, 47]. It was demonstrated that the reduction of
the Cys62 residue of NF-xB requires direct association between the active center of Trx and the

DNA binding loop of NF-«xB [42, 48].
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Trx is also known to regulate the DNA binding ability of cellular transcription factor
activator protein 1 (AP-1), another cellular transcription factor that activates HIV transcription. It
was demonstrated that Trx directly associates with redox factor 1 (Ref-1), which is known to
stimulate AP-1 DNA binding activity and also possesses an apurinic/apyrimidinic (AP)
endonuclease DNA repair activity [49-51]. In addition, Trx is required by retroviruses for
formation of their DNA provirus because of its role of being hydrogen donor for ribonucleotide
reductase, which is essential for DNA synthesis [52]. Clinically, an increase in plasma Trx levels
in HIV disease, particularly in the later stages, has been reported [53].

Previously, we have demonstrated that pro-fs resides in cell nuclei and forms oligomers
in living mammalian cells. In vitro experiments showed that pro-fs could bind Trx with high
affinity. In the present studies, we have applied the FRET imaging paradigm to examine whether
Trx and pro-fs interact in living mammalian cells. Our results demonstrate that in living cells,
pro-fs interacts with both wild type human Trx and the double CS mutants of human Trx, in

which the two Cys residues in the active center are mutated to Ser.

MATERIAL AND METHODS

Expression constructs of HIV-1 pro-fs and Trx. CFP- and YFP-tagged pro-fs constructs were
made previously (see Chapter 3, materials and methods). To make CFP- and YFP-tagged Trx
constructs, Trx-wt and Trx-CS coding region was amplified by PCR from Flag-tagged Trx
constructs, which were provided by Dr. Wang Min (University of Rochester, NY) [43], using
sense primer Trx-EcoRI, 5 GGT GGA ATT CGC CTT GTG GTA 3’, containing a EcoRl site,

and anti-sense primer Trx-Xbal, 5> CGG GCC CTC TAG ACT TAG AC 3’, containing a Xbal
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site. The PCR product was then digested by EcoRI and Xbal and cloned into EcoRI and Xbal
sites in vectors pECFP-C1 and pEYFP-C1 (Clontech). The fusion constructs were CFP- or YFP-
tagged at N-terminus of Trx-wt and Trx-CS. All expression constructs were then transformed
into Escherichia coli strain DH5a using chemical transformation method followed by extraction
and purification using QIAprep Miniprep Kits (Qiagen). Fidelity of the construct was verified by
automated DNA sequencing (Molecular Genetics Instrumentation Facilities, University of

Georgia).

Cell culture and transient transfection. The 293T cells, derived from HEK293 cells, were
used. Cell culture was maintained in Dulbecco's modified Eagle's medium (DMEM) with 4 mM
L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate and 4.5 g/L glucose, 90% (Sigma),
supplemented with 10% fetal bovine serum (FBS) at 37 °C with 5% CO,. Cells were transiently
transfected using lipofectamine 2000 (Invitrogen) following manufacture’s instructions. For
subcellular localization studies, cells were thinly plated on polylysine-coated 25mm glass
coverslips with 8 x 10° cells in 35 mm dish. For FRET experiments, cells were plated in 6-well
plate at 8 x 10° cells/well 24 h before transfection. Different amount of fluorescent constructs
were used in transfection, ranging from 0.5 to 3.0 ug for 6-well plate. The purpose was to
achieve a similar expression level across different CFP-tagged constructs, and a similar level for
all YFP-tagged constructs, judged by intensity of fluorescence detected by Luminescent
Spectrometer LS55 (Perkin Elmer) as decribed in Chapter 3. Cells were treated with or without
phorbol 12-myristate 13-acetate (PMA, 50ng/ml) (Sigma) 16 hours post-transfection, and
incubated for additional 24 h before subjecting to the subcellular localization study and FRET

analysis.
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Subcellular localization study of Trx. Nuclear localization of pro-fs was determined previously
(see Chapter 3). In order to determine if pro-fs and Trx co-localize in the same subcellular
compartment, we studied the subcellular localization of Trx. This was performed as previously
described (see Chapter 3, materials and methods). Briefly, a Zeiss fluorescent microscope
equipped with green fluorescent and UV filters were used, allowing the visualization of green
(YFP) and blue fluorescence (DNA counterstain with 4,6-diamidino-2-phenylindole (DAPI)
nuclear staining) of the YFP-Trx-wt in the transfected cells. DAPI nuclear staining permits the
distinction between cytoplasmic and nuclear distributions. Plan NeoFluar 40x/0.75 air lens and
Axiocam attached to the microscope was used to capture the images digitally. Cells on the
polylysine-coated glass coverslips were stained with DAPI prior to mounting on the slides. Cells
were selected for imaging if stained with DAPI and successfully expressing YFP-Trx-wt. Two
consecutive images were taken for each selected region of cells: with UV filter and with green
fluorescent filter. Images were then overlaid on top of each other in Photoshop to observe the
subcellular localization of fluorescent protein. The localization of YFP-Trx-CS was determined

using the same method described above.

FRET data acquisition using confocal microscopy and analysis. FRET experiments were
carried out as described previously (see Chapter 3, Supplementary Material). Briefly, acceptor
photobleaching method [54, 55] was used to assess FRET efficiency in transfected 293T cells
using confocal microscopy. The fluorescent detection channels were set to 465-485 nm (for CFP)
and 520-565 nm (for YFP) on a Leica SP2 confocal microscope (Leica Microsystems,
Germany). FRET efficiency was calculated according to formula: FRETes = ( Dpost — Dpre ) /

Dpost for all Dpost > Dpre, in Which Dyre represents the emitted donor fluorescence before and Dpost
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after photobleaching of the acceptor [55]. To limit the effect of heterogeneity of expression
levels, only cells with similar expression level of CFP-tagged and YFP-tagged constructs across
different transfections were selected. The individual cell nuclei were selected as area of interests
(ROIs). Two independent transfections were performed, and 10 to 15 ROIls were selected for the
measurement. FRETg¢ of all of the ROIs from all transfections were analyzed using ANOVA
and Tukey's test (SAS Institute, Cary, NC) at P=0.05.

Since intensity-based FRET analysis is subject to direct fluorescent contribution from
both CFP and YFP, and may suffer from a high level of “false-positive” detection, appropriate
controls were used to properly compensate for this problem. A CFP-YFP concatemer was used
as a positive control, in which the CFP fluorophore and the YFP fluorophore were joined
together with a short linker of 9 amino acid residues (a generous gift from Dr. R. Morimoto’s
lab, Northwestern University, Chicago, IL). Strong energy transfer was expected to occur
between the two fluorophores when this construct was expressed in cells. FRET signal were
recorded for 7 different transfections for studying interaction between Trx-wt and pro-fs. Cells
transfected with: (1) negative control cells 1 (NC1): CFP-Trx-wt alone; (2) negative control cells
2 (NC2): YFP-pro-fs alone; (3) negative control cells 3 (NC3): CFP-Trx-wt and YFP vector; (4)
negative control cells 4 (NC4): YFP-pro-fs and CFP vector; (5) CFP-Trx-wt and YFP-pro-fs, not
treated with PMA; (6) CFP-Trx-wt and YFP-pro-fs, treated with PMA; (7) positive control (PC):
CFP-YFP concatemer. FRET was also carried out to determine interaction between YFP-Trx-wt
and CFP-pro-fs, CFP-Trx-CS and YFP-pro-fs, and YFP-Trx-CS and CFP-pro-fs as described

above.
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RESULTS

Expression and subcellular localization of Trx-wt, Trx-CS, and pro-fs constructs in cells.
Each one of the eight constructs (Fig. 4.1) was successfully expressed in 293T, MDCK and HelLa
cells and could be visualized in live cells using fluorescent or confocal microscope, and detected
by Luminescent Spectrometer LS55. Previously, we discovered that pro-fs localizes in cell nuclel
in all tested cell lines, including 293T, MDCK and HeLa cells (see Chapter 3, Fig. 3.1). It was
reported that Trx predominantly localizes in the cytoplasm, and treatments with UV irradiation,
PMA (50 ng/ml) or TNFa (100ng/ml) induce the translocation of Trx into the nucleus [42]. We
then examined whether PMA treatment alters the subcellular localization of fluorescent-tagged
Trx fusion protein, YFP-Trx-wt or YFP-Trx-CS. In transfected cells not treated with PMA, YFP-
Trx-wt was visualized in both cytoplasm and the nucleus in 293T cells (Fig. 4.2, A, left panel),
which was confirmed with DAPI stain (Fig. 4.2, B, left panel), but with more protein in
cytoplasm then in nucleus. The merged image verifies this subcellular localization of YFP-Trx-
wt (Fig. 4.2, C, left panel). Treatment with PMA led to an enhanced fluorescent intensity in the
nucleus with a decrease in the cytoplasm of 293T cells, indicating that PMA triggered some
nuclear translocation of YFP-Trx-wt (Fig. 4.2 A-C, right panel). Similar results were observed in

YFP-Trx-CS transfected cells (data not shown).

Trx interacts with pro-fs in PMA-stimulated 293T cells. We employed the FRET technique to
study the protein-protein interaction between Trx and pro-fs. YFP-pro-fs and CFP-Trx-wt or
CFP-Trx-CS were transiently co-transfected into 293T cells. Fig. 4.3 demonstrates representative

images observed from the CFP and YFP channels during acceptor photobleaching procedure,
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and the resulting FRET images derived using the formula described in Materials and Methods.
All colors are artificially assigned. Signals from the YFP channel are presented as yellow, signals
from CFP channel as cyan, and signals for FRET are shown in pseudocolor. Numerical values
from each channel represent the intensity of the signal, but do not encode color information. The
color images in Fig. 4.3 do illustrate the distribution of CFP-Trx-wt and -CS in both cytoplasm
and nucleus and the exclusive nuclear distribution of the YFP-pro-fs. We applied the acceptor
photobleaching method to measure both the quenching of the donor signal and the sensitized
acceptor emission to confirm that FRET has occurred, and to eliminate the effect caused by
different expression levels of the constructs within cells and inhomogeneities in the thickness of
the cells.

Using the protocol described in Materials and Methods, expression of the CFP-YFP
concatemer produced a FRET signal of 27% (Fig. 4.4). Since the generation of FRET requires
the presence of both fluorophores, single transfection of one fluorophore should not produce any
FRET signal. Base on the theory behind FRET method, co-expression of unlinked YFP and CFP
fluorophores should not generate FRET signal unless they are in direct contact. In cells singly
transfected with only CFP- or YFP-tagged Trx-wt, Trx-CS or pro-fs, co-transfected with CFP-
pro-fs and the YFP vector pair, YFP-pro-fs and the CFP vector pair, CFP-Trx-wt or -CS and
YFP vector pair, YFP-Trx-wt or —CS and CFP vector pair, there was only marginal FRET signal
detected, with a FRET efficiency of less than 1% (Fig. 4.4). Thus, there was no energy transfer in
these transfections. FRET efficiency in the positive control was significantly higher than that in
all the negative controls (P<0.0001).

Using the same protocol for FRET signal acquisition and analysis, interaction between

fluorescent tagged-Trx and pro-fs was studied, as described in Materials and Methods. In PMA-
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stimulated cells, co-expression of CFP-pro-fs and YFP-Trx-wt, YFP-pro-fs and CFP-Trx-wt, and
YFP-pro-fs and CFP-Trx-CS gave a FRET efficiency of 8.2%, 4.6%, and 6.6%, respectively
(Fig. 4.4 A-D), which are all significantly higher than all negative controls (P<0.0001). FRET
efficiency detected between pro-fs + Trx-wt and pro-fs + Trx-CS do no significantly differ from
each other (Fig. 4.4 D). In cells unstimulated with PMA, co-expression of CFP-pro-fs and YFP-
Trx-wt, and YFP-pro-fs and CFP-Trx-CS gave only marginal FRET signals, 0.4% and 0.5%,
respectively, and thus showed no significance difference from the negative controls (Fig. 4.4 A
and C). All FRET efficiencies between Trx and pro-fs in PMA-stimulated cells were
significantly higher than that seen in unstimulated cells, and significantly lower than that seen in

positive control cells (Fig. 4.4 D).

DISCUSSION

There are two in-frame UGA codons in pro-fs sequence for possible incorporation of Sec.
Since UGA is normally read as a stop codon, the decoding of UGA as Sec requires translational
reprogramming during the biosynthesis of selenoproteins. In eukaryotes, this process requires a
complex of the Sec insertion sequence (SECIS element), SECIS-binding protein 2 (SBP2),
eEFSec, and Sec-tRNAS* that are dedicated to Sec incorporation. Because of the inherent
competition against termination, Sec incorporation is often precluded by termination (reviewed
in [56]). In FRET assay, similar expression levels of the two tagged proteins are required in order
to correctly detect the energy transfer between the two fluorophores. The inefficiency and
complexity of selenoprotein production in mammalian cells may result in a very low level of

pro-fs expression that might not permit its stoichiometric interaction with Trx. Moreover, it was
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shown previously in our in vitro studies that the Cys mutant of pro-fs, in which the two UGA
codons were mutated to Cys residues, binds Trx with high affinity (Chapter 2). Thus, the Cys
mutant of pro-fs was used in current studies.

In this study, we observed the nuclear translocation of the cellular antioxidative protein
Trx in response to PMA stimulation, and demonstrate that the putative HIV-1 encoded peptide,
pro-fs, interacts with Trx in vivo, which is consistent with the results of our previous in vitro
studies (see Chapter 2, Fig. 2.4 and 2.5). Moreover, both wild type (Trx-wt) and the double Cys
mutant (Trx-CS) of Trx binds to pro-fs in PMA-stimulated cells, but not in cells untreated with
PMA (Fig. 4.4). In agreement with the previous in vitro demonstration, our results indicate that
Trx-pro-fs binding is a structurally specific interaction that involves multiple amino acid residues
in the interactive surface, not merely due to the formation of an intermolecular disulfide bond
between the Cys residues in the active site of Trx and the Sec of pro-fs. These results are
consistent with the modeling results of Taylor, et al. (unpublished data), which demonstrate that
Trx binds pro-fs with a more favorable energy compared to Trx binding to its known ligand, the
DNA binding loop of NF-«xB, and that at least 8 amino acid residues are involved in the protein-
protein interaction.

Accumulating evidence implicates that the intracellular localization of proteins are
crucial components of signal transduction. For example, NF-kB heterodimer is normally
sequestered in the cytoplasm associating with inhibitory molecule 1B, but upon activation, the
free NF-xB dimers translocate into the nucleus, which is important for NF-kB-induced gene
expression (reviewed in [8]). PMA treatment is known to induce the activation and nuclear

translocation of NF-kB by generating ROS in the cytoplasm. In HeLa cells, PMA is also shown

to efficiently translocate Trx into the nucleus [49]. In the case of redox regulation of NF-kB
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function by Trx, the reduced Trx inhibits NF-xB activation in the cytoplasm, but upon nuclear
translocation of NF-xB and Trx, Trx potentiates the DNA binding activity of NF-kB [42].
Moreover, the nuclear translocation of Trx induced by PMA is essential for AP-1 activation
mediated by Trx and Ref-1, which results from Trx association with Ref-1 in the nucleus [49]. It
was also reported that the nuclear translocalization of mitogen-activated protein kinase appears
to be an important regulatory step for mitogen-induced gene expression and cell cycle re-entry
[57]. Thus, it may be important to investigate the regulation of the signal transduction
mechanisms with respect to cellular compartments. Fig. 4.2 shows that Trx fusion proteins,
which are predominantly expressed in the cytoplasm (Fig. 4.2, left panel), partially translocate in
the nucleus of 293T cells after PMA treatment (Fig. 4.2, right panel). We previously
demonstrated that pro-fs localizes exclusively in cell nucleus in 293T, MDCK and HeLa cells
(Chapter 3, Fig. 3.2). As shown in Fig. 4.4, overexpression of Trx and pro-fs alone was not
sufficient to have significant interaction that can be detected using FRET, and these results
suggest that nuclear localization of Trx by PMA is indispensable for binding to pro-fs.

Trx participates in redox regulation in the cell by reversible oxidation of the free dithiol
to an intramolecular disulfide bond between the two active center Cys residues. Since Trx exerts
dual and opposing effects in regulating NF-kB activation in different subcellular compartments
[42], Trx needs to be in the cell nucleus in a reduced state in order to enhance HIV-1 replication
regulated by NF-xB. The only enzyme known to catalyze this reaction is the cellular
selenoprotein TR, whose activity is dependent upon Se status because the Sec residue is required
for its catalytic activity in mammals [40, 41, 52]. Since pro-fs can be a selenoprotein containing
one or two Sec residues, upon nuclear translocation of Trx induced by PMA, pro-fs may act as a

nuclear TR to keep recycling Trx from the oxidazied state to the reduced state in cell nucleus,
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which in turn enhance NF-«B activation to promote HIV-1 replication. The structural specificity
between Trx and pro-fs observed in vivo in this study and in previous in vitro studies provides
experimental basis for this speculation.

The structurally specific association of pro-fs and Trx also suggest that pro-fs might
participate in other functions of Trx. It was shown that Trx plays a key role in inhibiting
apoptosis of HIV-infected cells, which requires that Trx in a reduced form binds to the N-
terminal portion of apoptosis signaling kinase 1 (ASK1) to block its activation by TNF-a [43,
58]. The oxidized form (intramolecular disulfide bond between C32 and C35) and the redox-
inactive form (Trx-CS) of Trx do not bind to ASK1. Mutagenesis studies showed that the
presence of at least one of the two conserved Cys residues in the redox center is required for Trx
to inhibit ASK1-dependent apoptosis [43]. Thus, if pro-fs can catalyze reduction reaction of Trx,
HIV-1 would be able to employ pro-fs to participate in the regulation of apoptosis process in
infected cells. There is evidence indicates that the pleiotropic HIV-1 nef protein participates in
the process of inhibiting ASK1-dependent apoptosis, by preventing stimulus-coupled release of
Trx from ASK1 in HIV infected cells [59]. Trx also regulates the activation of AP-1 via direct
association with Ref-1. Since AP-1 is also a redox responsive transcription factor that activates
HIV replication, pro-fs may have regulating effect over AP-1, thus HIV replication. Furthermore,
because of the role of Trx in the formation of proviral DNA by retroviruses for being a reducing
agent for ribonucleotide reductase [52], it is possible that pro-fs might contribute to viral DNA
synthesis.

HIV-encoded proteins, most importantly tat and nef proteins, are known to directly
participate and play major roles in the process of viral reproduction by altering the cellular redox

state (as in the case of tat) or by directly activating cellular transcription factors NF-xB and AP-1
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(as in the case of nef) [60-62]. Given the importance of redox regulation of gene expression, it is
reasonable for viruses to try to encode homologues of the regulatory proteins involved. We
previously shown that pro-fs has high homology to the DNA binding loop of NF-xB (Chapter 2)
and is a nuclear protein (Chapter 3). In the present study and the previous in vitro studies, we
demonstrate that Trx interacts with pro-fs in a structural specific manner. Because interaction
between Trx and NF-«B is also structural specific and Trx was shown to be a reducing agent of
NF-kB required to activate the DNA binding activity of NF-«xB [42, 48], we suggest that Trx
may catalyze the reduction of pro-fs. Taylor et al. demonstrate that pro-fs is a potent activator of
HIV-1 LTR and functions via NF-xB in a HIV-1 LTRIlacZ reporter system (Taylor, et al.,
unpublished data). Taken together, our results suggest that pro-fs may function as a mimic of
NF-kB in activation of HIV-1 transcription by binding to the HIV LTR. The existence of this
protein might provide an alternative way for virus to survive the battle against host antioxidative
defense system and continue to replicate. Moreover, since NF-kB regulates the expression of
hundreds of genes involved in host immune responses and cellular defense against stress, it is
possible for pro-fs to regulate other kB sites located in host DNA to activate cellular genes,
enabling HIV to directly interfere with host defense mechanisms.

We should not ignore the value of pro-fs as a potential selenoprotein that possibly allows
HIV to fight against cellular antioxidant defense. The role of ROS and oxidative stress in general
in HIV pathogenesis has received considerable attention in recent years due to their roles in
inducing activation of HIV transcription. NF-xB plays a key role in regulating HIV-1 replication
and was the first transcription factor found to respond to oxidative stress mediated by
prooxidants and pathogenic stimuli [15-18]. Conversely, this activation can be inhibited by

various antioxidants [24-26]. It has been reported that low dose of Se supplementation can
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suppress NF-kB activation in response to TNF-a and H,O; in vitro, via increased production of
the cellular selenoprotein GPx [27]. It seems feasible for viruses to have a self-defensive
mechanism against environmental stress via encoding viral selenoproteins. Such phenomenon is
not unprecedented. A functional GPx enzyme encoded by Molluscum contagiosum, a poxvirus
that causes persistent skin neoplasms in children and acquired immunodeficiency syndrome
(AIDS) patients, was shown to protect human keratinocytes against cytotoxic effects of
ultraviolet irradiation and hydrogen peroxide [63, 64]. HIV-1 also encodes a highly truncated
GPx enzyme [1] that showed measurable GPx activity [65].

It must be pointed out that, at this stage, pro-fs is still a hypothetical protein. There are
several reasons why pro-fs has escaped detection before now. Pro-fs can only be expressed as a
double frameshift protein since pro-fs is encoded in the overlapping —1 reading frame in HIV-1
protease-coding region, which as part of the pol gene, overlaps the gag-coding region in the —1
frameshift from. Due to the inefficiency of ribosomal frameshifting, which only occurs during by
1-10% of translational events [1], pro-fs only has 1% or less chance to be expressed as compared
to HIV structural proteins. This would result in the very low abundance of pro-fs in HIV-infected
cells. In addition, HIV only intends to make necessary enzyme proteins when necessary, it makes
hard to detect the presence of pro-fs. The other reason might be because Pro-fs has a low
molecular weight of approximately either 7.2 or 8.3 kDa, depending on whether one or both in-
frame UGA codons are decoded as Sec. However, it is possible that the expression of pro-fs has
been overlooked in a study of the effect of HIV-infection on selenoprotein expression in "°Se-
labeled human Jurkat T cells. Their results showed some low molecular mass Se-labeled

compounds in HIV-infected cells without further investigation (Fig. 2.1 B in [66]). The position
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of a wide band partially overlapping a known the 6 kDa cellular selenoprotein is in the correct
size range to correspond to predicted isoforms of pro-fs.

In this paper, we have shown that human Trx translocates into the nucleus from the
cytoplasm when stimulated by PMA. We have also demonstrated that this putative HIV-1
encoded peptide, pro-fs, a mimic of NF-kB, interacts with human Trx in the cell nucleus in vivo
when cells are stimulated with PMA, and that the interaction is structurally specific. Given the
complexity of the multiple factors involved, consideration of the outcome of this interaction in
host cellular response in regard to HIV infection and disease progression should be further

explored.
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Figure 4.1. Schematic structures of N-terminal CFP- or YFP- tagged Trx-wt, Trx-CS and pro-fs
constructs. Artificial linkers constructed from the polylinker region of pECFP-C1 and pEYFP-C1
(Clontech) are drawn in gray lines. All fusion constructs were CFP- or YFP-tagged at their N-
termini. Trx-CS is a double mutant generated from Trx-wt, with two Ser residues in place of Cys
residues in the active center {Liu, 2002 #12}. In order to express pro-fs in sufficient amount for
FRET studies, we continued to use the mutant of pro-fs, with two Cys residues in the place of
Sec residues, which are encoded by UGA codons in the wild-type pro-fs (see Chapter 4,

Materials and Methods for further details).
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PMA (-) PMA (+)

Figure 4.2. Effect of PMA treatment on subcellular localization of YFP-Trx-wt in 293T cells.
Cells were transiently transfected with YFP-Trx-wt and were treated with (left panel) or without
(right panel) PMA (50 ng/ml) 16 h post-transfection. After another 24 h incubation, cells were
stained with 4,6-diamidino-2-phenylindole (DAPI) nuclear staining (blue fluorescence) and
visualized with UV filter (A) or with green fluorescent filter (B). A merged image of the two
panels is shown in (C), which verifies subcellular localization of YFP-Trx-wt. In cells untreated
with PMA, YFP-Trx-wt predominantly localizes in the cytoplasm then in the nuclei (A, left
panel), whereas in PMA-stimulated cells, more YFP-Trx-wt localizes in the cell nuclei than in

the cytoplasm (A, right panel).
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Figure 4.3. Representative FRET images by confocal microscopy through photobleaching
process. 293T cells were transfected with CFP-pro-fs and YFP-Trx-wt. Transfected cells were
stimulated with PMA (50ng/ml) 16 h post-transfection. FRET signal acquisition was carried out
after another 24 h incubation via acceptor photobleaching method using confocal microscope
(see Materials and Methods). Cells were only analyzed when both tagged proteins were
expressed at similar level. Images represent fluorescent signals observed from two channels
through photobleaching process. Individual nucleus was selected as area of interest and FRET
image was obtained as described in Materials and Methods. Pre stands from before
photobleaching and post after photobleaching. All colors are arbitrarily assigned to indicate

signal strength. FRET efficiency is represented as pseudocolor.
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Figure 4.4. Interaction between thioredoxin (Trx) and pro-fs detected in PMA-stimulated cells by FRET using confocal microscopy.
293T cells were transfected with different expression constructs as shown in the graphs. CFP-YFP is a construct that CFP and YFP
fluorophores are directly linked (see Materials and Methods). Cells were treated or not treated with PMA (50ng/ml) 16 h post-
transfection, and incubated for additional 24 h. FRET efficiency cross different transfections were then detected using photobleaching
method by confocal microscopy (see Materials and Methods for details). FRETg¢ of all samples were analyzed using ANOVA and
Tukey's test (SAS Institute, Cary, NC) at P=0.05. (A) FRET efficiency in PMA-stimulated cells co-expressing CFP-pro-fs and YFP-
Trx-wt is significantly higher than that in unstimulated cells co-expressing both proteins and all negative controls, but is significantly
lower than that in CFP-YFP transfected cells. (B) Significant FRET efficiency was also detected in PMA-stimulated cells co-
expressing YFP-pro-fs and CFP-Trx-wt. (C) FRET efficiency detected in PMA-stimulated cells co-expressing YFP-pro-fs and CFP-
Trx-CS is significantly higher than in unstimulated cells co-expressing both proteins and all of the negative controls, is significantly
lower than in CFP-YFP transfected cells. (D) There is no significant difference between FRET efficiencies detected in PMA-
stimulated cells co-expressing CFP-pro-fs + YFP-Trx-wt and YFP-pro-fs + CFP-Trx-CS, which are both significantly higher than that

in unstimulated cells and lower than that in CFP-YFP transfected cells.
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CHAPTER 5

KINETIC MODELING ON REDOX REGULATION OF NF KAPPA B AND HIV-1 GENE

TRANSCRIPTION!

1Su, G., J. L. Hargrove, and E. W. Taylor. To be submitted to Journal of Biological Systems.
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ABSTRACT

Selenium (Se) is a crucial nutrient for HIV-infected individuals and a potent inhibitor of
HIV replication in vitro. Se-deficient HIV patients showed a mortality risk from HIV-related
causes nearly 20 times that of those with adequate levels. Oxidative stress induced by reactive
oxygen species (ROS) plays a role in HIV-1 replication and disease progression, especially by
activating NF-«B, a key cellular transcription factor in regulating HIV replication. TNF-a is one
of the stimuli that can induce ROS production. Se supplementation was shown to suppress this
activation by increasing production and activity of cellular antioxidative selenoproteins including
glutathione peroxidase and thioredoxin reductase. Thus, our hypothesis is that antioxidant
defense (Se supplementation) can inhibit oxidative stress-induced HIV transcription by
suppressing NF-kB. In this paper, we generated a computer simulation model using the STELLA
program to monitor the redox regulation of NF-kB activation and HIV-1 replication. Both
experimental data from various publications and some arbitrary values were used to implement
this model in order to simulate the effects of Se supplementation and TNF-a. in the system. The
results showed that our model strongly support our hypothesis, and indicate the benefits of Se
supplementation as a nutritional therapeutic adjuvant to drug or chemotherapy to slow down

disease progression in HIV-infected patients.

Keywords: HIV; STELLA; Simulation; Model; Compartment; Selenium; Selenoprotein; TNF

alpha; NF kappa B; ROS; Thioredoxin; Thioredoxin reductase; Glutathione peroxidase;

Oxidative stress.
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INTRODUCTION

Selenium (Se) is a nutritionally essential mineral and seems to be crucial for HIV-
infected individuals because of its role in cellular antioxidant defense. A correlation between
HIV-1 disease outcome and patient’s Se status has been widely documented. Se deficiency
exposes the host to a more significant risk than deficiency of any other nutrient. Plasma Se is not
only correlated with various indicators of disease progression, but also an independent predictor
of mortality in HIV-1 infection, being a significantly greater risk factor for mortality than low
helper-T-cell count in some studies [1-4]. A progressive decline in plasma Se in parallel with the
on-going loss of CD4 T cells in HIV-1 infection was documented [5]. Se-deficient HIV-1
patients showed a mortality risk from HIV-related causes with nearly 20 times that of those with
adequate levels [2]. It was shown that Se supplementation suppressed HIV-1 replication induced
by H,O, and tumor necrosis factor-o. (TNF-a) in acute infected cells via increasing concentration
of selenoproteins glutathione peroxidase (GPx) and thioredoxin reductase (TR) [6-9]. Therefore,
adequate Se is essential to maintain a reductive cytoplasmic milieu in HIV-infected cells to
suppress the rate of HIV-1 replication.

The transcriptional activation of HIV-1 was clearly shown to depend on cellular
transcription factor NF-kB when exposed to oxidative stress mediated by either H,O, or TNF-a
[10-13]. NF-kB is sequestered in the cytosol by interaction with the inhibitory molecule IxB
family proteins [14]. Activation of cells with appropriate stimuli results in phosphorylation and
degradation of IxB by IkxB Kinase (IKK), which results in nuclear translocation of NF-kB. In
nucleus, NF-kB dimers bind to a specific DNA consensus sequence, e.g. the two conserved kB

sites at the long terminal repeat (LTR) promoter region of HIV-1, to start gene transcription [15-
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20]. A large variety of stimuli are now known to induce the activation of NF-«B, including
phorbol ester (such as PMA), phytohaemmaglutinin (PHA), TNF-a, LPS, HIV-1 protease,
calcium ionophores and H,O,. These stimuli function at least in part by involving reactive
oxygen species (ROS) [11, 21-25]. Antioxidants such as N-acetylcysteine (NAC), lipoic acid,
gold ion, and Se were shown to efficiently reduce NF-«kB activation in the signaling pathway in
the cells [8, 11, 26, 27]. Therefore, in general, antioxidants are considered to be effective NF-xB
inhibitors.

Overexpression of cytosolic or phospholipid hydroperoxide GPx has shown to inhibit
NF-«B activation and subsequent HIV-1 replication induced by H,O,, TNF-a or IL-1 [6, 8, 28,
29]. Being selenoprotein, the activity of GPx depends on the amount of Se available for their
biosynthesis. In vitro experiments have demonstrated that optimal Se-supplementation in the
growth medium significantly increases the GPx activity in cultured cells, and such cells exhibit
an increased resistance against oxidative stress and a decrease in activation of NF-xB induced by
IL-1 [6, 8]. In vivo studies showed that the abundance of cytosolic GPx mMRNA in Se-adequate
rat liver was 30-fold higher than glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA,
whereas it is similar to that in Se-deficient rat liver [30]. Se supplementation appears to switch
cytosolic GPx mRNA from nonsense-mediated degradation to translation, thus resulting an
increase of approximately 20-fold in translational efficiency of cytosolic GPx mRNA, which
preceded the increase in liver GPx activity [31, 32]. In liver supernatant of Se-deficient rats, the
cytosolic GPx mRNA was significantly reduced to 10% and activity to 25% of the levels in Se-
adequate rats [30].

NF-kB is susceptible for regulation by the mammalian selenoprotein TR and its substrate

thioredoxin (Trx) through oxidoreduction. Mammalian TR has two redox catalytic centers. The
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N-terminal center is formed by two conserved cysteine (Cys) residues, and the C-terminal one is
formed by a Cys and a selenocysteine (Sec) residue [33]. This Sec is required for catalytic
activity of mammalian TR, whose activity is therefore tightly regulated by dietary Se status in a
dose-dependent manner [34, 35]. It was shown that there was about 8-37 folds increase in TR
activity produced by supplementing 1 uM of Se in the medium of cultured cells compared to
cells in medium without adding Se, which is accompanied by an relatively small increase in TR
MRNA levels by only 2-5 fold and TR protein levels only up to 3-fold [34]. Studies also
demonstrated that the amount of Se incorporated into TR increased from 0.01 to 0.98 Se unit per
TR monomer as the Se concentration in the medium increased from 27 nM to 1 uM, with an
increase in stability of TR mRNA[34]. In COS-1 cells transfected with rat TR1, it was shown
that TR1 activity increased as the Se concentration in the medium increased, without a
concomitant elevation in TR1 protein levels [36]. In agreement with cell culture studies, in vivo
studies also demonstrated that deficient level of dietary Se intake by rats caused down-regulation
of TR activity, mRNA and protein level in the liver, kidney and lung [34, 37, 38], whereas
tissues from rats fed with super-nutritional levels of Se showed a transient increase in TR activity
without an increase in TR protein level [37]. Both cell culture and in vivo studies suggest that
most of the increase in TR activity detected following the addition of Se is mostly due to an
increase in the incorporation of Se into the enzyme without much increase in protein synthesis of
TR.

Alternations in TR activity might regulate the activities of its substrate, Trx, since it is the
only known enzyme class to reduce oxidized Trx. Trx is a small ubiquitous protein, known to be
an important endogenous redox-regulating molecule with thiol reducing activity [39-41]. Trx

participates in redox reactions by reversible oxidation of the dithiol of the active center Cys32
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and Cys35 residues to an intramolecular disulfide bond. It catalyzes dithiol-disulfide exchange
reactions involving many thiol-dependent cellular processes, including intracellular signaling,
gene regulation, resistance to oxidant stress, and control of apoptosis [41-43]. Hirota et al.
demonstrated that Trx plays a dual and opposing role in the regulation of NF-xB.
Overexpression of wild-type Trx suppressed NF-kB activation in the cytoplasm while nuclear-
localized Trx enhanced NF-kB-dependent transcription [39]. TNF-a, PMA and UV irradiation
are shown to induce the translocation of Trx from the cytoplasm to the nucleus [39, 44].

In this paper, we generated a computer simulation model using the STELLA program to
test the hypothesis that adequate dietary Se can inhibit oxidative stress-induced HIV-1
transcription by suppressing NF-xB activation. We monitored the effects of Se supplementation
and TNF-a treatment in the redox regulation of NF-xB and HIV-1 transcription. The results
showed that our model strongly support our hypothesis, and indicate the benefits of Se
supplementation as a nutritional therapeutic adjuvant to drug or chemotherapy to slow down

disease progression in HIV-1-infected patients.

MODEL DESIGN

STELLA 5.1.1 was utilized to implement this model. The model diagram is shown in Fig.
5.1. The core of this model is the activation of NF-xB, which involves the phosphorylation and
degradation of IxB and resulted disassociation of the IkB/NF-kB complex. Then, activated NF-
kB dimers translocate into the nucleus, where it binds to HIV-1 LTR, triggers the gene
transcription. Therefore, it is critical to inhibit or reduce the level of 1xB phosphorylation in

order to prevent NF-kB activation, control HIV-1 replication in the cell, and reduce viral
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budding from the cell. The IkB/NF-kB complex is represented by compartment called “1xB and
NF«B complex”. The initial level of this complex was arbitrarily set as 1. The inflow is a
representation of the formation of the complex in the cytosol, which is “IkB and NFkB complex
formation”. In a normal healthy cell, the level of this complex is assumed to remain at a steady
state. There are two outflows from this compartment: one of them, “complex degradation”,
represents the degradation of the IkB/NF-«xB complex, whose half-life was arbitrarily set as 1
day; the other, “IkB phosphorylation”, represents the disassociation of the kB from NF-xB
dimer due to the phosphorylation of 1B, which is negatively affected by the level of GPx and
Trx activity but is upregulated by TNF-a treatment. Because of the interactive relationship
between GPx, Trx, TNF-a and IkB/NF-kB complex, modulators were connected to “IxB
phosphorylation” from these factors. As described previously, after phosphorylation of 1B, free
NF-kB dimers translocate into nucleus. So, “Activated NF«B in cytosol” and "Activated NFkB
in nucleus” are two compartments followed after the IkB/NF-kxB complex to represent the
amount of activated NF-«kB in the cytosol and nucleus, respectively. The compartment
"Activated NFxB in nucleus” outflows via two path: one is “NFkB degradation”, which
represents the degradation of the NF-xB dimers that do not bind to the LTR of HIV, the half-life
of which is arbitrarily set as 0.6 days; the other is “NF«kB binding to HIV-1 LTR”, which
represents the part of the dimer population that actually binds to LTR to initiate HIV-1
transcription. These continuous three compartments of the model are represented by the
equations listed below (1-3):

(1) IkB_and_NFkB_complex(t) = IkB_and_NFkB_complex(t - dt) +
(IkB_and_NFkB_complex_formation - IkB_phosphorylation - complex_degradation) * dt

INIT: IkB_and_NFkB_complex =1
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INFLOWS:
IkB_and_NFkB_complex_formation = 0.693*2
OUTFLOWS:
IkB_phosphorylation =
IkB_and_NFkB_complex*TNF_alpha_effect_on_NFkB*Trx_effect_on_NFkB*GPx_eff
ect_on_NFkB
complex_degradation = IkB_and_NFkB_complex*0.693
(2) Activated_NFKB_in_cytosol(t) = Activated NFKB_in_cytosol(t - dt) + (IkB_phosphorylation
- NFkB_translocation) * dt
INIT: Activated NFKB_in_cytosol =0
INFLOWS:
IkB_phosphorylation =
IkB_and_NFkB_complex*TNF_alpha_effect_on_NFkB*Trx_effect_on_NFkB*GPx_eff
ect_on_NFkB
OUTFLOWS:
NFKkB_translocation = Activated_NFkB_in_cytosol
(3) Activated_NFkB_in_nucleus(t) = Activated NFkB_in_nucleus(t - dt) + (NFKkB_translocation
- NFKB_degradation) * dt
INIT: Activated_NFKB_in_nucleus = 0
INFLOWS:
NFKkB_translocation = Activated_NFkB_in_cytosol
OUTFLOWS:

NFkB_degradation = Activated_NFKB_in_nucleus*0.693/0.6
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GPx is represented in a single compartment called “GPx level in cytosol” with its
synthesis as inflow and its degradation as outflow. The initial level of GPx in cytosol is
arbitrarily set as 1. In a normal healthy cell, the GPx level should remain at a steady state. The
half-life of GPx in cytosol is 5 days. Since the synthesis of GPx protein increases with increasing
level of Se in the cell, the modulator of Se is connected with the inflow of GPx synthesis. This
compartment is represented by the equations listed below (4):

(4) GPx_level_in_cytosol(t) = GPx_level _in_cytosol(t - dt) + (GPx_synthesis -
GPx_degradation) * dt

INIT: GPx_level_in_cytosol =1

INFLOWS:

GPx_synthesis = Ks*Selenium
OUTFLOWS:

GPx_degradation = GPx_level_in_cytosol*Ke
In above equations, Ks is the synthesis factor and Ke is the elimination factor. Their equations
are:

(5) Ks = 0.693/0.1
(6) Ke = 0.693/5

In addition to affect the synthesis of the GPx protein, Se level also affects the GPx
activity. This effect is represented by an effect graph based on the data published by Sappey, et
al. [8]. The equation for this modulator is:

(7) Se_effect_on_GPx_activity = GRAPH(Selenium)

(0.00, 1.00), (25.0, 2.73), (50.0, 2.67), (75.0, 2.50), (100, 2.13)
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Therefore, the GPx activity is affect by Se through two paths: the synthesis of the protein and
activity/unit of protein. Thus, the modulator “GPx activity” is represented by equation (8):

(8) GPx_activity = Se_effect_on_GPx_activity*GPx_level in_cytosol.

Based on the experiment data, the assumption of nonlinear effect of GPx on NF-xB activation
was made and was represented in the model as an effect graph called “GPx effect on NFkB”. The
equation is:

(9) GPx_effect_on_NFkB = GRAPH(GPx_activity)

(0.00, 1.00), (200, 0.665), (400, 0.495), (600, 0.375), (800, 0.29), (1000, 0.225), (1200, 0.165),
(1400, 0.12), (1600, 0.09), (1800, 0.065), (2000, 0.055)

Se level also affects the Trx effect on NF-kB activation in an indirect way via
selenoprotein TR. TR is represented in a compartment with its synthesis as inflow and its
degradation as outflow. The initial level and half-life of TR in cytosol are both arbitrarily set as
1. The Se modulator is connected to TR synthesis inflow through an effect modulator called “Se
effect on TR synthesis” since the synthesis of this protein and incorporation of Se increases with
increase of Se level in the cytosol. The Se modulator is also connected to TR activity through an
effect modulator “Se effect on TR activity”. The reason to use two separate paths to represent
TR is because the synthesis of TR protein increases to a lesser extent than the enzyme activity
with the increase of Se in the cell. These two effect graphs were derived from data published by
Gallegos, et al. [34]. Thus, the TR compartment in the model is represented by the equations
listed below (10-13):

(10) TR_in_cytosol(t) = TR_in_cytosol(t - dt) + (TR_synthesis - TR_degradation) * dt
INIT: TR_in_cytosol =1

INFLOWS:
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TR_synthesis = Se_effect_on_TR_synthesis*0.693
OUTFLOWS:

TR_degradation = TR_in_cytosol*0.693
(11) Se_effect_on_TR_synthesis = GRAPH(Selenium)
(0.00, 1.00), (10.0, 2.30), (20.0, 3.03), (30.0, 3.50), (40.0, 3.73), (50.0, 3.95), (60.0, 4.05), (70.0,
4.15), (80.0, 4.20), (90.0, 4.25), (100, 4.28)
(12) Se_effect_on_TR_activity = GRAPH(Selenium)
(0.00, 0.3), (7.14, 16.3), (14.3, 18.1), (21.4, 19.6), (28.6, 21.0), (35.7, 22.2), (42.9, 23.4), (50.0,
24.3), (57.1, 25.2), (64.3, 25.9), (71.4, 26.6), (78.6, 27.1), (85.7, 27.6), (92.9, 28.1), (100.0, 28.5)
(13) TR_activity = Se_effect_on_TR_activity*TR

Trx is modeled in three continuous compartments, by the name of “Oxidized Trx in
cytosol”, “Reduced Trx in cytosol” and “Reduced Trx in nucleus”, respectively. The inflow into
the compartment “Oxidized Trx in cytosol” is “Trx synthesis”. The flow connecting this
compartment and “Reduced Trx in cytosol” is “Trx reduction”, which represents the reduction of
Trx from oxidized state to reduced state by TR. The modulator “TR activity” is connected to
“Trx reduction”. The flow from “Reduced Trx in cytosol” to “Reduced Trx in nucleus” is called
“Trx nuclear translocation”, which is activated by TNF-a treatment, and thus the TNF-o,
modulator is connected to “Trx nuclear translocation” through an effect modulator called “TNF
alpha effect on Trx translocation”, whose effects were represented as an effect graph based on
the data published by Hirota et al. [39]. The outflow of the compartment is “Degradation of
reduced Trx in nucleus”. The half-life is arbitrarily set as 0.1. The Trx compartments, therefore,

are represented by the equations below (14-17):
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(14) Oxidized_Trx_in_cytosol(t) = Oxidized_Trx_in_cytosol(t - dt) + (Trx_synthesis -
Trx_reduction) * dt
INIT: Oxidized_Trx_in_cytosol =1
INFLOWS:
Trx_synthesis = 0.693*5
OUTFLOWS:
Trx_reduction = Oxidized_Trx_in_cytosol*TR_activity/(100+Oxidized_Trx_in_cytosol)
(In this equation, Ky, for enzyme activity is arbitrarily set as 100).
(15) Reduced_Trx_in_cytosol(t) = Reduced_Trx_in_cytosol(t - dt) + (Trx_reduction -
Trx_nuclear_translocation) * dt
INIT: Reduced_Trx_in_cytosol =0
INFLOWS:
Trx_reduction = Oxidized_Trx_in_cytosol*TR_activity/(100+Oxidized_Trx_in_cytosol)
OUTFLOWS:
Trx_nuclear_translocation =
Reduced_Trx_in_cytosol*TNF_alpha_effect_on_Trx_translocation
(16) Reduced_Trx_in_nucleus(t) = Reduced_Trx_in_nucleus(t - dt) + (Trx_nuclear_translocation
- Degradation_of reduced_Trx_in_nucleus) * dt
INIT: Reduced_Trx_in_nucleus =0
INFLOWS:
Trx_nuclear_translocation =

Reduced_Trx_in_cytosol*TNF_alpha_effect_on_Trx_translocation
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OUTFLOWS:

Degradation_of reduced_Trx_in_nucleus = Reduced_Trx_in_nucleus*0.693/0.1
(17) TNF_alpha_effect_on_Trx_translocation = GRAPH(TNF_alpha_level)

(0.00, 0.01), (10.0, 0.04), (20.0, 0.075), (30.0, 0.115), (40.0, 0.165), (50.0, 0.22), (60.0, 0.295),
(70.0, 0.38), (80.0, 0.48), (90.0, 0.62), (100, 0.8)

Since Trx plays a duel and opposing role in regulating NF-xB activation and DNA
binding ability, two effect graphs, “Trx effect on NF-xB activation in cytosol” and “Reduced Trx
effect on NF-xB binding to LTR in nucleus”, are designed to represent the experimental data
[39]. The assumption of nonlinear effect of Trx on NF-kB activation was made. The equations
are (18-19):

(18) Trx_effect_on_NFKkB_activation_in_cytosol = GRAPH(Reduced Trx_in_cytosol)

(0.00, 0.995), (10.0, 0.72), (20.0, 0.575), (30.0, 0.465), (40.0, 0.39), (50.0, 0.335), (60.0, 0.3),
(70.0, 0.27), (80.0, 0.25), (90.0, 0.23), (100, 0.22)

(19) Reduced_Trx_effect on_NFkB_binding_to LTR_in_nucleus =
GRAPH(Reduced_Trx_in_nucleus)

(0.00, 0.825), (10.0, 1.88), (20.0, 2.45), (30.0, 2.85), (40.0, 3.08), (50.0, 3.30), (60.0, 3.48), (70.0,
3.65), (80.0, 3.83), (90.0, 3.95), (100, 4.00)

The modulator “TNF alpha level” models the changes of TNF-a level in the cell. TNF-a
treatment exposes the cell under oxidative stress, and results in the activation of NF-xB in the
absence or inadequacy of selenoproteins. This modulator is connected to the outflow from
“Reduced Trx in cytosol”, which was described above, and is connected to “ IxB
phosphorylation” through an effect graph modulator called “TNF alpha effect on NFkB”, which

IS represented by the equation (20):
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(20) TNF_alpha_effect_on_NFkB = GRAPH(TNF_alpha_level)
(0.00, 0.1), (200, 3.90), (400, 3.70), (600, 3.40), (800, 3.00), (1000, 2.70), (1200, 2.56)

The nuclear activated NF-«xB activates the HIV-1 transcription by binding to the kB sites
located on the LTR region. The reduced state Trx in nucleus was shown to enhance NF-xB
binding to DNA up to 4 folds [39]. Therefore, the modulator of “NFkB binding to HIV1 LTR”
can be directly influenced by the compartment "Activated NFkB in nucleus”, and at the same
time, by the compartment “Reduced Trx in nucleus” through an effect modulator called
“Reduced Trx effect on NFKB binding to LTR in nucleus”. Thus, the modulator “NFkB binding
to HIV1 LTR” is represented using equation (21):

(21) NFkB_binding_to_HIV1 LTR =

Activated NFKB_in_nucleus*Reduced Trx_effect on_NFkB_binding to LTR_in_nucleus
Since there are binding sites for other cellular transcription factors in HIV-1 LTR region besides
NF-xB, the effect of the nucleus activated NF-kB was assumed to account for only 2/3 of overall
activation of HIV-1 transcription.

Thus, the compartment “HIV1 mRNA” is modeled based on the effect that allows the
quantity of "Activated NFkB in nucleus” to directly alter the rate of its inflow, which is
“Transcription”, through the modulator “NFkB binding to HIV1 LTR”. The initial value of this
compartment is arbitrarily set as 0. The outflow of “HIV1 mRNA” is labeled as “mRNA
degradation” with half-life of MRNA arbitrarily set as 0.5 day. In the model, the “HIV1 mRNA”
compartment is represented using equation (22):

(22) HIV1I_mRNA(t) = HIV1_mRNA(t - dt) + (Transcription - mMRNA_degradation) * dt
INIT: HIVI_mRNA =0

INFLOWS:
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Transcription = 2/3*NFkB_binding_to HIV1 LTR*0.693/0.1
OUTFLOWS:

mRNA_degradation = HIV1_mRNA*0.693/0.5

The last compartment of the model is a representation of the HIV-1 viral load in the cell.
This compartment monitors the accumulation of new virus particles in the cell and the release of
virus into the blood stream via viral budding. The inflow to the compartment “HIV1” from
“HIV1 mRNA” represents the directly contribution of HIV-1 transcription to the viral load in the
cells. The initial value is arbitrarily set as 0. The outflow “Viral budding” is arbitrarily assumed
to occur in one half-life, 1 day. When the cells are under oxidative stress when treated with TNF-
o at the absence or low concentration of Se, the viral replication is then triggered by NF-xB
binding to HIV-1 LTR. Then this compartment contains the amount of replicated virus. The
“HIV1” compartment is represented in equations listed below (23):
(23) HIV1(t) = HIV(t - dt) + (Translation - Viral_budding) * dt
INIT: HIV1=0
INFLOWS:

Translation = HIV1_mRNA*0.693
OUTFLOWS:

Viral_budding = HIV1*.693/0.8

In this model, Se and TNF-a levels are the only variables whose values can be set within
the range of 0—100 and 0—1200, respectively (Fig. 5.2). These two factors have opposing
effects on NF-kB regulation. Therefore, this model can be test by comparing results generated by

changing values of these two factors.
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RESULTS

In the model, when both of the Se and TNF-a level are set as 0, HIV-1 shows a basal
level replication, which results in a fairly low level of viral population in the cell (Fig. 5.3). The
HIV-1 viral load increases by more than 6-fold when the TNF-a level in the cell increases up to
200, but decreases to a lesser level when TNF-a level reaches 1200. Therefore, TNF-a has the
largest enhancing effect on HIV-1 replication at 200 (Fig. 5.3). When the Se level increases from
0 to 25 and TNF-a is fixed at 200, the viral load decreases to a steady state over the 14-day
period, which is an approximately 1.5-fold increase of the basal level. When the Se level is set at
100, the viral load reaches the same steady state as when Se level was 25 but more rapidly (Fig.
5.3). Therefore, Se has the largest effect on inhibiting HIV-1 replication at level 25.

The behavior of the major compartments in the model is tested for a 14-day period by
setting the levels of Se and TNF-a. to different values. When Se and TNF-a are both at their
basal values, which is 0, the quantity of GPx in cytosol is decreasing over time, TR remains at a
steady state, and there is a slightly increase for reduced Trx in cytosol and nucleus due to its
reduction by TR (Fig. 5.4 A). There is also a very low level of NF-xB activation in the nucleus,
which results in a low basal level of HIV-1 replication in the cell (Fig. 5.4 B).

When Se level is 0 and TNF-a level is 200, both GPx and TR compartments behave in
the same pattern as shown in Fig. 5.4 A. Due to the TNF-a treatment, which induces the nuclear
translocation of the reduced Trx, by the end of the 14-day period, the amount of reduced Trx in
the cytosol decreases about 6-fold while increases about 9-fold in the nucleus comparing to its
basal values shown in Fig. 5.4 A (Fig. 5.5 A). The amount of 1«kB/NF-xB complex in the cytosol

decreases for about 1.3-fold, whereas the amount of activated NF-xB in the nucleus increases for
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about 18.5-fold and the amount of HIV-1 viral load in the cell 22-fold, comparing to their values
in Fig. 5.4 B (Fig. 5.5 B).

When Se level is at 25 and TNF-a level is kept at 0, the amount of selenoprotein GPx in
cytosol increases dramatically for about 9,000-fold at the end of the 14-day period. The amount
of selenoprotein TR increases by 3.3-fold comparing to their values shown in Fig. 5.4 A. As a
result, the amount of the reduced Trx in the cytosol increased by 57.7-fold, and the reduced Trx
in the nucleus increases by 35-fold comparing to that shown in Fig. 5.4 A (Fig. 5.6 A). The
amount of IkB/NF-kB complex in the cytosol increases slightly by 1-fold, whereas the amount
of activated NF-xB in the nucleus and the amount of HIV-1 in the cell decrease by 15-fold and
33-fold, respectively, comparing to their values shown in Fig. 5.4 B (Fig. 5.6 B).

When Se is set at 25 and TNF-a is set at 200, GPx and TR behave the same as in Fig. 5.6
A (Fig. 5.7 A). The amount of reduced Trx in both cytosol and nucleus increases for about 36-
fold and 38-fold (Fig. 5.7 A), respectively, comparing to their values when Se is at 0 and TNF-a
is at 200, as shown in Fig. 5.5 A. However, the amount of the reduced Trx decreases by 9.6-fold
in the cytosol and increases by approximately 10-fold in the nucleus while comparing to its value
when Se is at 25 and TNF-a. is at 0 (Fig. 5.6 A), due to TNF-a effect on Trx nuclear
translocation. The amount of IkB/NF-«xB complex in the cytosol shows a slight increase by 1.1-
fold, whereas the amount of activated NF-kB in the nucleus and the amount of HIV-1 in the cell
decreased for about 10.7- and 16-fold (Fig. 5.7 B), respectively, comparing to the values when

Seisat 0 and TNF-a is at 200 (Fig. 5.5 B).
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CONCLUSION AND DISCUSSION

Inducible gene expression is the major regulatory mechanism allowing cells to respond to
changes in their environment. Gene expression induced by growth factors, cytokines, hormones,
and other pathogenic stimuli mediated by ROS plays critical roles in HIV infection. As a key
regulator of HIV-1 replication, the role of NF-«xB in redox regulation is being intensively
investigated. Numerous studies demonstrated that various antioxidants inhibit NF-xB activation
and the expression of NF-«B target genes is upregulated in HIV-1 infected individuals. This
model is designed to represent the dynamic behavior of NF-kB in the cytosol and nucleus under
oxidative stress induced by TNF-a with or without Se supplementation. In addition, the model
also monitors the relationship between Se supplementation (antioxidant level), TNF-a treatment
(oxidative stress level) and the change of the level of HIV-1 replication in the cell over time.

High level of TNF-a is found in serum of AIDS patients and suggests its possible
involvement in disease progression [45]. It is also known to induce the release of ROS into the
cell [9] and exhibits a strong activating effect on HIV-1 replication via NF-xB. Dietary Se uptake
is known to enhance the resistance of the cell to ROS and other mediators of oxidative stress
[46]. It was demonstrated that low dose of Se can efficiently suppress NF-«B activation in
response to TNF treatment [8, 29]. In the model, while cells are under oxidative stress and Se-
deficient conditions, e.g. Se level is at 0 and TNF-a. is 200, both NF-«xB activation and HIV-1
viral load are very high (Fig. 5.5). Treatment with Se, e.g. Se level increases to 25 while TNF-a
remains at 200, reduces both NF-kB activation and HIV-1 viral load dramatically (Fig. 5.7). This
protective effect of Se is mainly attributed by its enhancing effect on synthesis and activity of

selenoproteins GPx and TR. It was shown that very low concentration of Se are sufficient to
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increase activity of GPx and TR. When Se increases from 0 to 25 in the model, there is dramatic
increase of both selenoproteins, as shown in Fig. 5.6 and Fig. 5.7. Thus, based on the results
(Fig. 5.3 through Fig. 5.7), we conclude the model well represents that the effect of TNF-a in
inducing HIV-1 replication via promoting NF-xB activation, and that Se supplementation can
partially reduce the oxidative stress induced by TNF-a in the cell to a lower level, thus reduces
NF-kB activation and HIV-1 replication (Fig. 5.6 B and Fig. 5.7 B). These findings are in
agreement with the results demonstrated experimentally [7-9, 29]. In addition to its effect on
directly reducing HIV-1 transcription via inhibiting NF-kB binding of HIV-1 LTR, Se also
inhibit the expression of NF-xB regulated expression of TNF noted in HIV-1 infection, thus
decreases the oxidant level [47]. Due to complexity of the situation, this effect is not included in
the model.

Trx plays opposite roles in the cytosol and in the nucleus in redox regulation of NF-«xB.
In the cytosol it inhibits the NF-kB activation whereas it promotes NF-kB binding to DNA in the
nucleus [39]. TNF-a is known to induce nuclear translocation of Trx [39]. Thus, TNF-a not only
activates NF-«B in cytosol, also enhances NF-kB binding to HIV-1 LTR via Trx, as shown in
Fig. 5.4 through Fig. 5.7.

Activation of HIV-1 transcription in vivo is a very complicated process. AP-1 is another
antioxidant-responsive transcription factor that can bind to LTR region to activate the HIV-1
transcription [51, 52]. In contrast to NF-kxB, activation of AP-1 was not inhibited but slightly
enhanced by Se supplementation in cell cultures [29]. A strong activation of AP-1 in cells treated
with Trx was also observed [53]. Thus, in the model, NF-xB activated HIV-1 replication only
accounts for 2/3 of all possible activation of HIV-1 transcription based on speculation and

published experimental data [54, 55], and Se supplementation can only partially reduce the HIV-
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1 transcription via inhibiting NF-xB activation. Therefore, increasing Se from 0 to 25 reduces the
amount of HIV-1 in the cell to a lower level than that in the cell treated with only TNF-a., but
still higher its basal level (Fig. 5.3, Fig. 5.4 B and Fig. 5.7 B).

Numerous oxidant stimuli are known to activate HIV-1 transcription in vivo. In addition
to TNF-a, H,O; and IL-1 were also reported to increase NF-kB activated HIV-1 transcription
[6]. Besides Se, trace element zinc was also shown to significantly reduce NF-xB and AP-1
binding to HIV-1 LTR [56] [57]. The nature of HIVV-caused disease is a continuous process
involves immune dysfunction and depletion of CD4" helper T cells, mostly bystander uninfected
cells, through apoptosis in vivo [58, 59]. It was suggested that TNF stimulation and expression of
HIV-1 Nef protein could inhibit apoptosis in HIV-1-infected CD4" T lymphocytes [59, 60]. Due
to the high level of the complexity of HIV-1 infection, the roles of other cellular transcription
factors and oxidant stimuli, the apoptosis of CD4" T cells, and other HIV-1 proteins in the
disease progression are not included in the model.

It is worth to mention that several selenoprotein modules encoded by HIV-1 were
proposed based on theoretical evidence [48]. One of them is env-fs, later identified as VGPX,
which has high sequence similarities to the mammalian GPx and has functional GPx activity
when expressed as a selenoprotein in mammalian cells [49, 50]. The other selenoprotein possibly
encoded by HIV-1 in overlapping protease-coding region is pro-fs, which is now identified as a
mimic of NF-kB. When expressed in mammalian cells, pro-fs localizes in the nuclei as a dimer
and exerts bioactivity in activating HIV LTR via NF-xB (Chapter 3; Taylor, et al., unpublished
data). Both in vitro and in vivo studies showed that pro-fs is a substrate of Trx that the
interaction of these two proteins is structural specific (Chapter 2 and 4). The actual role of these

viral selenoproteins in HIV-1 infection and disease progression is not clear yet. It is well known
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that Se is a potent regulator of both NF-kB activity and HIV-1 transcription via cellular
selenoproteins. It is therefore reasonable that HIV-1 could have evolved to directly participate in
redox signaling cascades by encoding its own selenoprotein. Simply put, viral selenoproteins
could very well hijack host Se from cellular selenoprotein, thus, interferes with the immune
antioxidant defense of the infected host [50]. As in the case of pro-fs, it might also participate in
activating HIV transcription as well. Thus, the existence of HIV-encoded selenoproteins can help
to understand the disease pathogenic mechanism and to explain why the effects of HIV-1
infection are exacerbated in Se-deficient patients [50].

Most of the data used in the model were obtained from publications although some
arbitrary values were used because of short of experimental information, such as the half-life of
TR, Trx, IkB/NF-xB complex, activated NF-kB in nucleus, HIV-1 mRNA and HIV-1 in human
cell. Arbitrary numbers were set to serve the purpose of the model design. To fulfill the use of
this model, the model needs to be tested using more published data on this subject.

Regardless, the model is successful because it exhibited the primary objectives of the
model design and answered the question, *“ Can Se supplementation maintain the HIV-1 in the
cell at a low level when the cell is under oxidative stress?” The model helps to understand the
importance of trace element supplementation (in this case, Se) that Se administration may
provide beneficial effects in the treatment of HIV-infected individuals. Dietary Se uptake may be
used as an alternative way or in combination with current expensive and lots-of-side-effect drug
therapy to inhibit HIV replication, and thereby to prolong the latency period of the virus. It is
conceivable that adjuvant therapy with Se may prove to be efficient not only inhibiting HIV

replication but also in enhancing the resistance of T cell toward oxidative stress and apoptosis.
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Figure 5.2. Selenium and TNF-a are the two variables in the STELLA model. Selenium level

was set with a range of 0-100, and TNF-a level was set with a range of 0-1200.
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Figure 5.3. The change of HIV-1 viral load in the cell when expose to various levels of oxidative
stress (TNF-a) and antioxidant status (Se) in a 14-day period. The curves are color coded,
matching with the numbers. (1) HIV-1 viral load when both Se and TNF-a are 0. (2) HIV-1 viral
load when Se is 0 and TNF-a is 200, which is the maximum effect level for TNF-a. (3) HIV-1
viral load when Se is 0 and TNF-a is 1200. (4) HIV-1 viral load when Se is 25 and TNF-a is

200. (5) HIV-1 viral load when Se is 100 and TNF-a. is 200.
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Figure 5.4. Dynamic behavior of the system in the model during a 14-day period when Se and
TNF-a are both set at 0, their initial level. The curves are color coded, matching with the
number. A. (1) Amount of GPx in cytosol. (2) Amount of TR in cytosol. (3) Amount of reduced
state Trx in cytosol. (4) Amount of reduced Trx in nucleus. B. (1) Amount of 1kB/NF-xB

complex in cytosol. (2) Amount of activated NF-kB in nucleus. (3) Amount of HIV-1 in the cell.

157



158



Figure 5.5. Dynamic behavior of the system in the model during a 14-day period when Se is set
at 0 and TNF-a is set at 200. The curves are color coded, matching with the number. A. (1)
Amount of GPx in cytosol; (2) Amount of TR in cytosol; (3) Amount of reduced state Trx in
cytosol; (4) Amount of reduced Trx in nucleus. B. (1) Amount of IkB/NF-kxB complex in

cytosol; (2) Amount of activated NF-xB in nucleus; (3) Amount of HIV-1 in the cell.
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Figure 5.6. Dynamic behavior of the system in the model during a 14-day period when Se is 25
and TNF-a is 0. The curves are color coded, matching with the number. A. (1) Amount of GPx
in cytosol; (2) Amount of TR in cytosol; (3) Amount of reduced state Trx in cytosol; (4) Amount
of reduced Trx in nucleus. B. (1) Amount of IkB/NF-«xB complex in cytosol; (2) Amount of

activated NF-«xB in nucleus; (3) Amount of HIV-1 in the cell.
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Figure 5.7. Dynamic behavior of the system in the model during a 14-day period when Se is set
at 25 and TNF-a is set at 200. The curves are color coded, matching with the number. A. (1)
Amount of GPx in cytosol; (2) Amount of TR in cytosol; (3) Amount of reduced state Trx in
cytosol; (4) Amount of reduced Trx in nucleus. B. (1) Amount of IkB/NF-kB complex in

cytosol; (2) Amount of activated NF-xB in nucleus; (3) Amount of HIV-1 in the cell.
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CHAPTER 6

CONCLUSIONS
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Our results in all experiments strongly support the hypotheses tested. In summary, the
key points are listed here. First, we demonstrate here that this HIVV-1 encoded peptide, pro-fs, is a
mimic of NF-kB and interacts with human cellular antioxidative protein Trx with high affinity in
vitro, shown by both co-immunoprecipitation and GST-pull down assay. We were also able to
show that pro-fs interacts with both wild type (Trx-wt) and the double Cys mutant (Trx-CS) of
Trx, in which the two active center Cys residues were mutated to Ser. Therefore, our data
suggest that this interaction is structural specific that involves more amino acid residues at the
interactive surfaces. These results are in agreement with the modeling results of Taylor, et al.
(unpublished data), which demonstrate that Trx binds pro-fs with a more favorable energy
compared to Trx binding to its known ligand, the DNA binding loop of NF-kB, and that at least
8 amino acid residues are involved in the protein-protein interaction. The GST-pull down assay
developed in this study can be further applied to the lysate of HIV-1 infected celsl. Combined
with "Se labeling and 2-D electrophoresis, it could allow the detection of pro-fs. Second, when
pro-fs was expressed in mammalian cells, including 293T, HeLa and MDCK cells, live cell
imaging results showed that pro-fs localizes exclusively in the cell nucleus. Since pro-fs has
sequence homology with the DNA-binding loop of NF-xB, we speculate that pro-fs may also
bind to DNA, either to HIV LTR to activate HIV replication, or to host DNA to up-regulate
important cellular genes that are usually regulated by NF-xB. FRET analysis using confocal
microscopy revealed that pro-fs forms oligomer. Based on its sequence similarity with HIV-1
protease and NF-«kB, both of which function as dimers, we think pro-fs dimerizes in cell nucleus.
Third, our results from in vivo study demonstrate that pro-fs binds to both Trx-wt and Trx-CS in
vivo, which is consistent with our in vitro data showing that the Trx-pro-fs binding is structural

specific. Thus, pro-fs might have effects on many aspects of host-pathogen relationship that
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involves Trx. Moreover, the in vivo experiment showed that nuclear translocation of Trx induced
by PMA treatment is essential for pro-fs binding. Thus, it brings up the consideration that the
regulation of important signal transduction in relation to intracellular compartmentalization
needs to be further explored. The FRET method used in both Chapter 3 and 4 was successful.
With essential negative controls and positive control, we are able to correctly analyze the energy
transfer efficiency between different fluorescent-tagged proteins. In Chapter 3, we also described
a novel method to measure and analyzed FRET efficiency using scanning fluorometry, which is
much easier to use, more efficient and less expensive comparing to confocal microscopy.

At last, our kinetic model built using STELLA software on redox regulation of NF-xB
activated HIV-1 gene transcription successfully demonstrates the effects of the ROS inducing
agent (TNF-o) and antioxidant (selenium) on the activation of NF-kB and the resulted viral
replication. The results strongly support that Se administration may provide beneficial effects in
the treatment of HIV-infected individuals. We also suggest that dietary Se uptake may be used as
an alternative way or in combination with current expensive drug therapy to inhibit HIV

replication and thereby to prolong the latency period of the virus.
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