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SYNOPSIS

Like that of all retroviruses, the rate of transcription of the integrated proviral
form of the human immunodeficiency virus type 1 (HIV-1) is the major determinant of
the levels of viral gene expression and replication. Viral replication can be detected in
all clinical stages of the infection, but, noteworthy, the levels of viral expression
correlate with disease progression.

Once integrated, the proviral genome can be considered as a cellular gene,
its transcription being tightly regulated by cellular factors and by the viral trans-
activator Tat. A single viral transcript originates from the transcription start site at the
Long Terminal Repeat (LTR), the unique transcriptional promoter of HIV-1, located at
the 5' end of the provirus.

In this thesis, the results of a study concerning the molecular and functional
interactions of human transcription factor USF with the LTR of HIV-1 and the
production of biologically active recombinant Tat are reported.

We employed USF purified from Hela cells and recombinant USF43
produced in our laboratory to show that they both bind to the HIV-1 LTR in a variety
of in vitro assays. We provide evidence that binding is sensitive to the methylation
state of the target sequence and that it induces a bent in the DNA template. By a
variety of assays, we provide evidence that USF is a positive regulator of HIV-1
transcription. In in vitro transcription experiments, a mutation that impairs USF
binding to the LTR reduces the transcriptional activity promoted by the LTR and the
addition of a plasmid containing several binding sites for USF downregulates
transcription by acting as a decoy. When added to an in vitro transcription mixture,
increasing amounts of recombinant USF43 progressively enhance transcription. In
vivo, when the LTR are transiently transfected in cultured cells, the overexpression of
USF43 upregulates transcription driven by the LTR. Interestingly, USF43 is unable to
transactivate the HIV-1 promoter in the presence of the Tat protein.

In the second part of this thesis, the issue of the production of a biologically

active recombinant Tat protein is assessed. Two fusion proteins between glutathione-



S-transferase (GST) and one-exon Tat or two-exons Tat were obtained. A novel
strategy was developed that allows the production of large quantities of soluble and
highly active protein. Both one-exon and two-exons Tat are active in binding to their
target RNA by gel retardation assay, promote in vitro transcription from the LTR
promoter, and activate the in vivb expression of an LTR-reporter construct when they
are given to responsive cells. Therefore, these proteins represent potential useful
reagents to investigate the molecular mechanisms by which Tat exerts its known
pleiotropic effects.

Finally, we also show that both the recombinant Tat and USF43 are in vitro
modified by purified DNA dependent protein kinase (DNA-PK) and discuss the
possible role of these events in the control of the functional regulation of the HIV-1

promoter.

Part of the results presented in this thesis have already been published in the

following papers:

A human binding site for transcription factor USF/MLTF mimics the negative
regulatory element of Human Immunodeficiency Virus type 1 - Giacca, M., Gutierrez,
M. I., Menzo, S., d'Adda di Fagagna, F., Falaschi, A. 1992. Virology (Vol. 186, p133-
147).

Stimulation of the adenovirus major late promoter in vitro by transcription factor USF
is enhanced by the adenovirus DNA binding protein. Zijderveld, D., d'Adda di
Fagagna, F., Giacca, M., Timmers, H. T. M., van der Vliet, P. 1994. Journal of
Virology. Dec 1994, vol. 68, No 12, p 8288- 8295.

Molecular and functional interactions of transcription factor USF with the Long
Terminal Repeat of Human Immunodeficiency Virus type 1. d'Adda di Fagagna, F.,
Marzio, G., Gutierrez, M.l., Kang, L.K., Falaschi, A. and Giacca, M. 1995. Journal of
Virology. May 1995, vol. 69, No 5, p 2765-2775.



INTRODUCTION

HIV-1 genome organization and transcripts

The human immunodeficiency virus type 1 (HIV-1) is the etiologic agent of
the Acquired ImmunoDeficiency Syndrome (AIDS) (Barre-Sinoussi et al., 1983). The
virus belongs to the Retroviridae family (lentivirus genus); its genome is a 9700
nucleotides long RNA template. Following cellular infection, this RNA molecule is
reverse-transcribed into a double stranded DNA by the viral-encoded reverse-
transcriptase and integrates into the host genome.

The proviral DNA is flanked by the two LTR (Long Terminal Repeats)
sequences that are generated during the process of reverse transcription, and
contains three major structural genes (Gag, Pol and Env), two necessary regulatory
genes (Rev and Tat) and other auxiliary genes (Vip, Vpr, Vpu and Nef). For a
schematic representation of the genomic organization of HIV-1, see Figure 1.
Excellent reviews on the structure and function of these genes have been published
during the last years (Subbramanian and Cohen, 1994; Trono, 1995).

A single transcript originates from the 5' LTR and finishes at the
polyadenylation site at the 3' LTR. From this transcript, more than 30 different
mRNAs are produced by extensive usage of alternative processing mechanisms
(Schwartz et al., 1990). Either during the infection of susceptible cell cultures (Kim et
al., 1989; Klotman et al., 199i) or in cellular systems in which transcription is
inducible (Michael et al., 1991; Pomerantz et al., 1990), a temporal regulation of the
synthesis of these transcripts is detectable: initially, short (~ 2 kb), multi-spliced
transcripts are prevalent, encoding for regulatory proteins; subsequently,
intermediate (~4.5 kb), single-spliced mRNAs (coding for Env Vif, Vpr and Vpu) and
full-length (~9 kb), unspliced mRNA (coding for Gag, Pol and representing the viral
genome to be eventually assembled in the new virions) accumulate. This dual
pattern for transcript processing is probably related to the presence of the viral Rev

protein (Cullen and Greene, 1989; Pomerantz et al., 1990), which is synthesized
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from the short transcripts. In addition to this RNA splicing regulation, different
proteins arise from the extensive use of other differential processing events, such as
the utilization of alternative reading frames, ribosomal frameshifts, bicistronic
mRNAs, and proteolitic cleavage of precursor proteins.

Two main viral proteins affect HIV expression: Tat and Rev. The Tat protein
is the viral transactivator that binds to the 5' end of all nascent RNAs, augmenting
the rate of transcription initiation and elongation (see below). The regulatory Rev
protein controls the nuclear export of unspliced and partially spliced mRNAs by
binding to a Rev Responsive Element (RRE), a highly structured RNA sequence
located within the REV encoding sequence, thus favoring the translation of viral
structural proteins. This post-transcriptional regulation ensures the switch from the

early to the late phase of viral gene expression.

HIV-1 expression and disease development

The regulation of HIV-1 gene expression plays a key role in triggering viral
replication, and, consequently, in disease development. Recent quantitative studies
show that HIV-1 is expressed throughout all stages of the disease; nevertheless,
during the course of the disease, a clear correlation exists between progression and
the presence of increasing amounts of infectious virus, viral antigens and virus-
specific nucleic acids. This notion derives from studies that measured the number of
infected cells in peripheral blood, the amount of proviral DNA and viral genomic RNA
in serum. The results obtained by these studies were more recently validated, also in
our laboratory, by the introduction of quantitative methods for measuring the
concentration of viral nucleic acids, based on the competitive PCR or the branched
DNA techniques (Bagnarelli et al., 1992; Comar et al., 1995; Ho et al., 1995; Menzo
etal., 1992; Piatak et al., 1993; Scadden et al., 1992; Wei et al., 1995). In particular,
some of these studies drew a correlation between the levels of viral expression (as
measured from the ratio betweeh viral transcripts and proviral DNA in infected cells)

and the clinical course of the disease (Bagnarelli et al., 1992; Gupta et al., 1993;



Saksela et al, 1994). These observations suggest that disease progression is
paralleled by an increase in the transcriptional rate of the provirus, and indicate that
the study of the molecular mechanisms controlling the rate of transcription initiation

could offer useful insights into the mechanisms of disease development.

Molecular basis of transcriptional control of HIV-1

The regulation of HIV-1 transcription initiation is achieved through the
recognition of the 5' LTR by human nuclear factors and through their interactions
with the RNA polymerase |l machinery. In this respect, the regulation of transcription
of the integrated provirus does not differ from that of any other cellular gene. Only
one viral protein (the product of the tat gene) cooperates with this machinery to
increase the rate of transcription initiation and elongation.

On the basis of in vitro binding studies, analysis of deletion mutants viability,
and transient transfection experiments, the LTR appears as a mosaic of binding sites
for nuclear proteins (Gaynor, 1992). With the use of an in vivo footprinting technique
in infected cell lines, our laboratory has shown that most of the LTR regions are
indeed engaged in protein-DNA interactions also in vivo, although the pattern of
these interactions is different in different cell lines (Demarchi et al., 1992; Demarchi
etal., 1993).

From the functional standpoint, the 5' LTR can be divided in three main
regions: the basal promoter region, encompassing the transcription start site, and
supporting a positive basal effect on transcription; the enhancer region, that
mediates transcriptional inducibility of the provirus upon a variety of stimuli which
trigger cellular activation and proliferation, and the negative regulatory element
(NRE), extending upstream of the enhancer site, whose overall function is to
downregulate transcription. Figure 2 is the schematic representation of the HIV-1
LTR and of the human proteins that interact with it.

The basal promoter consists of three sites for factors of the Sp1 family, of a

TATA box, and of an initiator element. These three elements are essential for
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minimal promoter activity. The TATA element is recognized by the TATA binding
protein (TBP) of the TFIID chromatographic fraction. In addition, it was shown that
this particular TATA sequence also interacts with a peculiar TATA element
modulatory factor (TMF) (Garcia et al., 1989). The initiator element is located in
correspondence of the transcription start site. Several proteins capable of binding to
the initiator element in vitro have been identified, including LBP-1 (Jones et al., 1988;
Kato et al., 1991), LBP-2 (Margolis et al., 1993), TFil-I (Roy et al., 1991), and YY-1
(Margolis et al., 1994; Seto et al., 1993; Seto et al., 1991). The LBP-1 protein binds
with higher affinity also to sequences in the LTR immediately downstream of the
transcription start site (Jones et al., 1988; Kato et al., 1991). The overall functional
relevance of the proteins binding to the initiator element to the process of
transcriptional activation still needs to be clearly established.

Cellular transcription factor/nuclear factor | (CTF/NF-I) has also been
demonstrated to bind downstream of the transcription start site (Jones et al., 1988),
although this observation has not been pursued any further.

The sequence partially overlapping with the transcriptional start site and
immediately downstream of it (from nt -5 to +80) is capable of promoting the
synthesis of short non processive transcripts (inducer of short transcripts, 1ST)
(Ratnasabapathy et al., 1990; Sheldon et al., 1993). These ~60 nt RNA fragments
accumulate in the cell in the absence of the viral Tat protein (Adams et al., 1994;
Kessler and Mathews, 1992; Laspia et al., 1989).

The enhancer region of HIV-1 is composed of two direct repeats of the
sequence GGGACTTTCC (kB sites) located between -104 and -81 (Nabel and
Baltimore, 1987). It is active in both stimulated and unstimulated T-cells (Nabel and
Baltimore, 1987; Siekevitz et al.,, 1987), and in most of the cell lines tested so far,
including Hela cells (Dinter et al., 1987; Garcia et al., 1987; Rosen et al., 1985).
This region is able to support basal transcription from the downstream domains and
mediates enhancement of viral expression after treatment with stimuli which activate

T cells, such as phorbol 12-myristate 13-acetate (PMA), phytohemagglutinin (PHA)



(Kaufman et al., 1987; Nabel and Baltimore, 1987; Tong-Starksen et al., 1987),
cytokines (Duh et al., 1989; Lowenthal et al., 1989; Osborn et al., 1989; Siekevitz et
al., 1987), or monoclonal antibodies directed against T-cell membrane antigens
(Tong-Starksen et al., 1989). This genetic element is the target of the inducible
transcription factor NF-xB, a heterodimer composed of two subunits (p50 and p65)
(Kawakami et al., 1988), that resides in the cytoplasm when complexed with the
inhibitor 1xB (Baeuerle and Baltimore, 1988). Activating agents, such as phorbol
esters and tumor necrosis faotor'oc, promote phosphorylation and dissociation of 1«B,
subsequent migration of NF-kB into the nucleus, and consequent transcriptional
activation. Moreover, the HIV-1 protease can process the p50 precursor and
increase the levels of active nuclear NF-xB complex (Riviere et al., 1991). This
model is probably an oversimplification, since, in addition to NF-xB, several other
cellular and viral proteins have been reported to interact specifically with the kB
recognition motif. These include p50 and p65 homodimers, other Rel family
members such as v-Rel, c-Rel (Ballard et al., 1990), and p52 (Schmid et al., 1991)
and other apparently unrelated factors such as H2TF1 (Baldwin and Sharp, 1988),
PRDII-BF1(Baldwin et al., 1990). The oncoprotein Bcl-3 was shown to be able to
transactivate through kB motifs via association with DNA-binding p52 homodimers
(Bours et al., 1990). The physiological role of each of these factors, possibly also in
concert with the others, still needs to be clarified.

Since the deletion of the region located upstream of the enhancer sequence
increases gene expression from the downstream domains (Rosen et al., 1985) and
markedly augments viral replication in Jurkat (T-cell lymphoma), U-937 (monocytic)
(Lu et al., 1989), Hela (epithelial) (Giacca et al., 1992) cell lines, this region was
named negative regulatory element (NRE). Several binding sites for human nuclear
proteins were mapped within the NRE. The region between position -130 and -200
appears to be important for viral replication in peripheral blood lymphocytes and T
cell lines (Kim et al., 1993). This region contains the binding sites for a lymphocyte-

specific high mobility group protein called LEF, found in immature B and T cells and
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in mature T cells, which behaves as an activator of transcription (reviewed in (Jones
and Peterlin, 1994)), and for transcription factor USF (see below). Several other
sequences appear to be potentially engaged in protein-DNA interactions at the
upstream region of the NRE. These include three potential sites for the AP-1 factor
between nucleotides -349 and -343, -337 and -371, -291 and -299 (Franza et al,,
1988), a palindromic sequence conferring responsiveness to herpes simplex virus
infection at position from -353 to -327 (Feng et al., 1993), two sequences interacting
with nuclear extracts from activated T cells from -379 to -361 and from -350 to -327
(Orchard et al., 1990), a region binding to the nuclear factor of activated T cells
(NFAT) between nucleotides -216 and -254 (Crabtree, 1989; Shaw et al., 1988), a
sequence binding the c-Myb transcription factor from nucleotide -314 to -293
(Dasgupta et al., 1990), a sequence related to steroid/thyroid hormone receptor
response elements between -357 and -325 (Cooney et al., 1991; Orchard et al.,
1992), a glucocorticoid receptor-binding site centered around position -257 (Ghosh,
1992). Recombinant NF-IL6 binds to at least three different sites in the LTR
(centered at position -169, -109 and -250 nucleotides upstream the start site). It has
been claimed that NF-IL6 is a negative regulator of transcription (Tesmer et al.,
1993). T Cell Factor-1o. (TCF-10.) occupies the region between nucleotides -123 and
-138. This 55 kDa transcription factor is specific for T lymphocytes (Waterman et al.,
1991). The sequencing of its cDNA highlighted the similarity between its DNA
binding domain and those of the HMG proteins. The function of TCF-1c in LTR-
driven expression has not yet been demonstrated.

Finally, by in vivo footprinting experiments, our laboratory identified two
additional purine-rich regions engaged in protein-DNA interactions in living cells, from
nucleotides -260 to -275 (in H9/HIV)j g cells) and -205 to -216 (in H9/HIVyp and
HL3T1 cells) (Demarchi et al., 1992). Both of these sites contain a purine-rich tract
very similar to a protein binding site in the fibronectin promoter, in a region possibly
involved in downregulation of transcription (Bernath et al.,, 1990). The upstream site

partially overlaps with the glucocorticoid responsive element (Ghosh, 1992), and
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shares sequence similarity with a regulatory domain of the interleukin-2 promoter
(Fujita et al., 1986). In vitro, it is the target for different cellular proteins (Li et al.,
1991; West et al., 1992). _

All the protein binding sites of the LTR are recognized by nuclear proteins
physiologically controlling the expression of a variety of cellular genes, indicating that

the LTR represents a very interesting biological example of evolutionary tinkering.

Transcription factor USF

A sequence of the LTR located at the 3' end of the negative regulatory
element of the LTR contains the hexanucleotide CAC(A/G)TG (E box), which is the
consensus target sequence of proteins of the B class of the basic-Helix-Loop-Helix-
Leucine Zipper (b-HLH-Zip) family (Dang et al., 1992).

Upstream Stimulatory Factor (USF) or Major Late Transcription Factor
(MLTF) is a nuclear protein initially characterized for its ability to bind to and activate
from the upstream element of the major late promoter of Adenovirus type 2
(Sawadogo, 1988). After extensive purification from HelLa cells nuclear extracts,
USF activity turned out to be composed of two equimolarly represented proteins of
43 and 44 kDa both able to bind independently to the consensus sequence
CACPuTG. The two proteins are the products of two different genes. Cloning of the
43 kDa form provided evidence that it belongs to the basic (B)-helix-loop-helix
(HLH)-leucine zipper (LZ) family of proteins (Pognonec and Roeder, 1991). Other
members of this family are c-Myc (Murre et al., 1989), Max (Blackwood and
Eisenman, 1991), Mad (Ayer et al., 1993), Mxi1 (Zervos et al., 1993), TFEB (Carr
and Sharp, 1990), TFE3 (Beckmann et al., 1990), and USF#44 (Sirito et al., 1992).
This family is characterized by the presence of a basic region directly involved in
DNA binding, while both the helix-loop-helix and leucine zipper structures provide
dimerization ability (see Figure 3). None of the other members of the family are able

to heterodimerize with the 43-kDa form of USF. The only putative oligomerization
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partner is the 44-kDa form of USF. In vitro experiments show that both USF43 and
USF44 are able to homodimerize and heterodimerize.

Binding sites for b-HLH-Zip proteins and cognate binding activities are very
conserved through evolution (Giacca et al., 1989; Giacca et al., 1992) and they
control the expression of several unrelated genes. For example, in the human
genome, binding sites have been described in the B-globin locus control region
(Bresnick and Felsenfeld, 1993), in the promoter regions of the L-type pyruvate
kinase gene (Vaulont and Kahn, 1994), heme oxygenase 1 gene (Sato et al., 1990),
class | alcohol dehydrogenase gene (Edenberg and Brown, 1992), type 1
plasminogen activator inhibitor gene (Riccio et al.,, 1992), human growth hormone
gene (Peritz ef al., 1988), CD2 gene (Outram and Owen, 1994), chicken oA-
crystallin gene (Cvekl et al., 1994), N-ras gene (Thorn et al., 1991), cyclin B1 gene
(Cogswell et al., 1995), topoisomerase | gene (Heiland et al, 1993), amyloid B-

protein precursor gene (Hoffman and Chernak, 1995), in the enhancer of the insulin

gene (Read ef al., 1993) and in a region that contains an origin of DNA replication

(Biamonti et al., 1992a; Csordas Téth et al., 1993; Giacca et al., 1994). It was also
reported that USF is also involved in the control of transcription by polymerase |
(Datta et al.,, 1995). Additionally, it has been recently shown that the E box of the
LTR of HIV-1 is also essential for the transcriptional control of the negative strand of
the provirus exerted by the LTR at the 3' end (Michael et al., 1994).

Finally, a laboratory also reported that USF can activate transcription acting
on initiator elements (Du et al., 1993; Roy et al., 1991), possibly in conjunction with
transcription factor TFII-l. However, the ability of the protein to bind and activate
transcription from two unrelated sequences, namely the upstream hexanucleotide
element and the initiator element, is still controversial (see below).

The analysis of the LTR in HIV-1 infected H9 cells by in vivo footprinting has

revealed that the E box is engaged in protein recognition also in infected living cells

(Demarchi et al., 1992).
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The Tat protein of HIV-1

The Tat protein of HIV-1 is encoded by a two exon gene in the 3' portion of
the viral genome. In most of the viral strains, the protein has 86 amino acids, 72 of
which are encoded by the first exon. In some viral isolates, the presence of an extra
C-terminal tail deriving from the absence of a canonical stop codon have been
predicted from the analysis of the primary nucleotide sequence, with the production

of a 103 amino acid protein.

Structure of Tat

Different structural and functional domains have been recognized in the
protein (Carroll et al., 1991; Kuppuswamy et al., 1989; Tiley et al., 1990). The N-
terminal region (amino acids 1-9) forms an amphipatic o-helix, a feature frequently
observed in the activation domain of other transcription factors (Rappaport et al.,
1989). The region between amino acids 22 and 37 contains seven cysteins, and it
usually referred to as the cystein-rich domain. All but one of these cysteins are
essential for Tat function (Kuppuswamy et al., 1989; Rice and Carlotti, 1990a; Sadaie
et al., 1988). The function of the cysteine residues is unknown, but they may bind
metal ions with specific coordinations which may be necessary for proper protein
conformation (Rice and Carlotti, 1990b). Alternatively, or additionally, this cysteine-
rich domain could mediate protein-protein interactions, with particular reference to the
ability of the protein to dimerize and multimerize (see below). Amino acids 38 to 48
form the so-called core domain; amino acids from 49 to 57 are rich in ariginines and
constitute the basic domain, containing the nuclear localization signal and the RNA-
binding region (Hauber and Cullen, 1988; Kamine et al., 1991; Subramanian et al.,
1991). According to Carroll et al., the cysteine-rich, core, and basic domains are
evolutionary conserved within the lentiviridae genus (Carroll et al., 1991). The C-
terminal domain is constituted by the second exon (amino acids 73-86). The first
exon only is usually required for full activity of the protein (Arya et al., 1985; Muesing

et al., 1987); however, some particular functions have been more recently ascribed
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exclusively to full length Tat (Kim and Panganiban, 1993; Tong-Starksen et al.,
1993). | |

Controversial results have been obtained about the ability of the protein to
form dimers. Frankel et al. described the ability of the protein to form metal-linked
dimers in a process mediated by the cysteine-rich domain (Frankel et al., 1989).
Accordingly, the protein was found to form homomultimers in the yeast two-hybrid
system (Bogerd et al., 1993). This function, however, was mediated by the core and
not by the cysteine-rich motif. On the contrary, the protein appeared as a monomer in
extracts of expressing cells (Rice and Carlotti, 1990b; Rice and Chan, 1991). These
apparent discrepancies are partially due to the tendency of the protein to oxidize very
easily during manipulation: in the oxidated state, the protein tends to form dimers and

multimers (Koken et al., 1994a) - see also the section on Tat purification.

Localization of Tat

The localization of the protein has been reported to be mainly nuclear
(Hauber et al., 1987; Koken et al., 1994a), where it exerts most of its function. In
addition, the protein appears to be secreted by producing cells, and can be taken up
by neighboring cells, be localized into the nucleus, and transactivate HIV-1 LTR-
directed gene expression (Barillari et al., 1993; Bohan et al., 1992; Ensoli et al., 1993;
Frankel ef al., 1989; Helland et al., 1991; Mann and Frankel, 1991). Secreted Tat
binds to cells, with > 107 sites per cell, it is then adsorbed by an endocytosis process
and eventually it appears in endosomes/lysosomes (Mann and Frankel, 1991). The
basic domain of the protein mediates binding to the cell surface: binding can be
inhibited by polyanions, such as heparin and dextran sulfate (Mann and Frankel,
1991). In this respect, the protein seems to act similarly to some growth factors (e.g.
basic and acidic FGF), that lack a recognizable signal sequence and yet can be
secreted or, in some instances, are found in intracellular/nucleolar locations (ref. in
(Fawell et al., 1994)). In addition to being secreted in the medium, the protein can

enter neighboring cells by cell-to-cell contact (Helland et al., 1991).
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Functions of Tat

The Tat protein of HIV-1 exerts a variety of pleiotropic effects on viral and
cellular gene expression, and on cellular growth and metabolism. The most
remarkable function of the protein is to act as an extremely potent activator of
transcription from the LTR, by increasing expression of LTR-controlled genes by
several thousand folds.

The protein binds to the 5' end of nascent HIV RNAs, in a region containing a
stem-loop structure (position +1 to +60 downstream of the transcription start site)
denominated TAR. The key determinant in HIV-1 TAR RNA for specific binding of Tat
is a 3-nucleotide bulge in the stem (Cordingley et al., 1990; Dingwall et al., 1990;
Harper and Logsdon, 1991; Roy et al., 1990a). The basic region of the protein,
located between residues 49 and 57, recognizes and directly binds to the bulge and
to few surrounding base pairs (Calnan et al., 1991; Weeks et al., 1990). The TAR
region of HIV-1 is essential for viral replication, both in terms of conservation of the
nucleotide sequence of the bulge and of maintenance of base complementarity
(regardless of sequence) in the stem region (Klaver and Berkhout, 1994).

The effect of Tat on LTR-controlled transcription is exerted both at the
transcriptional initiation and elongation levels. Binding of the protein to the TAR
structure increases the rate of transcriptional initiation (Laspia et al., 1989; Muesing
et al., 1987; Peterlin et al.,, 1986; Rice and Mathews, 1988). In this respect, the
function of the protein is not conceptually different from that of canonical
transcriptional factors, with the exception of RNA instead of DNA binding. The
function of the protein strictly depends on the presence of functional upstream Sp1i
and TFIID sites on the LTR (Lu et al., 1993). Transactivation still occurs if the kB and
LBP-1 sites are deleted (Lu et al., 1993). Specific protein-protein interactions have
been described between Tat and Sp1 (Jeang et al., 1993) and TBP (Kashanchi et al.,
1994; Veschambre et al., 1995). In addition to this function in the increase of the rate

transcriptional initiation, Tat also acts as an anti-terminator protein, by increasing the
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rate of elongation of initiated RNAs. In the absence of the protein, transcripts
originating form the LTR and stalling at position ~+80 accumulate, while in the
presence of Tat these transcripts are elongated (Kao et al.,, 1987; Laspia et al.,
1989). In other terms, the protein is required for the assembly of elongation-
competent transcription complexes from the LTR (Kato et al., 1992). Therefore, two
types of transcription complexes are formed at the LTR: processive complexes which
require the presence of Sp1 and kB sequences (Lu et al., 1993), and non-processive
complexes depending on the presence of TATA and TAR (Ratnasabapathy et al.,
1990). '

In addition to the described activities at the transcriptional level, the Tat
protein acts also at the post-transcriptional level, by augmenting the efficiency of
translation of HIV mRNAs mainly by relieving the inhibition of translation conferred
by the Tar structure (SenGupta et al., 1990). A clear evidence of how this activity is

exerted is still lacking. A Tat-dependent, nucleus-specific covalent modification of

RNA which allows translation has been described (Braddock et al., 1990; Braddock

et al., 1991). Furthermore, it has been reported that the two-exon Tat protein acts
post-transcriptionally in a TAR-independent manner, by binding to a sequence
contained at the 5' end of the env gene (Kim and Panganiban, 1993).

In addition to these activities on gene expression, a variety of other
miscellaneous activities have been ascribed to the Tat protein, most of which are
consequences of its ability of being secreted and enter neighboring cells. The protein
is able to inhibit lymphocyte proliferation (Benjouad et al., 1993; Gutheil et al., 1994;
Viscidi ef al., 1989). This function, that is exerted on antigen- but not on mitogen-
induced activation (Viscidi et al., 1989) is exerted by a synthetic peptide
corresponding to amino acids 1-58 (Chirmule et al., 1995). In accordance to this
finding, Tat protein was found able to bind to CD26 and inhibit its function (Gutheil et
al., 1994). The CD26 antigen is dipeptidyl aminopeptidase IV (DP IV), a serine
protease being a marker of activation of memory T-cells responding to recall

antigens. This protein has also been proposed as a co-receptor for HIV (Callebaut et
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al., 1993), although this finding has been recently questioned (Broder et al., 1994).
Interestingly, the levels of CD26 have been found reduced in patients with HIV
infection (Vanham et al., 1993).

It is obviously of extreme importance to fully understand the meaning of these
potential immunomodulatory activities of Tat in the context of the development of
immunodeficiency in the course of HIV infection.

The Tat protein has also been found to be neurotoxic, by exerting a toxic
effect on neural cells in vitro and neurotoxicity in mice in vivo (Sabatier et al., 1991).
Peptides corresponding to the conserved basic region 49-57 of exogenous
recombinant Tat induce morphological changes in neurons and astrocytes in
developing rodent brain cell cultures without causing cell death (Kolson et al., 1993).
Also in this case, it appears to be extremely important to understand the significance
of these findings in the context .of the development of neurological abnormalities in
AIDS patients.

Controversial reports have been published about the role of the protein on
cell growth. Initially, the protein was found to promote cell survival and proliferation
(Zauli et al., 1993). However, more recently it was reported that the protein, when
given at high concentration in the medium or endogenously produced by permanently
expressing cells, induces cell apopotosis (Li et al., 1995). Again, the confirmation of
the latter reports would be of extreme importance in the understanding the
pathogenesis of cell depletion in AIDS.

Finally, Tat was suggested to play a role in the induction of Kaposi's
sarcoma, a neoplasia commonly found in homosexual men with AIDS. In particular,
Tat stimulates the growth of spindle cells of vascular origin derived from KS lesions of
patients with AIDS (AIDS-KS cells) and that of normal vascular cells which have been
exposed to inflammatory cytokines (Ensoli et al., 1990; Ensoli et al., 1993). In
addition, Tat-transgenic mice develop dermal lesions resembling KS (Vogel et al.,

1988).
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Action of Tat on cellular genes

Given the pleiotropic effects of Tat on several cellular functions, it is not
surprising that the protein was reported to act as a transcriptional regulator of several
cellular genes. The protein is able to activate expression of extracellular matrix
proteins in glial cells (Taylor et al., 1992), of TGF-B 1 in lymphocytic cells, glial cells,
and marrow macrophages (Cupp et al., 1993), of lI-4 receptor in B-lymphoblasts (Puri
and Aggarwal, 1992), of TNF-B in T lymphocytic and B-lymphoblastoid cells
(Buonaguro et al., 1992) and to inhibit the expression of 1I-10 (Masood et al., 1994).
Clear evidence is still lacking of how the mechanism of transactivation of these genes
is exerted, with particular reference to the understanding of whether these effects are
due to a direct interaction of the protein at the promoter region of these genes, or -
more likely - to indirect effects on other cellular functions. Furthermore, the protein
has also been reported to transactivate the mﬁrine CMV major immediate-early
promoter (Kim and Risser, 1993). In this case, a transactivation responsive region
has been mapped at the DNA level, that acts also post-transcriptionally.

The Tat protein is also able to regulate negatively the expression of several
other genes. Among these, there are the p68 kinase gene (Roy et al., 1990b), an
interferon-induced gene, the manganese superoxide dismutase (Mn-SOD) gene (Roy
et al., 1990b), where the protein was suggested to directly bind to the mRNA, and
the MHC class | genes (Howcroft et al., 1993), where the effect was ascribed to two-

exon Tat but not to the one-exon protein.

Interactions of Tat with cellular factors: the search for the Tat cofactor

The effects played by the Tat protein by interaction with the HIV-1 TAR
region are likely to occur in the context of a complex set of interactions between both
Tat itself and TAR with a variety of cellular proteins. Genetic evidence suggests that
Tat-mediated transactivation occurs only by interaction with specific human factors.
For example, while Tat is very active in human cells, its transactivation ability is

highly impaired in rodent cells, where it can be restored by the presence of human
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chromosome 12 (Alonso et al., 1992; Hart et al., 1989; Newstein ef al., 1990). In
other terms, human chromosome 12 is likely to encode for a host function that is
essential for Tat activity. In the the search for the Tat cofactor, several authors have
identified specific Tat and TAR binding proteins.

Among the Tat-binding proteins, TBP1 was cloned by the screening of a
human cDNA library with a Tat probe (Nelbock et al., 1990). An homologous protein
(TBP7) was found by screening of a cDNA library with the TPB1 cDNA (Ohana et al.,
1993). Another Tat-binding protein that increases Tat-mediated transactivation is
MSS1, a suppressor of a cold-sensitive CDC2-like kinase mutant (Shibuya et al.,
1992). These factors are different subunits of the ATP-dependent 26 S protease, the
degradative component of the ubiquitin pathway. More recently, by the use of the
yeast two hybrid system, a novel member of the C3HC4 or ring finger family of zinc
finger proteins was identified, that specifically binds to the activation domain of HIV-1
Tat (Fridell et al., 1995).

It is really difficult at this moment to understand what is the physiological role
- if any - of the interaction of all these protein with Tat in the context of Tat function.

A similar problem applies to a variety of proteins that were found to interact
with the TAR RNA region. Here, genetic evidence suggests that this region, with
particular reference to the maintenance of the stem-loop structure is critical for Tat
function, independently of actual Tat binding (that requires, as described above, only
the region of the bulge). Different cellular proteins were found able to bind in vitro to
TAR. TRBP is a 37-kDa RNA-binding protein binding to TAR, that activétes LTR-
mediated transcription and is synergistic with Tat function (Gatignol et al., 1991;
Gatignol et al., 1989); p68 is a loop-binding protein capable of enhancing transcript
elongation (Marciniak et al., 1990). The TAR region between nucleotides +17 to +43
binds to a large heteromeric complex containing a 185 kDa RNA-binding protein,
belonging to a family of proteins of 110- to 70-kDa (Sheline et al., 1991; Wu et al,,
1991). Among the stem-binding proteins, Han et al. described a host cell factor that

“ depends on its phosphorylation state for transactivation activity (Han et al., 1992).
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With similarity to the problem of the Tat-binding proteins, it is still unclear which of
these interactions are critical for Tat activity.

In this context, it is also interesting to report the identification of a cellular
protein (TAK) that specifically associate with Tat and acts as a serine/threonine
kinase (Herrmann and Rice, 1995). Mutations in Tat that abolish transactivation
activity in vivo abrogate the ability of the mutants to bind to the kinase in vitro
(Herrmann and Rice, 1993). In the course of the work described in this thesis, we
have found that another kinase, the DNA-dependent protein kinase (DNA-PK), is
potentially involved in Tat phosphorylation (see below). Interestingly, it has also been
reported that Ku, the DNA binding component of DNA-PK, can recognize the loop

region of Tar (Kaczmarski and Khan, 1993).

Construction and purification of recombinant Tat proteins

A technical problem that has hindered a better understanding of Tat function
is the discrepancy between the functional activity of the protein and its actual
concentration in producing cells. In other terms, the protein is an extremely powerful
activator of transcription, although it is barely detectable or usually undetectable by
western blotting. Additionally, the protein is difficult to overexpress and purify due to
its tendency to aggregate (Harper and Logsdon, 1991; Rhim et al., 1993). This
problem is most likely due to the presence of the cysteine-rich domain (that contains
7 cysteines within 16 residues), which renders the protein extremely sensitive to
oxidation and consequent aggregation. Additionally, the protein is basic with a high
degree of nonspecific affinity for nucleic acids which may contaminate protein
preparations and promote aggregation.

Several authors have encountered these problems during their attempts of
purification of Tat by different strategies, including the production of a His-tagged
protein (Song et al., 1994), direct purification from human cells (Rice and Chan,
1991), in vitro transcription and translation (Rice and Carlotti, 1990b; Rhim et al.,

1993), fusion to GST (Koken et al., 1994), overexpression and purification from E.
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coli cell extracts or inclusion bodfes (Dingwall et al., 1990; Fawell et al., 1994; Frankel
etal., 1989).

Here, we describe a strategy for the purification of a recombinant Tat protein
which is highly active both in vitro and in vivo, and is free of contaminating nucleic
acids. This protein is highly amenable to a variety of studies addressing at the

understanding of how Tat exerts its pleiotropic functions.

DNA-dependent protein kinase (DNA-PK)

DNA-PK is a nuclear serine/threonine kinase, found in humans and in a wide
range of eukaryotic species. The unique feature that distinguishes this kinase is its
need for DNA binding in order to be active (Gottlieb and Jackson, 1993). DNA
recognition is achieved through a 70/80 kDa heterodimer complex known as
autoimmunoantigen Ku, while the catalytic site lies in a larger subunit of 460 kDa of
relative molecular weight named DNA-PKcs. The most unusual characteristic of Ku
is its DNA binding ability: Ku recognizes free ends of linear DNA molecules.

DNA-PK has been implicated in several relevant cellular processes. It was
shown to phosphorylate many transcription factors such as Sp1, SRF, Oct1, CTF/NF-
| (Anderson, 1993; Gottlieb and Jackson, 1993; Liu et al., 1993) and the product of
the proto-oncogenes c-Jun (Bahnister et al., 1993), Fos (Anderson, 1993) and c-Myc
(lijima et al., 1992), and the anti-oncogene p53 (Lees-Miller et al., 1992). It has also
been reported that DNA-PK phosphorylates the carboxyl-terminal domain (CTD) of
RNA polymerase Il (Dahmus, 1995); phosphorylation of CTD has been implicated in
the switch of the RNA pol Il from a non-processive to a more processive state
(Dahmus, 1995). DNA-PK was also demonstrated to be an inhibitor of transcription
by RNA polymerase | (Kuhn et al.,, 1995) and possibly of RNA pol Il and Il (White,
Kuhn, Smith and Jackson, unpublished data).

On the basis of DNA-PK ability to recognize discontinuities in the DNA linear
structure, a proposed model for DNA-PK function is to inhibit transcription of those

genes whose DNA is damaged (Gottlieb and Jackson, 1994). The same ability led



22

also to postulate a role for this protein in DNA recombination and DNA double-strand
breaks repair. In fact, it was demonstrated that cell lines hypersensitive to radiation
and impaired in V(D)J recombination, are defective in DNA-PK components (Finnie et
al., 1995; Taccioli et al., 1993). Noteworthy, also the SCID mouse, the mouse bearing
the severe combined immunodeficiency, lacks DNA-PK and its cells can be cured by
the introduction of the gene of the catalytic subunit of this protein (Blunt et al., 1995).

The above reported ability of Ku to recognize Tar (Kaczmarski and Khan, 1993) and
the availability of purified DNA-PK in our laboratory, prompted us to study the

potential role of this kinase in the regulation of HIV-1 transcription.
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MATERIALS AND METHODS

Purification of USF from Hel.a cells

The procedure for the purification of USF from Hela cells has already been
reported (Csordas Téth et al., 1993). Briefly, a nuclear extract was precipitated by
35% ammonium sulfate; the precipitated protein fraction was subsequently purified
through BioRex 70, HiLoad S-Sepharose and Mono Q columns. The active fractions
from the Mono Q column were loaded on a specific DNA-Sepharose affinity column
containing ligated concatenamers of the E box site. The purified binding activity
consists of a protein doublet with a relative molecular weight of 43 and 44 kDa. The
binding activity was monitored throughout the purification by gel retardation and

south-western assays.

Cloning, expression and purification of USF43

The plasmid pGST-USF43 was constructed by cloning the coding region of
the 43-kDa form of USF (USF43) in the commercial vector pGEX2T (Pharmacia,
Uppsala, Sweden). This plasmid expresses the glutathione-S-transferase (GST)
gene in E. coli, under the control of a promoter inducible by isopropyl-galacto-
pyranoside (IPTG). The coding sequence of USF was rescued by polymerase chain
reaction (PCR) amplification from the plasmid pBSA1MLTF (a kind gift of Dr.
Giuseppe Biamonti), which contains the coding sequence of USF43 under the control
of the human A1 gene promoter (unpublished). The primers for amplification (RUSF1,
5'"CGAGGATCCAAGGGGCAGCAGAAAACA-3' and RUSF2, 5&'-
GCTGAATTCCTTAGTTGCTGTCATTCTTGATGAG-3') were designed in order to
generate a DNA fragment containing the restriction sites for EcoR | and BamH | at
the two extremities allowing oriented cloning in the vector. Amplification was carried
out in 50 pl of a solution containing Tris 10 mM (pH 8.0), KCI 50 mM, MgCl, 1.5 mM,
gelatin 0.01%, each dNTP 200 uM, the two primers 1 uM, 1 ng of template plasmid
DNA and 2.5 units of Tag DNA polymerase (Perkin Elmer Cetus, Norwalk, CT), with
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35 repetitions of the following cycle: 45 sec at 94°C, 45 sec at 52°C, and 45 sec at
72°C, in a Perkin-Elmer 480 Thermal Cycler. The sequence of the plasmid insert was
verified by DNA sequencing.

A colony of the SF8 strain of E. coli transformed by pGST-USF43 was grown
- overnight in 100 ml of Terrific Broth containing 50 ug/ml ampicillin at 30°C. The
culture was diluted by the addition of 900 ml of fresh medium and was allowed to
grow until the optical density of 0.6-0.8 at 600 nm was reached; protein expression
was then induced by the addition of IPTG (Sigma, St. Louis, MO, 1 mM final
concentration). After an additional 3 to 5 hours of incubation, the culture was
centrifuged at 5000 x g at 4°C, and the bacterial pellet was resuspended in 10 ml of
cold phosphate buffered saline (PBS) containing 4 mM dithiothreitol (DTT). Cells
were sonicated in ice by three pulses of 20 sec each. After centrifugation of the
lysate, the supernatant was mixed with 1 ml of a 50% (v/v) slurry of glutathione cross-
linked agarose beads (Sigma). The fusion protein was allowed to bind to the beads at
4°C on a rotating wheel for 1 hour. The suspension was then loaded on an empty
plastic column (BioRad) letting the unbound proteins pass through, and the beads
were subsequently washed with 50 ml of PBS containing 4 mM DTT. Finally, USF43
was eluted in 1 ml containing 100 mM Tris, 4 mM DTT and 20 mM free glutathione
(Sigma). With this procedure, 2-3 mg of protein per liter of medium were usually

obtained. The purity and integrity of the protein was checked by SDS-PAGE and

Coomassie staining.
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Cloning, expression and purification of recombinant Tat

The plasmids pGST-Tat1E and pGST-Tat2E were constructed by cloning
either the coding region of the first exon of Tat (pGST-Tat1E) or both exons of Tat
(pGST-Tat2E) in the commercial vector pGEX2T (Pharmacia, Uppsala, Sweden)
between the EcoR | and BamH | sites . The coding sequence of Tat was rescued by
polymerase chain reaction (PCR) amplification from the plasmid pC132Tat (a kind gift
of Dr. Battaglia, Istituto di Sanita', Rome) using oligonucleotide primers with modified
5' ends carrying the appropriate restriction enzyme sites. The sequence of the
plasmid inserts were verified by DNA sequencing.

A colony of the SF8 strain of E. coli transformed by pGST-Tat1E or pGST-
Tat2E was grown overnight in 100 ml of Terrific Broth containing 50 pg/ml ampicillin
at 30°C. The culture was diluted by the addition of 900 ml of fresh medium and was
allowed to grow until the optical density of 0.6-0.8 at 600 nm was reached; protein
expression was then induced by the addition of IPTG (Sigma, St. Louis, MO, 1 mM
final concentration). After an additional 3 to 5 hours of incubation, the culture was
centrifuged at 5000 x g at 4°C, and the bacterial pellet was resuspended in 10 ml of
buffer A (50 mM Tris pH 8.0, 5% glycerol, 2 mM DTT). Cells were sonicated in ice by
three pulses of 20 sec each. After centrifugation of the lysate, the supernatant was
mixed with 1 ml of a 50% (v/v) slurry of glutathione cross-linked agarose beads
(Sigma). The fusion protein was allowed to bind to the beads at 4°C on a rotating
wheel for 1 hour. The suspension was then loaded on an empty plastic column
(BioRad) letting the unbound proteins pass through, and the beads were
subsequently washed with 90 ml of buffer A. An additional high-salt wash (10 ml of
buffer A 0.8 M NaCl) followed by a 50 ml wash of buffer A was introduced to free the
fusion protein by contaminant bacterial nucleic acids. Finally, the fusion protein was
eluted in 1 ml 100 mM Tris containing 2 mM TD and 20 mM free glutathione (Sigma).
By this procedure, 1 mg of protein per liter of medium were usually obtained. The

purity and integrity of the protein was checked by SDS-PAGE and staining.
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Cleavage of GST-Tat fusion proteins was achieved by incubating 2 ug of
thrombin (Sigma) with 100 pg of recombinant protein in a buffer containing 2.5 mM

CaClp, 0.5 M Tris pH 7.5, and 0.15 M NaCl at 30°C for one hour.

DNA-and RNA-free production of recombinant USF and Tat.

When the production of recombinant factors absolutely free from any nucleic
acid contamination was needed, bacterial cells were resuspended in the proper
buffer containing 2.5 mM CaCl,, 5 mM MgCl» and Dnase | and RNase A were added
to final concentrations of 100 U/ml and 100 pg/ml respectively. The rest of the

procedure was the same as reported above.

Western blots

Fifteen nanograms of GST-USF43 or 100 ng GST-Tat proteins were resolved
on a 12% SDS-polyacrylamide gel and transferred to a nitrocellulose filter by
electroblotting. The filter was then incubated in 10% milk-TBS buffer (10% w/v non-
fat dried milk in 125 mM NaCl, 10 mM Tris, pH 7.4) for 1 hr at 37°C. Incubation with
antibodies against full-length rUSF43 (kindly donated by Dr. R.G. Roeder) or
monoclonal antibodies against Tat (MRC ADP352/NT3) was performed in 5% milk-
TBS for 1 hr at room temperature. The filter was then washed in TBS-0.1% Tween
20 and incubated in 5% milk-TBS with alkaline phosphatase-conjugated swine anti-
rabbit immunoglobulins for 1 hr at room temperature. After several washes, bound
antibodies were revealed using BCIP/NBT color development solution (BioRad,
Richmond CA, USA).

Purified DNA-PK, resolved on a 10% SDS-polyacrylamide gel and
transferred to a nitrocellulose filter, was recognized by an immune serum raised
against Ku and monoclonal antibodies (pk18-2) against DNA-PKcs (a kind gift of T.
Shenk).
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Gel retardation assays

All the oligonucleotides used in this work were synthesized by the ICGEB
Oligonucleotide Synthesis Service on an Applied Biosystem 380B synthesizer using
phosphoramidite chemistry. The sequence of the double-stranded oligonucleotides
B48BS, AdMLP, HIV (Giacca et al., 1992), and GAL2, Met |, and Met Il (Giacca et
al., 1989) have already been described. Oligo Sp1 contains the sequence of the HIV-
1 LTR from nucleotides -69 to -46 upstream of the transcription start site, containing
two binding sites for transcription factor Sp1. Oligo MUT is a derivative of oligo HIV,
where the core E box sequence (CACGTG) was mutated to CATATG.

The synthesized oligonucleotides were resolved by polyacrylamide gel
electrophoresis, eluted from the gels, purified and annealed with the complementary
strand and end-labeled with [y32P]-ATP (Amersham, UK; 3000 Ci/mmol; 10 mCi/ml)
and T4 polynucleotide kinase.

Gel retardation assays with USF were carried out by the incubation of end-
labeled DNA probes (104 cpm) with 1-5 ng of purified USF43 or 2 pl of purified Hela
USF (Mono Q fraction (Csordas Téth et al., 1993)) and 0.25 pg of poly[d(A-
T)]:poly[d(A-T)] or 1.5 pg of poly[d(I-C)]:poly[d(I-C)], respectively, in binding buffer (20
mM Hepes pH 7.3, 50 mM NaCl, 4 mM DTT, 0.2 mM EDTA, 5% glycerol), in 10 pl
final volume. The addition of 1 pl of heat-treated (95°C for 5 minutes) normal human
serum to the binding reaction was used to stabilize the protein-DNA complex. After
20 minutes incubation at 30°C, samples were resolved by 5% polyacrylamide gel
electrophoresis in 0.5 x TBE; the gel was then dried and exposed. Under these
conditions, 1 ng of USF43 is able to generate a retarded complex which can be
detected after an overnight exposure, with an estimated molar DNA/protein ratio of
1/5.6.

Competition experiments were carried out by mixing a 6 to 150 fold excess of

cold oligonucleotides to the probe before the addition of the protein. Supershifting of
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the retarded complex was obtained by the addition to the reaction mixture of 1 pl of a
1:10 dilution of immune serum, before the addition of the protein.

Gel retardation assays with Tat were carried out by the incubation of 1 ng of
TAR probe (about 6 x 108 cpm/ug) with different amounts of thrombin-cleaved GST-
Tat1E or GST-Tat2E in a buffer containing 25 mM Tris-HCI pH 8.0, 50 mM NaCl, 1
mM MgClo, 0.5 mM DTT, 0.1 % Triton X-100, 10 U RNasin (Promega) and 10 ug of
BSA and 0.5 ug of salmon sperm DNA. Binding was allowed at 25°C for 20 minutes
and then protein-RNA complex was resolved on a 5% polyacrylamide gel/ 0.5x TBE

buffer.

Circular permutation assay

A set of six probes (B1 to B6, Figure 9 panel A) for the circular permutation
assay with USF was generated by PCR amplification using the pLTRCAT plasmid
(Giacca et al., 1992a) as a template. The localization on the LTR of the
oligonucleotides utilized for the amplifications are indicated in Figure 9 panel A."
Amplifications were carried out in 50 pul of a solution containing Tris 10 mM pH 8.0,
KCI 50 mM, MgCl, 1.5 mM, gelatin 0.01%, each dNTP 200 pM, both primers 0.1 uM,
one of which previously end-labeled with [{32P]-ATP and T4 polynucleotide kinase, 1
ng of template plasmid DNA and 2.5 units of Tag DNA polymerase, with 35
repetitions of the following cycle: 45 sec at 94°C, 45 sec at 60°C, and 45 sec at
72°C. PCR products were resolved on a 5% polyacrylamide native gel and eluted for
a few hours at 65°C in Tris 10 mM (pH 8.0) and EDTA 0.1 mM. Curve fitting was
performed using the Curve Fit program on a Macintosh computer by the application

of a cosine function.

DNase | footprinting

The probes for DNase | footprinting were generated by PCR amplification of
the HIV-1 LTR from the plasmid pLTRCAT. For the experiments with purified USF,
the primers for amplifications were FOOTP (5'-GCAAGCTTGAAGAGGCCAAT-3')
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and USF1 (5'-AGCAAGCTCGATGTCAGCAGTTCTT-3'); for the experiments with
recombinant USF43, the primers used were from position -256 to -220 and from -46
to -70 respectively, relative to the LTR sequence numbering of transcription start site.
One of the two primers was end-labeled with [y32P]-ATP and T4 polynucleotide
kinase before PCR amplification in order to generate an asymmetrically-labeled DNA
fragment.

Plasmid pLTRAUSF was obtained by PCR amplification from plasmid
pLTRCAT with primers pLTR-Gless! (5-GCGAATTCTAGGGCGAATTGGGTACC-3)
and AUSF (5'-GCTCTCGGGGCGAATTCATGAAATGCTAGGCGGC-3'), the latter
bearing the CACGTG sequence mutated into an EcoR | (GAATTC) restriction site.
The amplification product was purified, cut with Ava | and Kpn | and ligated between
the Ava | and Kpn | sites of pLTRCAT, therefore substituting for the wild type
sequence.

In the experiments with USF purified from HelLa cells, about 105 cpm of the
probe were incubated with 20 p_u of purified protein (mono Q fraction), with 2 pg of
poly[d(I-C)]:poly[d(I-C)], in the same buffer as that used for the gel retardation
assays. After 20 minutes incubation at room temperature, the sample was mixed with
an equal volume of a solution containing 5 mM CaCls and 10 mM MgCl,. DNase |
(Boehringer Mannheim, Germany) was added to a final concentration of 6 ng/pl. After
1 minute, DNase | activity was stopped by the addition of SDS and EDTA (1% and 25
mM final concentrations respectively). Proteins were removed by phenol extraction
and the DNA fragments were precipitated, dissolved, denatured and loaded on a 8%
polyacrylamide sequencing gel. As a control, the probe was incubated in the same
conditions as above without the addition of the protein. In this case, DNase | was
used at a concentration of 2 ng/ul.

When testing the recombinant protein, 10 ng of USF43 or GST (in the control
" reaction) were mixed with 5x104 cpm of the probe in the same conditions as above.

DNase | was allowed to digest for 30 sec at a final concentration of 0.5 ng/ul.
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A G+A ladder of the probe, obtained according to the Maxam and Gilbert
chemical cleavage method (Maxam and Gilbert, 1980), was loaded alongside to align

the DNase | digestion products.

Methylation protection assay

Methylation protection assays with dimetyl sulfate (DMS) were carried out
essentially as described (Papavassiliou, 1993). Briefly, 5-fold scaled-up gel
retardation assays were assembled; after electrophoresis, the gel was immersed in a
0.2% (v/v) DMS solution for 4 minutes; methylation reaction was stopped by soaking
the gel in a 0.5 M B-mercaptoethanol solution. After autoradiography, the free and
retarded bands were excised separately, DNA was eluted and cleaved by piperidine
treatment (Maxam and Gilbert, 1980). The products were resolved on a sequencing

gel alongside a G+A ladder.

In vitro transcription assays with G-less constructs 1 =« o

The LTR-containing G-less plasmids for in vitro transcription assays are
derivatives of the pUGL400 plasmid, which contains a EcoR I-Xho | fragment from
plasmid Syn-O-TG (Schorpp et al., 1988), carrying a G-free cassette of ~380 bp
(Sawadogo and Roeder, 1985a), cloned between the EcoR I-Sal | sites of pUC19.
The HIV-1 promoter element to be cloned upstream of the G-less cassette was
obtained by PCR amplification from plasmid pLTRCAT (Giacca et al., 1992), with
primers pLTR-Glessl, containing a EcoR | restriction site at the 5' end continuing with
the -HIV-1 sequence upstream of the LTR, and primer pLTR-Glessll (5'-
CGGAGCTCAGGCAAAAAGCAGCTGCTTA-3', containing a Sac | site at the 5' end
in the correspondence of the LTR transcription start site); the amplification product
obtained was cloned between the EcoR | and Sac | sites of pUGL400 to obtain
plasmid pGLA. Plasmid pGLE was obtained following the same strategy, with the
exception that the plasmid pLTRAUSF was the template DNA for PCR amplification.
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As a consequence, the nucleotides at position -162 to -167 are GAATTC (containing
a EcoR | site) instead of CACGTG.

Plasmid pFN2, containing the fibronectin promoter upstream of a ~200 nt G-
less cassette, was used as an internal control for the in vitro transcription
experiments. It is a derivative of plasmid pUGL200, which was obtained by cloning a
PCR amplification product between the EcoR | and Hind lll sites of pUC19. The
amplification product derives from plasmid pUGL400 and was obtained by using the
M13-universal primer and primer GL202 (5'-
GGAAGCTTGGATCCCGGGATAAGATTG-3'). The latter contains at the 3' end a
region complementary to the sequence from 187 to 108 of the ~380 nt G-less
cassette (Sawadogo and Roeder, 1985a); PCR amplification was followed by
digestion with EcoR | and Hind lll. Plasmid pFN2 was obtained by cloning of a ~710
bp fragment obtained by partial digestion with Aat Il and Sac | of plasmid p-220 (a
kind gift of Dr. Alberto Kornblihtt), into the corresponding sites of pUGL200. The
cloned fragment contains the human fibronectin promoter .

Hela nuclear extracts for in vitro transcription assays were prepared
according to the protocol of Hattori et al. (Hattori ef al., 1990) and modified as follows:
cells were washed twice in PBS, once in RSB (10 mM Hepes, 10 mM KCI, 3 mM
MgClz, 0.1 mM EDTA, 0.74 mM spermidine, 1 mM DTT, 0.5 mM PMSF, 2 ug/ml
aprotinin (Sigma) and leupeptin (Sigma), 5 mM bestatin (Sigma)) and resuspended in
RSB; following a 20 minutes incubation on ice, cells were lysed using a Dounce
homogenizer.

Transcription reactions were carried out in 25-30 pl final volume containing
250 ng (in the experiments monitoring the effects of recombinant USF) or 750 ng (in
the competition experiments with the E box decoys) of DNA template, 75 ug of
nuclear extract, 500 uM ATP and CTP, 25 uM UTP, 10 pCi of [o-32P]-UTP
(Amersham, UK; 3000 Ci/mmol; 10 mCi/ml), 0.1 mM o-methylguanosin, 10 mM N-2-
hydroxethylpiperazine- N'-2-ethanesulfonic acid (Hepes pH 7.4), 7.5 mM MgCl,, 5 U
RNase T4 (Boehringer), 30 U RNasin (Promega, Madison, WI), 4 mM DTT. Nuclear
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extract was equilibrated for 15 minutes at 30°C with the addition of the appropriate
amounts of protein or decoy template. DNA was then added, preincubated for 10 min
at 30°C and the reaction was initialized by the addition of the above described
reaction mix. Transcription was allowed to run at 30°C for 45 min and stopped by
adding 175 pl of a solution contéining 300 mM Tris pH 7.4, 300 mM sodium acetate,
0.5% SDS, 2 mM EDTA, 3 pg/ml tRNA. Proteins were then extracted with 200 ul of
PCI (Phenol/Chloroform/Isoamilic alcohol 25/24/1), RNA was precipitated with
ethanol, dried and run at 12 W on a denaturing 8% polyacrylamide gel in 1xTBE and
0.1% SDS. Finally, the gel was dried and exposed for autoradiography.

Plasmid pUF128 (a gift of Dr. Fabio Cobianchi) is a pUC19 derivative
containing 128 copies arranged in tandem of a 65 bp Alu I- Fnu D2 sequence from the
insert of plasmid pL15 (Giacca et al., 1992), containing the E box present in the
human lamin B2 origin of DNA replication (Biamonti et al., 1992b; Giacca et al.,

1994).

In vitro transcription assays by primer extension analysis

When assaying Tat mediated transactivation, 500 ng of pLTR-CAT or
derivatives and 1.5 pg of pPRSVACAT (an internal control plasmid carrying a deletion
of 99 bases in the CAT gene generated by a recombinant PCR technique to be
described) were assayed in a 20 pl final volume containing 10 pl of nuclear extract
(about 10 ug/ul), 250 pM each rNTP, 7 mM MgCl2, 300 ng poly [I-C], 50 ng poly [d(I-
C)], 4 mM DTT and 28 U Rnasin. After one hour incubation at 30°C , reactions were
stopped as described above, phenol extracted and, prior to ethanol precipitation, 50
fmoles of 32P radiolabelled CAT oligonucleotide were added. This primer sequence
matches at +400 downstream of the transcription start site of the CAT gene in
PLTRCAT and at position +301 of pPRSVACAT. The dried pellet was resuspended in
TE and annealing between RNA and primer was allowed for 45 minutes at 56°C.
Subsequently, a final volume of 20 pl was reached by adding dNTPs (1 mM final), 4
ul M-MLV-RT Buffer 5X (Promega), 28 U Rnasin and 1 pl of M-MLV Rev
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transcriptase (Promega) and the mixture was incubated for one hour at 42°C.
Elongated cDNAs were then precipitated, resuspended in formamide buffer, resolved

on a 5% denaturing gel, and visualized by autoradiography.

Purification of DNA-PK

DNA-PK purification will be described elsewhere. Briefly, a HeLa nuclear
extract obtained by the Dignam method (Csordés Téth et al.,, 1993) was precipitated
with 35% w/v ammonium sulfate. The pellet was resuspended, loaded on a DEAE-
Sephacel chromatography column and eluted with increasing salt concentrations.
Active fractions were pooled and loaded on a phosphocellulose column.
Subsequently, active fractions were loaded on a ds-DNA column. The purification
was followed using a specific peptide substrate derived from p53. Coomasie and

silver stained gels demonstrate that purified DNA-PK was ~80% pure.

Transfection assays

The following plasmids, purified twice on cesium chloride gradients, were
employed in transfection assays:

pLTRCAT and pLTRCATAUSF are pBlueScript KS (Stratagene, La Jolla CA,
USA)-derivatives containing, upstream of the CAT gene, the whole HIV-1 LTR and
an LTR in which the USF site was mutated into a EcoRl site respectively (Giacca et
al., 1992).

pUSFmInCAT is a derivative of pG5BCAT (a kind gift of dr. S.J. Triezenberg,
Michigan State University, USA) in which the CAT gene is under the control of a
synthetic promoter constituted of a TATA box upstream of which four binding sites
for USF (derived from the LTR of HIV-1) were cloned.

pCXUSF bears the coding region (930 nt) of USF43 cloned downstream the

cytomegalovirus early promoter. PCX vector is a gift of Dr. R. Eisenman (Seattle,

USA).
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pSV2-Tat contains the first exon of the HIV-1 tat gene under the control of
the SV40 early promoter. It is a gift of Dr. A. Meyerhaus (Institut Pasteur, Paris).

Hela or Hela-TAT cells (a cell line constitutively expressing the HIV-1
transactivator Tat, kindly provided by Dr. V. Ciminale, University of Padua) were
transfected by a modification of the DEAE-dextran method (Sambrook et al., 1989).
1.5x108 cells were plated on a 100 mm Petri dish. Twentyfour hours later, a batch of
Transfection Solution (TS) was freshly-prepared, containing the CAT reporter
plasmid and 1 pg of an independent indicator plasmid, pGL2-control (Promega),
expressing firefly luciferase under the control of the SV40 early promoter. The
volume was taken up to 900 ml in sterile TBS (25 mM Tris-HCI, pH 7.4, 137 mM
NaCl, 5 mM KClI, 0.7 mM CaCl2, 0.5 mM MgCl2, 0.6 mM NasHPQO4). After washing
twice the plates with TBS, 300 pl sterile DEAE-dextran (1 rhg/ml in TBS, Sigma)
were added to TS and the resulting mix was added to each plate. Following a 30

minutes incubation at 37°C, TS was removed, plates were washed and the culture

medium was supplied. 24-72 hours after transfection, cells were scraped off of the

plates, pelleted and resuspended in 400 ul 250 mM Tris-HCI, pH 7.8. Two 200 ul

aliquots were separately assayed for luciferase and CAT activity.

Luciferase assay

A modified version of Promega Luciferase Assay System protocol was
followed. Cells were pelleted and resuspended in 50 pl lysis buffer (Promega). After
10 minutes at room temperature, the cell-lysate was centrifuged and 5 pl of cell-
lysate supernatant were mixed with 60 pl luciferase assay buffer (Promega)
containing the substrate luciferyl-CoA. Photon emission was measured using a LS
1801 liquid scintillation counter (Beckman Instruments) equipped with single photon-
monitor software, at 12 second intervals from the second minute on; the mean value
over a 3 minute interval was considered. Protein concentration of cell lysate was

determined using Bradford assay (Bradford, 1976). The ratio between photon
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emission and protein concentration was the estimate of transfection efficiency

expressed as counts per Optical Density (O.D.) units.

CAT assay

According to a modified version of the Gorman protocol (Gorman et al,,
1982), protein extract was obtained by three cycles of freeze-and-thaw (3 minutes in
dry ice-ethanol followed by 3 minutes at 37°C) and a further incubation at 60°C for 5
minutes to inhibit endogenous deacetylases. After pelleting debris, protein
concentration of the supernatant was determined as above. The amount of cell
extract to be assayed for CAT activity was a function of protein concentration
(expressed as O.D.) over transfection efficiency. Samples were then incubated for
times ranging from 30 minutes to 1 hour at 37°C with 2.5 pl 14C-1-
deoxychloramphenicol (50 mCi/mmol Amersham), 70 pl 1M Tris-HCI, pH 7.8, 20 ul 4
mM Acetyl-CoA in a final volume of 140 pl. The reaction was stopped by extracting
chloramphenicol with 1 ml of ethyl acetate and, following lyophilization, samples were
resuspended, spotted on TLC silica gel plates and developed by ascending
chromatography in a 95% chloroform-5% methanol mixture. Autoradiography
resulted in qualitative information, whereas quantitation was achieved by cutting the
silica gel in pieces and counting them in the scintillation counter using a liquid
scintillation cocktail.

Cat assays with recombinant Tat protein were performed using HL3T1 cells,
a Hel a derivative cell line harboring the LTR-CAT construct integrated in its genome.
Tat protein was added to the culture medium in the presence of 100 uM chloroquine.
After 24 hours, cells were washed twice with PBS and fresh medium was added to
the culture. When Tat was lipofected, the protein was diluted in 100 pl of Optimem
medium and mixed with 50 pl of Lipofectin (Gibco BRL) diluted 1:1 with Optimem
medium. After 15 minutes at room temperature, the mixture was added to the cells,

which has been previously washed twice the with same medium. Five hours later,
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cells were rinsed with PBS and grown in Dulbecco medium. After 48 hours, cells

were scraped and treated as above for the CAT assay.

DNA-PK phosphorylation assays
DNA-PK phosphorylation assays were carried out by incubating the protein

substrate with 1 pl of [y32P]-ATP (Amersham, UK; 3000 Ci/mmol; 10 mCi/ml), 0.5-1.5

ul of purified DNA-PK in the presence or in the absence of DNA, in the same buffer

as described in (Gottlieb and Jackson, 1993). Reactions were run at 37°C for 10

minutes, stopped by adding SDS-denaturing loading buffer, heated and loaded ona

SDS-polyacrylamide gel.
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RESULTS

PART | - Interactions of transcription factor USF with the LTR

Purified USF and recombinant USF43 bind to the Long Terminal Repeats of
HIV-1

The presence of a human nuclear factor binding to the HIV-1 LTR region
centered around nucleotide -164 upstream of the transcription start site has been
originally identified by DNase | footprinting using HeLa cell nuclear extracts (Garcia et
al., 1987). Subsequently, we have shown that the protein interacting with this
sequence also binds to the upstream element of the adenovirus MLP and to several
other sequences containing the hexanucleotide consensus sequence CAC(A/G)TG
(Giacca et al., 1992), which is the E box target sequence for members of the B class
of the bHLH family of proteins (Dang et al., 1992).

By means of a combination of ion-exchange and sequence-specific affinity
chromatography techniques (Csordas Téth et al., 1993), we have purified to
homogeneity a protein complex binding to the E box. This complex is composed of
two polypeptides of 43- and 44-kDa; its size, heat stability, and target DNA sequence
suggest that it corresponds to the transcription factor USF, a member of the b-HLH-
Zip family (Gregor et al., 1990; Sirito et al., 1992); furthermore, the 43-kDa
polypeptide is recognized by antibodies raised against 43 kDa-USF (Csordas Toth et
al., 1993).

In order to study in further detail the interactions of this transcription factor
with the HIV-1 LTR, we expressed and purified USF43 from bacteria as a
recombinant protein fused to glutathione-S-transferase (GST). On the basis of the
available cDNA sequence (Gregor et al., 1990), the coding region of USF43 was
cloned in plasmid pGEX2T, at the 3'-end of the GST gene maintaining the same
open reading frame. The resulting plasmid, pGST-USF43, expresses the USF43

protein as an extension of the C-terminus of GST under the control of a promoter
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inducible by IPTG. In Figure 4 panel A the results of a single-step purification of
USF43 from bacteria are shown. The identity of the purified protein was further -
confirmed by western blot analysis using antibodies raised against rUSF43
(Pognonec and Roeder, 1991) (Figure 4 panel B).

The interactions of USF purified from Hela cells and of recombinant USF43
with the E box of the HIV-1 LTR and other E boxes are shown in Figure 5. A double-
stranded oligonucleotide corresponding to the sequence from -174 to -151 of the
LTR (oligo HIV) specifically binds to purified USF in a gel retardation assay resulting
in the formation of a retarded complex (Figure 5 panel B, lane 2). This complex can -

be competed by the addition of an excess of cold oligonucleotides with the same

sequence (lanes 9-11) or corresponding to other E box sequences (B48BS, -

contained in a human origin of DNA replication (Giacca et al., 1994); AAMLP, the

MLP upstream element; GAL2, a sequence upstream of the yeast GAL2 gene

(Giacca et al., 1989)). An oligonucleotide encompassing the two downstream- "~ =

positioned Sp1 sites of the LTR (oligo SP1, lane 15) is ineffective in the competition = ==

assay.

Similar to the purified factor, the recombinant USF43 protein also bindstothe =+ -

HIV oligo in gel retardation assays (Figure 5 panel C, lane 2). The addition of anti-
rUSF43 antibodies to the binding reaction causes a supershift of the protein-DNA
complex, with analogy to the effect described for the purified protein (Csordas Téth
et al.,, 1993) (Figure 5 panel D). Again, the specificity of binding was challenged by
the addition of a 6 to 30 fold excess of other cold oligonucleotides to the binding
reactions. Competition was obtained with the same HIV oligonucleotide (Figure 5
panel C, lanes 3 and 4) and with the related oligonucleotides AdMLP and B48BS
(lanes 5-8), but not with the oligonucleotide containing the Sp1 sites (lanes 11-12).
An oligonucleotide carrying a TpA dinucleotide in the core position of the E
box instead of CpG (CATATG, oligo MUT-III) is not able to compete for binding
(lanes 9 and 10). This result indicates that these nucleotides are essential for the

specificity of sequence recognition by the protein as already suggested (Bendall and
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Molloy, 1994; Dang et al., 1992). Since the CpG dinucleotide is the target for
physiological cellular methylation, we investigated the role of cytosine methylation
within the E box by competition experiments using methylated oligonucleotides with
the same sequence of B48BS (Figure 5 panel E). The results indicated that, whilst
methylation on both strands of a CpG outside of the E box consensus sequence
(oligo Met-1ll) has no effect on the competing ability of the oligonucleotide with
respect to the unmethylated sequence (compare lanes 2 and 3), methylation of the
core CpG dinucleotide of the E box (oligo Met-1) greatly affects competition (lane 4).
These results obtained with the recombinant USF43 protein reflect those described

for crude nuclear extracts from Hela cells (Giacca et al., 1989).

Interactions of USF with the E box of the HIV-1 Long Terminal Repeats

Further details of the interactions between purified USF or recombinant
USF43 and the HIV-1 LTR were obtained by a DNase | footprinting assay. As shown
in Figure 6 panel A, the incubation of a LTR DNA probe labeled at the 5'-end of the
non-coding strand with the purified factor (lane 3) prevents DNase | cleavage of a
box centered around the CACGTG sequence (nucleotides from -173 to -157
upstream of the transcription start site). Lanes 4 and 5 show the results of DNase |
digestion of a probe derived from plasmid pLTRAUSF, in which the CACGTG motif
was mutated into an EcoRl site (GAATTC). In this case, no difference can be
detected in the DNase | digestion pattern obtained in the presence or absence of the
protein, again indicating that the E box is absolutely required for protein binding.
Protein binding causes the appearance of four strong hypersensitive sites at the 3'
end of the recognized box, corresponding to nucleotides G.179, A-178, T-177, and T.
174 (arrows on the right side of Figure 6 panel A). A similar pattern of footprinting is
produced by the binding of recombinant USF43 (Figure 6 panel C). On the upper,
coding strand, the recombinant protein protects the E box form DNase | digestion,
footprinting over nucleotides -157 to -172, again generating three strong

hypersensitive sites at the 3' end (nucleotides C.152, G.150, and C_.q49, Figure 6
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panel B). The generation of these DNase | hypersensitive sites is most likely due to
a structural alteration of the double helix upon protein binding resulting in a widened
groove where nucleotides are more accessible to DNase | digestion.

It has been reported that USF43, in addition to E box elements, can also bind
to the initiator elements of the adenovirus MLP and of HIV-1 (Du et al., 1993; Roy et
al., 1991). Therefore, we challenged a DNA probe encompassing the HIV-1
transcription start site in DNase | footprinting experiments with increasing amounts of
highly purified (>95% homogeneity) USF43 (from 10 ng to 1000 ng, Figure 6 panel
D). No changes were observed using up to 200 ng of protein, in contrast with the
clear protection of the E-box which is complete with even 10 ng, panels B and C).
Only upon addition of 1 pg of protein, some changes in the footprinting pattern were
detected in the region from nucleotides +42 to +47 relative to transcription start site,
with the formation of two hypersensitive sites at nucleotides C4g and C4s. However,
it should be considered that this sequence does not fully match to the previously
reported Inr elements of the HIV-1 promoter (Du et al., 1993), and that these
changes can be non specific, due to the very high amount of protein used.

A further insight into the pattern of interaction of USF with the HIV-1 LTR
was obtained by methylation protection experiments with dimethyl sulfate (DMS), a
sensitive chemical method to probe DNA-protein contacts which allows the
determination of the purines protected from methylation by DNA-bound proteins. The
results of methylation protection experiments with USF43 and the HIV-1 LTR as a
probe are shown in Figure 7 panel A for the upper, coding strand and panel B for the
lower, non-coding strand. Guanines at positions -162 and -164 on the coding strand,
and -165, -167, and -170 on the non-coding strand are clearly protected from
methylation, while guanine at position -161 on the coding strand is hypersensitive.

The results obtained by the DNase | and methylation protection experiments
are summarized in Figure 8. It is evident that the E box consensus sequence
CACGTG is centered at the 2-fold rotational axis of symmetry of protein-DNA

interaction, with major contacts occurring at the 3' half of the DNA sequence on both
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Figure 7. Methylation protection assays. Panel A. Methylation protection on the LTR coding strand using recombinant
USF43. Lane 1: G+A chemical cleavage ladder; lane 2: methylation pattern of the free band recovered from the gel
shift assay; lane 3: methylation pattern of the retarded band. The filled and empty circles on the right side indicate,
respectively, protected and hypersensitive purines. Panel B. Methylation protection on the non-coding strand of the
LTR using recombinant USF#3. Lane 1: G+A chemical cleavage ladder; lane 2: methylation pattern of the free band
recovered from the gel shift assay; lane 3: methylation pattern of the retarded band. The filled circles on the right
side indicate protected purines.
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strands. This pattern closely resembles the one produced by USF binding to the

MLP upstream element (Miyamoto et al., 1985; Sawadogo and Roeder, 1985b).

Template LTR bending upon USF binding

The generation of sites of increased sensitivity to DNase | symmetrically
located on both strands and the presence of a site hypersensitive to methylation on
the coding strand (see Figure 8), suggest that DNA undergoes a structural distortion
upon protein binding.

The ability of USF to bend the LTR template upon binding was tested by
circular permutation assay, a method based on the position-dependent effect of DNA
bends on the electrophoretic mobility of DNA fragments (Wu and Crothers, 1984). To
exploit this technique, a set of six probes (B1 to B6) was obtained by PCR
amplification using the LTR as a template. All these probes have approximately the

same length (from 244 to 246 bp) but differ in the position of the USF binding site

(Figure 9 panel A). They were tested in gel retardation assays both with USF43and =~

with purified USF (Figure 9 panels B and C respectively). As expected, all the probes

gave rise to a retarded complex upon incubation with both protein species. However,

the relative mobilities of the retarded bands of the probes containing the binding site
in the middle were lower than those of the probes containing the binding site at one
extremity, suggesting that the template DNA becomes bent upon protein binding.
The centre of the flexure was mapped by plotting the mobility as a function of the
distance of the binding site from the end of the probe (Figure 9 panels B and C,
lower graph) and turned out to correspond to the position of the CACGTG box.

Estimation of the bending angle according to Thompson and Landy
(Thompson and Landy, 1988) indicates values of 90° of bending for purified USF
and 110° for recombinant USF43, as evaluated on the average values obtained from
three independent experiments.

As a negative control, the Ku protein, which binds to DNA without an

apparent sequence specificity giving rise to several retarded complexes due to
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multiple protein dimers bound to the probe (Csordéas Téth ef al., 1993), was also
tested in gel retardation assays with the same probes. As shown in Figure 9 panel D,

the retarded bands generated by all the probes migrate with the same mobility.

In vitro transcription assays

The role of USF in the control of transcription from the HIV-1 LTR was
determined by in vitro transcription assays. For this purpose, the LTR region
upstream of nucleotide -1 was cloned upstream of a ~380 nt G-less cassette. Each in
vitro transcription experiment was simultaneously performed by the addition to the
same tube of a plasmid template containing a shorter G-less cassette (~200 nt)
under the control of the fibronectin promoter, to be used as an internal control.

The addition of increasing amounts of highly purified recombinant USF43 to

Hel.a cell nuclear extracts progressively upregulates transcription from the LTR in a

concentration-dependent manner, while it does not affect the transcription driven by -~

the fibronectin promoter (Figure 10 panel A, lanes 2-6). Quantification by scintillation -
counting and optical scanning of the autoradiograms indicated a reproducible three-to
fourfold increase in LTR-driven signal intensity after normalization to fibronectin: the
ratio between the intensity of the RNA bands for the two constructs for each
experimental point is reported in the graph below the gel.

Mutation of the CACGTG hexanucleotide to an unrelated EcoR | restriction
site abolishes responsiveness of the LTR construct to protein addition (Figure 10
panel B, lanes 2-6). Furthermore, the transcription efficiency of this mutated promoter
is invariably lower than that of the wild type LTR (compare lanes 1 in panels A and C
with lanes 1 in panels B and D).

The Hela cell extract used in the in vitro transcription experiments contains,
among other E box binding factors, an endogenous amount of USF (estimated in the
range of 0.15-1.5 ng/ug of extract (Pognonec and Roeder, 1991)), which presumably
contributes to the basal level of transcriptional activation from the LTR template. In

order to saturate the endogenous E box binding proteins, increasing amounts of a
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plasmid (pUF128) carrying 128 copies of a human E box containing sequence were
added to the transcription readtions (Figure 10 panel C, lanes 2-5). The addition of
this decoy progressively decreases the level of transcription from the LTR as
compared to the fibronectin promoter. As a control, the same molar amounts of
vector pUC19 are ineffective (lanes 6-9). Again, mutation of the E box of the LTR
abolishes responsiveness of the LTR construct to the specific decoy addition (Figure
10 panel D, lanes 2-5).

Altogether, these results show that the E box in the context of the U3 LTR
region is a positive cis-acting element in the control of transcription and that USF is

most probably a trans-acting factor contributing to this function.

Function of USF43 in vivo

The above in vitro studies provided compelling evidences that USF

specifically binds to the CACGTG hexanucleotide in the LTR and activates the

transcription from this promoter in vitro.

To extend these observations, the question of the role of USF in vivo was =~

addressed. The first goal was to verify whether USF could indeed bind to, and
activate from, the CACGTG sequence of the LTR. To this purpose, we cloned four
oligonucleotides, each one containing the sequence protected from DNase |
digestion in the above described footprinting experiments, in a head-to-tail
orientation. This USF responsive cassette was cloned upstream of a TATA box
controlling the expression of the reporter gene chloramphenicol acetyl transferase
(CAT). This construct acts as a synthetic minimal promoter specifically responsive to
USF. We also constructed a vector expressing USF43 in eukaryotic cells under the
control of the cytomegalovirus early promoter. These plasmids were transiently
expressed by transfection in Hela cells. As expected, the expression level of the
transfected reported plasmid alone is low. Cotransfection of increasing amounts of
the USF43 expressing plasmid progressively activates its expression (see Figure 11,

panel A). These results demonstrate that the DNA fragment bound in vitro by USF
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Fig. 11. Panel A. CAT activity of HeLa cells transfected with plasmid pUSFminCAT carrying four USF binding
sites (whose sequence is derived from the LTR of HIV-1) and a TATA box upstream of the CAT gene. Basal CAT
activity of 5 pug of pUSFminCAT (lane 1) is triggered by the cotransfection of 5 and 10 pg of pCX-USF (lanes
2 and 3 respectively), a plasmid expressing USF43. Panel B, CAT activity of HeLa cells transfected with the
plasmid pLTRCAT and pLTRAUSFCAT. In the two plasmids the transcription of the CAT gene is controlled by
the wild-type LTR or by a mutant promoter carrying a mutation in the USF binding site respectively. Basal CAT
activity of 5 ug of pLTRCAT (lane 1) is triggered by the cotransfection of 5 and 10 pg of pCX-USF (lanes 2
and 3 respectively). Lane 4 shows the activity of the LTRAUSF promoter and lanes 5 and 6 show the effect of
the cotransfection of 5 and 10 pg of PCX-USF. Panel C, CAT activity of HeLa-Tat cells, a HeLa cell line
derivative constitutively expressing Tat, transfected with the plasmid pUSFminCAT. Basal CAT activity of 5 ug
of pUSFminCAT (lane 1) is triggered by the cotransfection of 5 and 10 pg of pCX-USF (lanes 2 and 3 respectively),
a plasmid expressing USF43. Panel D, CAT activity of HeLa-Tat cells transfected with the plasmid pLTRCAT
and pLTRAUSFCAT. The experimental design was the same as for panel B.
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can also be recognized by USF in vivo and that the USF43 protein can activate
transcription efficiently in vivo.

The next object was to study the effects of the overexpression of USF43 on
the activity of the entire LTR. To this end, we cotransfected the LTR-CAT plasmid, in
which CAT transcription is controlled by the HIV-1 LTR, with increasing amounts of
the USF expressing plasmid. As shown in Figure 11, panel B, the USF vector
progressively augmented LTR activity, indicating that USF is a positive regulator of
LTR directed transcription also from the whole LTR. Interestingly, the mutation of the
target sequence for USF into an unrelated EcoRl restriction site impaired USF
transactivation, but not completely, suggesting that, in vivo, USF can weakly mediate
LTR transactivation also independently of the E-box.

The same experiment was also performed by the cotransfection of a Tat-
expressing plasmid in HelLa cells, or by using the HelLa-Tat cell line, stably
expressing Tat. In the presence of Tat, USF43 activates the synthetic minimal
promoter, as éfficiently as when Tat is absent (Figure 11, panel C). However, when
we tested the effect of USF43 overexpression on the activity of the whole LTR in the
presence of Tat, USF overexpression did not significantly affect LTR driven CAT
transcription (Figure 11, panel D). In the discussion section we will try to explain this

unexpected result.

DNA-PK phosphorylates USF43

In order to address the problem of the role of post-transcriptional
modifications of factors involved in the control of transcription of HIV-1, and taking
advantage of the availability of DNA-PK (the DNA-dependent protein kinase), purified
in our laboratory, we tested whether DNA-PK could modify USF43 or Tat.

Figure 12, panel A, shows a Coomassie blue stained SDS-polyacrylamide gel
in which the purified DNA-PK employed in these assays was loaded. From this gel
we estimate that DNA-PK is 80% pure. To verify the genuinity of the purified

polypeptides, they were probed in western blot assays using antibodies against



‘s[o8 Suruuni pue

Supjoe)s usamjeq AIBpPUNOY By} I8 [BLISRW PaA[osaIun sjuasaidar oue| yova u1 pueq 1oddn oy IS 10) s Suipuiq e Suture)uoo $op1oa[onuosi[o papuesis ajqnop pajedi| jo Su
00T “0S "0T YnM 10 JnoyIm “epJSN-LSD Jo uone[Aroydsoyd ‘g-¢ sue| {jonuoo se uone[Aloydsoyd uteses-n ‘g pue | seue (g) [(O)p-(1)P] A1od Jo Su 00T ‘08 ‘0T ‘01 Yim
10 Jnoym i SN-LSD Jo uonejLioydsoyd ¢/ -¢ sue| {jonuod se uonejLioydsoyd ureses-o g pue | saue (V) MJ-VNJ peyund £q ¢4 ISN-LSD Jo uone[kioydsoyq ¢ "Sig

evdS[1-LSD urose)) -0 | . erdS[1-LSD uresey) -0

<€ u13se) -0
<@ uI3se) -0

¢pdS-LS eydSN-LSO—P

-+ - VNG




45

DNA-PKcs (a kind gift of T. Shenk) and our own made antibodies raised against Ku.
As shown in Figure 12, panel B, the antibodies clearly recognize polypeptides of the
expected sizes.

On the basis of the predicted amino acidic sequence of the 43 kDa form of
USF, DNA-PK can phosphorylate this protein at threonine 107, 111, 162, and at
serine 194. Threonine 111 and serine 194 are potential phosphorylation sites also for
casein kinase Il (CK II).

The first two phosphorylation sites lie in a region that was shown to be
involved in transcriptional transactivation of USF in vitro (Kirschbaum et al., 1992),
while serine 194 flanks the DNA binding domain of USF. Consequently,
phosphorylation of this residues could have a role in the control of transactivation or
DNA binding. |

Since DNA-PK is sensitive to the presence of DNA (being activated by it),
and since bacterially-purified transcription factors are often contaminated by bacterial
DNA and RNA, we extensively treated recombinant factors with RNAse A and DNase
| before performing the in vitro phosphorylation experiments (see Materials and
Methods).

Figure 13 shows the results of a phosphorylation assay using DNA-free
USF43 and purified DNA-PK. These results show that the addition of increasing
amounts of poly[d(l-C)]:poly[d(I-C)] (in a range from 10 to 200 ng) results in the
progressive phosphorylation of USF, indicating that this factor is a substrate for this
kinase.

We also employed ligated oligonucleotides bearing binding sites for USF as
the activator nucleic acid in the phosphorylation assay. This oligonucleotide is active
as well. However, higher amounts of this specific DNA inhibited the reaction.

To determine the precise position of the residue(s) phosphorylated by DNA-
PK, we plan to make triptic digestion of the phosphorylated protein in order to

determine the precise localization of the phosphorylated residue(s).
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PART Il - EXPRESSION AND PURIFICATION OF BIOLOGICALLY ACTIVE TAT

Production of recombinant Tat proteins

Two recombinant Tat proteins were obtained as fusion products between
glutathione-S-transferase (GST) and the first exon (GST-Tat1E) or both exons (GST-
Tat2E) of the HIV-1 Tat protein. The cloning strategy was based on PCR
amplification of the respective coding sequences and oriented cloning in the
polylinker of the pGEX2T vector. Figure 14 shows the results of a single-step
purification procedure to obtain recombinant GST-Tat1E (panel A lane 2) and GST-
Tat2E (panel B lane 2) by affinity chromatography using glutathione-conjugated

agarose beads starting from bacterial lysates. With respect to similar procedures for

the purification of other GST-fusion proteins, the protocol for purification of Tathadto -~~~ = -

be optimized to avoid precipitation of the protein in inclusion bodies and prevent =~ -~

extensive oxidation of the protein. The procedure adopted is extensively detailed in = = == o

the Materials and Methods section. Furthermore, it was serendipitously'observed that
the protein obtained by this procedure has low biological activity because it is
strongly contaminated by bacterial nucleic acids (mostly E. coli ribosomal RNA, not
shown). Therefore, an additional high salt wash step was included in the purification
procedure to get rid of these contaminating nucleic acids. An example of the different
biological activity of salt-treated in comparison to untreated Tat is presented in Figure
16-panel A, where the differently purified proteins were added to LTR-CAT containing
HL3T1 cells (see below): it is easily observed that there is an over ten-fold difference
in the amount of protein necessary to obtain the same biological activity (compare
lane 2, salt-washed Tat1E 100 ng and lane 4, untreated Tat1E 1 pug).

Both GST-Tat1E and GST-Tat2E are specifically recognized by anti-Tat
monoclonal antibodies in Western blotting assays (shown for the latter protein in

Figure 14 panel C).
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The two recombinant Tat proteins can be cleaved with thrombin to separate
Tat from the GST moiety. Figure 14, panel A, lane three and panel B, lane 3 show
Coomassie-stained SDS-polyacrylamide gels after enzymatic digestion. In should be
noted, however, that in the course of our utilization of these Tat proteins in the
experiments presented in this thesis as well as in other experiments carried out in the
laboratory, no gross difference could be detected between thrombin-released Tat in
comparison to Tat fusions. An exception to this finding are the gel retardation
experiments, where only cleaved Tat preparations were effective in shifting the
mobility of TAR RNA, while the fusion proteins caused precipitation of Tat-TAR
complexes in the gel wells. An example of these experiments is presented in Figure
15, where increasing amounts of Tat2E (from 200 to 1600 ng) or Tat1E (from 500 to
1000 ng) were added to a radiolabelled TAR probe and resolved on a 5%

polyacrylamide gel. The appearance of a retarded band is clearly visible.

Biological activities or recombinant Tat

The biological activity of recombinant Tat proteins was assessed by both in
vivo and in vitro experiments. The in vivo results were obtained by using the HL3T1
cell line, a Hela-derived cell line containing an integrated LTR-CAT construct,
developed in G. Pavlakis' laboratory (Schwartz et al., 1990). CAT activity in this cell
line is almost undetectable in basal conditions, and can be strongly transactivated by
a variety of stimuli, including transfection of Tat expression plasmids. Addition of
purified Tat proteins to the medium of these cells results in a dose-dependent
activation of CAT activity (Figure 16), that exploits the ability of the protein of freely
cross cell membranes by a still uncharacterized mechanism (Frankel et al., 1989:
Frankel and Pabo, 1988).

We have explored different methods to optimize the efficiency of this
treatment. In particular, to obtain the best transactivation is necessary to treat cells
with chloroquine, a drug that stabilizes endolysosomal pH, thus preventing extensive

protein degradation in endolysosomal vacuoles (Frankel and Pabo, 1988) (Figure 16
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panels A and B), or to use a lipofection procedure (panel C). The latter procedure is
preferable, since cell treatment with chloroquine alone results in weak but detectable
activation of CAT activity, related to the induction of the NF-xB factor (not shown).
The relative transactivation activity of one-exon and two-exon Tat proteins was
compared. No gross difference could be detected between the two proteins, neither
in their uncleaved nor the in the cleaved forms (panel B lanes 3 to 6). These results
are in agreement to former observations that indicated that the first exon of the
protein is necessary and sufficient to obtain complete transactivation by reporter
gene transfection assays (Arya et al., 1985; Muesing et al., 1987).

The transactivation ability of GST-Tat2E was also assessed by in vitro
transcription assays. These experiments were performed by primer extension of RNA
transcripts originating from the HIV-1 LTR using reverse transcriptase, using a
radiolabeled oligonucleotide (see Materials and Methods). These experiments were
carried out in the presence of an internal control, carrying an LTR derivative under
the control of the RSV promoter. This derivative contains a 99 bp deletion in the CAT
coding sequence, positioned downstream of transcription start site and upstream of
the annealing site for the primer used for the detection of transcription product. As a
consequence, this plasmid acts as an internal competitive template for transcript
detection, thus taking into account all the experiments variables that could affect
each in vitro transcription experiment. Figure 17 shows the results of the addition of
recombinant GST-Tat2E to an in vitro transcription experiment. It is evident that the
Tat protein is able to activate transcription from the LTR promoter but not from the

RSV promoter.

The Tat protein is a substrate for DNA-PK phosphorylation

The analysis of the primary amino acidic sequence of Tat revealed three
potential phosphorylation sites by DNA-PK. In fact, serine 16, 62, and 85 are followed
by glutamine, and this is the minimal requirement for serine phosphorylation by DNA-

PK (Bannister et al., 1993). To test whether Tat protein is a substrate for DNA-PK in



GST-Tat2E

Fig. 17. In vitro transcription assay by primer extension analysis. In vitro transcription assays
- were performed with plasmids pLTR-CAT and pRSVACAT, bearing a deletion of 99 bases
in the CAT gene and HeL.a nuclear extracts. Lane 1, molecular weight marker; lane 2,

plasmids and nuclear extract plus 1 pg of GST; lane 3-4 plasmids and nuclear extract plus
100 and 500 ng of GST-Tat2E.
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Fig. 18. Phosphorylation of Tat by purified DNA-PK. Lanes 1 and 2, phosphorylation of GST-Tat2E by DNA-PK in
the absence or in the presence of DNA respectively. Lanes 3 and 4, phosphorylation of thrombin-cleaved GST-Tat2E
by DNA-PK in the absence or in the presence of DNA respectively.
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vitro, we used DNase/RNAse treated Tat protein in our phosphorylation assays using
purified DNA-PK. As shown in figure 18, the Tat protein is an efficient substrate for
DNA-PK in the presence of DNA both when fused to the GST moiety and after its
separation by proteolitic cleavage with thrombin; as expected, phosphorylation relies
strictly on the presence of DNA, being the phosphorylation activity undetectable in
the absence of it.

To precisely map the phosphorylation site(s), we employed a set of 8
peptides 20 amino acid long, spanning the entire Tat sequence. The results of
phosphorylation assays using these peptides are shown in Figure 19. Each peptide
was assayed in the presence and in the absence of DNA. From this experiment it
was clear that serine 16 and serine 62 are phosphorylated by DNA-PK, while serine
85 is not. Probably, the arginine residue near the phosphorylation site inhibits the
modification by DNA-PK. Indeed, it has already been reported that positively charged
amino acids can negatively affect DNA-PK recognition on neighboring serines or

threonines (Bannister ef al., 1993).
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DISCUSSION

After the interaction of the HIV-1 virion with its cellular membrane receptor
and the consequent internalization and decapsidation, the viral RNA genome is
reverse transcribed into double strand DNA by the virus-encoded reverse
transcriptase and integrated into the host genome. The proviral form is maintained
and propagated indefinitely, and its transcription provides proper expression of
structural and regulatory proteins. Since the retroviral particles bear a plus strand
RNA template, full length transcription of the proviral genome provides at the same
time also the replicative form of the virus. These notions highlight the fundamental
role of transcription in the control of viral replication. Furthermore, several reports
published in the last few years indicate that replication of HIV-1 is occurring during

the whole course of infection (Bagnarelli et al., 1992; Ho et al., 1995; Michael et al.,

1992; Pantaleo et al., 1993; Piatak et al., 1993; Wei et al., 1995). However, there are =

clear evidences indicating that progression of the disease is concomitant with an =~ =~ -

increase in viral load in patients. This conclusion derives from quantitative molecular - -
studies on the amount of infectious virus, viral antigens and virus-specific nucleic -
acids in patients at different stages of disease (Bagnarelli et al., 1992; Connor et al.,
1993; Gupta et al., 1990; Gupta et al., 1993; Ho et al., 1989; Jurriaans et al., 1992;
Michael et al., 1992; Schnittman et al., 1991; Schnittman et al., 1990; Simmonds et
al,, 1990). In particular, the transcriptional rate, measured as the ratio between the
amount of viral mRNAs and proviral DNA in peripheral blood mononuclear cells of
infected individuals, is increased in patients at later stages of disease (Bagnarelli et
al., 1992). Additionally, there is a strong correlation between HIV replication in these
cells and the future clinical course of HIV infection, often independently of CD4
counts and clinical staging (Saksela et al., 1994). Furthermore, an extraordinarily
large number of latently infected CD4+ lymphocytes and macrophages are
detectable throughout the lymphoid system from early to late stages of infection

(Embretson et al., 1993). Altogether, these observations indicate that the study of the
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molecular mechanisms controlling the rate of transcription from the HIV-1 provirus is
not only relevant for understanding the biological mechanisms of transcriptional
control of eukaryotic genes, but could also offer useful insights into the mechanisms
of AIDS development.

Once integrated, the proviral genome can be considered as a cellular gene,
its expression being tightly regulated by both cellular and viral factors.

As reported in the introduction section, more than 20 different cellular factors
were shown to bind to the relatively short (~400 bp) LTR U3 region. Some of the
binding sites for these factors, indeed, were shown to be engaged in protein-DNA
interactions also in vivo, at least in the highly expressing H9/HIV|g cell line
(Demarchi et al., 1992). Most of these protein binding sites of the LTR are recognized
by nuclear proteins already known to physiologically control the expression of a
variety of cellular genes, indicating that this viral promoter represents a very
interesting biological example of evolutionary tinkering. Why such a complex
regulation is needed in the HIV-1 life cycle is still not clear. In this respect, it should
be observed that, with the exception of the arrangement of the basal promoter
(initiator-TATA box-Sp1 sites) and the enhancer region, the contribution of any of the
other sites to transcriptional activation is apparently weak and none of these sites
appear to be necessarily required for the production of infectious virus. It is
conceivable that the reason for such a redundancy of transcription factor binding
sites reflects the need either for responsiveness to a variety of cellular environments,
or for fine tuning of viral transcription in response to a variety of cellular events. Both
of these demands are hardly reproducible in in vitro experiments.

The results of an in vivo footprinting assay, showed that a region at the
proximal end of the NRE, centered on the E-box CACGTG palindromic sequence, is
engaged in protein-DNA interaction (Demarchi et al., 1992). This sequence appears
to be strictly conserved, despite the overall HIV-1 sequence variability in different
HIV-1 infected patients and during HIV infection progression over several years

(Michael et al., 1994). These observations, as well as the evolutionary conservation
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of the E-box motif and of the cognate binding proteins in the upstream sequences of
several cellular genes (Giacca et al., 1989; Giacca et al., 1992) suggest that this

sequence is likely to play a role in the context of the control of HIV-1 expression.

Interactions of USF with the LTR E box target site

In the past we could demonstrate that an oligonucleotide containing the HIV-
1 LTR E-box (Giacca et al., 1992a) was able to bind specifically to a nuclear protein
in gel retardation assays. In DNase | footprinting experiments, using crude nuclear
extracts, the same region was protected. Several nuclear proteins are capable of
specifically binding to the CACPuUTG sequence and, in the last years, the cDNA
sequences of some proteins of the b-HLH-Zip family interacting with this E box were
cloned. After extensive purification, the major DNA-binding activity detectable by gel
retardation assays turned out to be the USF transcription factor as demonstrated by
its binding specificity, its biochemical properties, its microsequence and its -
immunological reactivity (Csordds Téth et al., 1993). USF is a constitutive
transcription factor composed of two polypeptides of 43 and 44 kDa relative
molecular weight, encoded by two different genes (Gregor et al., 1990; Sirito et al,,
1992).

The 43- and 44-kDa polypeptides preferentially bind as a heterodimer to the
target site (Ferré-D'Amaré et al., 1994), even if each one is individually able to bind
to DNA (Pognonec and Roeder, 1991; Sirito et al., 1992), as demonstrated also by
south-western analysis (Csordas Téth et al., 1993). We exploited the available cDNA
sequence for the 43-kDa form of USF to produce a recombinant fusion USF43
protein in bacteria. Both the purified (USF43/44) and the recombinant (USF43)
proteins show the same binding specificity for the HIV-1 LTR and other targets
containing an E-box sequence. As expected, USF43 binding is affected in the same
way by the mutations that abolish DNA binding of the eukaryotic protein.

With analogy to the interactions occurring at the MLP upstream element

(Miyamoto et al., 1985; Sawadogo and Roeder, 1985b), the G residues which exhibit
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decreased methylation in the presence of USF are symmetrically situated in the two
halves of the region of dyad symmetry. This symmetry is consistent with the
proposed binding of the factor as a dimer to the target sequence, with each monomer
contacting the DNA sequence on the 3' site of the dyad axis of the E box element
(Ferré-D'Amaré et al., 1994). It is likely that the protein dimer binds at the centre of
the palindromic site with the basic domains extending symmetrically into the major
grooves of each half site, as suggested (Fisher et al., 1992).

Similar to the sensitivity of the native factor (Giacca et al.,, 1989; Watt and
Molloy, 1988), binding of recombinant USF43 to the LTR is abolished by methylation
of the core CpG dinucleotide of the E box. This observation suggests that a possible
mechanism of control for the function of USF (which is constitutively and ubiquitously
expressed (Sirito et al., 1994)) could be through epigenetic modification of the target
site, namely by altering the methylation state of DNA. Since it has been shown that
methylation of the LTR represses HIV-1 transcription (Bednarik et al., 1990), it is
likely that the E box could be one of the target sites mediating this effect. Finally it is
interesting to observe that the mechanism for preventing binding by target site
methylation is not restricted to USF, since binding by other members of the b-HLH-
Zip family is also sensitive to methylation of the core CpG sequence of the E box

(Prendergast and Ziff, 1991).

Role of template LTR bending upon USF binding

The circular permutation analyses performed, indicate that both USF purified
from Hela cells and recombinant USF43 bend DNA upon binding to the target site. It
is likely that the sites of hypersensitivity to DNA methylation and DNase | digestion
detected in the methylation protection and DNase | footprinting experiments are
generated by an increase in the groove width, typical of DNA bending upon protein
binding. Although circular permutation assay alone does not allow the distinction
between DNA bending and increased DNA flexibility, the detected extent of bending

(90°-110°) cannot be due only to a mere increase in flexibility. DNA bending by a
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number of b-HLH-Zip proteins (including USF and Myc/Max) has been reported
(Fisher et al., 1992; Wechsler and Dang, 1992). However, crystal analysis of the
complex of DNA with Max (Ferré-D'Amaré et al., 1993) and with the USF b-HLH-Zip
regions (Ferré-D'Amaré et al., 1994) could not show any net bend in the double
helical axis. The reasons for this discrepancy are likely to be related to the crystal
packing mode of the two structures.

In our experiments, the calculated bending angles induced by Hel a-purified
USF and recombinant USF43 were 90° and 110°, respectively. A trivial explanation
for this difference could be that recombinant USF43, bearing the GST extension, has
a different shape and a greater size than Hela-purified USF. However, it was
demonstrated that there is no significant correlation between the molecular weight of
the protein and the extent of the induced DNA bending (Kerppola and Curran, 1991).

Therefore, our preferred interpretation is that the difference in the bending ability is

due to the different molecular compositions of the dimers interacting with DNA: an =~

obligate USF43 homodimer in the experiments with the recombinant protein and a -
preferred USF43/44 heterodimer in the experiments with the purified factor. In the
latter case, the bending angle results from the vectorial sum of the bending angles =
induced by the two different monomers. In this respect, there are also other
examples of differential bending by monomeric or heteromeric forms such as
Myc/Max and Fos/Jun heterodimers (Kerppola and Curran, 1991; Wechsler and
Dang, 1992).

In the context of HIV-1 transcriptional regulation, the studies on the functional
role-of LTR DNA bending by transcriptional factors probably deserve further scrutiny.
In fact, it should be considered that, in addition to USF, other transcription factors that
also bind to the LTR (Jun/Fos (Kerppola and Curran, 1991), NF-xB (Schreck et al.,
1990), TBP (Horikoshi et al., 1988), YY1 (Margolis et al., 1994; Natesan and Gilman,
1993), Sp1 (lkeda et al., 1993)) are able to bend the target DNA sequence. As a
consequence, the traditional picture of the LTR as a linear structure should be

replaced by a more realistic 3D-view of a highly structured promoter where also non
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adjacent proteins, by DNA bending and looping, can interact among themselves and
with the basal transcriptional machinery. According to this view, it has been reported
that Sp1 interacts with NF-xB (Perkins et al., 1993), that both Sp1 and Tat bind to
TBP (Emili et al., 1994; Kashanchi et al., 1994b), that YY1 physically interacts with
Sp1 (Lee et al., 1993), and that Fos is able to bind to the 44 kDa form of USF (Blanar
and Rutter, 1992). The role of such interactions has also been demonstrated by
showing that the binding of NF-kB is not by itself sufficient to induce HIV gene
expression. Instead, an interaction between NF-xB and the transactivating domain of
Sp1 bound to an adjacent site must occur (Majello et al., 1994). In this light, small
peptides (HMG proteins) have shown to work as adaptor that favors DNA bending
and protein interactions (Grosschedl et al., 1994). Preliminary data suggest that HMG
proteins do indeed affect the transcriptional rate of HIV-1 both in vivo and in vitro
(d'adda di Fagagna, unpublished results).

Probably, the more convincing proof that DNA bending has a role in
transcription came from the work of Fisher and collaborators (Parvin et al., 1995).
These authors show that pre-bending of a promoter sequence enhances 100 folds
the affinity of the TATA-binding factor for its target sequence. This suggests that
transcription factors have a dual mechanism for transcriptional control, namely by
recruiting the RNA polymerase Il machinery and by increasing the affinity of the
promoter for the essential TATA-binding factor.

In addition to the role of DNA bending in favoring these interactions, it has
also been suggested that the energy stored in a protein-induced bend itself could be
used to promote the formation of an open transcription complex (Van der Vliet and
Verrijzer, 1993).

It is also interesting to observe that the b-HLH-Zip domain of USF was
reported to exist as a bivalent tetramer, potentially able to bind simultaneously to two
independent sites, with a possible role in DNA looping (Ferré-D'Amaré et al., 1994).
However, despite reported evidence showing interactions between USF and the

initiator element of the HIV-1 LTR (Du et al., 1993; Roy et al., 1991), we were not
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able to obtain a clear footprint on this region, even with the addition of an amount of
protein as high as 100 fold as that needed to footprint over the E box. Accordingly,
the analysis of the USF binding sites by the random oligonucleotide selection
procedure showed that the E box motif is almost absolutely required for binding

(Bendall and Molloy, 1994).

Functional role of USF binding to the LTR

In vitro transcription experiments, performed either by the addition of
recombinant USF43, or by the subtraction of endogenous E box binding proteins by E
box decoys, indicate that USF acts as a positive regulator of transcription driven by
the LTR promoter. The in vivo results mirror those obtained in vitro: a decoy plasmid
for USF downregulates LTR-driven transcription (not shown); USF43 overexpression
upregulates CAT transcription when controlled by a wild type LTR; the mutation of
the CACGTG sequence of the LTR impairs USF transactivation, even if it does not
completely abolish it. This residual effect could rely on some interactions of the
initiator elements (Roy et al., 1991) (in the previous in vitro experiments, these
elements could not be taken into account, since the LTR region downstream of
transcription start site has been replaced by a G-less cassette). Even if in our hands
the initiator elements of HIV-1 could not be recognized by purified recombinant
USF43, it is still possible that in vivo USF43 can interact with some other factor in
order to gain a higher affinity toward the initiator element. TFII-I (Roy et al., 1991) is
the most likely candidate for this function. In this regard, we have shown that also
other proteins can modulate binding of USF to its target site (Zijderveld et al., 1994).

The inability of USF43 to activate the LTR in the presence of the Tat protein
was unexpected. This observation is in agreement with the data reported by Moses
et al., showing that the mutation of the LTR E-box significantly reduces LTR activity in
both stimulated and unstimulated primary human macrophages, but only in the
absence of Tat (Moses et al., 1994). Furthermore, a linker scanning mutagenesis

analysis of the LTR in the Jurkat T-cell lines showed that the effect of the E-box
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deletion is more pronounced in the absence of Tat (Zeichner et al., 1991). Even if
more data are needed for a better understanding of this effect, some hypotheses can
be formulated. It is unlikely that these findings can be attributed to the inactivation of
USF by the oxidative intracellular environment induced by the Tat protein by the
repression of the expression of the manganese superoxide dismutase gene (Flores
et al., 1993). Although the factor is highly sensitive to its redox state (Pognonec et al,,
1992), it is still functional in Tat expressing cells, since it can positively affect
expression from the minimal USF-responsive promoter used in our control
experiments. It is more likely that the lack of transactivation of the LTR in the
presence of Tat could be due to an alteration of the architecture of the LTR itself
induced by Tat, that renders the promoter unresponsive to USF. The presence of the
Tat protein is expected to induce several changes at the downstream LTR region
(including the TATA box and the Sp1 sites) by establishing protein-protein
interactions. Furthermore, Tat directly activates nuclear translocation of NF-xB (our
unpublished observation). These changes could unfavour either the ability of USF to
bind to the E-box, or its ability to activate transcriptions, or both. In particular, there
are some indirect observations in the literature that suggest the possibility of
structural interactions between the USF and xB sites (Garcia et al.,, 1987, Maekawa
etal., 1991). In the future, we will try to validate this hypothesis by in vivo footprinting
experiments of the LTR in the presence or absence of the Tat protein. A correlate of
this hypothesis is the prediction that USF will not be able to transactivate the LTR
when cells are activated by PMA (an inducer of NF-xB) and, conversely, that USF will
still be active in the presence of Tat if the B sites have been deleted.

It is also noteworthy that USF can play an additional role on the expression of
HIV-1. Michael (Michael et al., 1994) and colleagues surprisingly demonstrated that
also the 3' LTR has a transcriptional role, promoting the synthesis of a negative
strand RNA , antisense in respect to the canonical transcripts. This is very interesting
because this transcript bears a open reading frame conserved among the strains and

also provide an antisense regulation of the translation of the positive strand encoded
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proteins. USF binding site has been demonstrated to be absolutely required for the
transcription by this negative strand promoter. We are collaborating with this group to

study the details of the role of USF in the control of this promoter.

Open questions about the function of Tat protein

In addition to the understanding of the role of USF in the control of HIV-1
mediated transcription, in this thesis we have started to address the problem of
obtaining a highly active recombinant Tat protein. This reagent will be used to
highlight some of the mechanisms of Tat function, with particular reference to the
interplay of the protein with the cellular transcription factors at the LTR promoter. For
this purpose, we have obtained two GST-fusion proteins, containing only the first or
both Tat exons from strain HIVxg)i. Despite the reported difficulty in maintaining the
functional activity of chemically synthesized Tat and of Tat purified from E.kcoli due to
its tendency to oxidate and form aggregates (the protein is difficult to overexpress
and purify due to its tendency to aggregate (Rhim et al., 1993; Fawell et al., 1994;
Frankel et al., 1989; Harper and Logsdon, 1991; Koken et al., 1994b; Rhim et al.,
1993; Rice and Carlotti, 1990b; Rice and Chan, 1991; Song et al., 1994)), we have
not experienced such problems with our fusion products. It is conceivable the GST
moiety, while not interfering with the functional activity of protein, does protect Tat
from being easily oxidized. Although some biological differences have been
described between the function of one-exon or two-exon Tat, as already reported in
the Introduction, in our experience the two proteins perform identically in their ability
of transactivation of the LTR promoter both in vitro and in vivo.

The development of these recombinant proteins is of particular interest given
the property of Tat of crossing cell membranes. As a consequence, these proteins
can be used by addition to the cell medium in the presence of chloroquine or by
lipofection and avoid the use Tat expressing plasmids.

There are a variety of open questions that still need to be resolved about Tat

function, in which these recombinant proteins will be hopefully useful. In particular:
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1) While it is conceivable that the activation domain of Tat could act similarly to
the activation domains of other transcription factors in augmenting the rate of
transcription initiation by the interaction with the transcriptional machinery, Tat
remains unique since it is the only factor brought to the promoter by RNA-protein
interaction instead of DNA-protein interaction. Whether it represents the prototype of
a novel type of transcription factors, it still remains to be understood. In addition,
there is a very striking difference between the transactivation efficiency of the protein
in in vivo and in vitro expériments: while Tat is an extremely effective activator in
vivo, where it increases LTR-mediated expression of several thousand folds, it is
relatively weak in vitro, where it augments expression less then ten-fold. Conversely,
the LTR promoter in the absence of Tat is extremely weak in vivo, while it behaves
as a strong promoter in in vitro transcription assays. The molecular correlates of
these observations still need to be clarified.

2) Several lines of evidence clearly demonstrated that one of the major actions of
Tat on HIV gene expression is to increase the rate of elongation of nascent RNAs.
However, the actual molecular mechanisms of how this effect is exerted still remain
to be understood. It has been proposed that Tat mimics a cellular protein that, by
associating with a transcription complex, increases its ability to elongate (Lu ef al.,
1993). Since phosphorylation of the carboxyl-terminal domain of RNA-polymerase |
has been proposed to trigger the transition from initiation to active elongation and
also to influence later stages during elongation (Dahmus, 1995), particular
importance could be attributed to the identification of protein kinases as Tat
cofactors. Among the potential candidates for this activity, both the TAK kinase
(Herrmann and Rice, 1995) and DNA-PK (Dahmus, 1995) are able to phosphorylate
the CTD domain of RNA pol Il. Whether this occurs also in vivo, it remains to be
established. Moreover, the effects of Tat on the transcriptional machinery could be
much more complex than the phosphorylation of the C-terminal domains of RNA
polymerase ll, including the potential interactions with basal transcription factors

such as TFIIE, TFIIF, TFlIH, and TFIIJ (Flores et al., 1992) (Weinmann, 1992).
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3) Several in vitro studies showed that Tat is released from expressing cells and
can be taken up by neighboring cells, where it can enter the nucleus and trigger
LTR-driven gene expression. There are still lack of molecular details on how this
activity occurs. In particular, it is not clear whether the function of Tat.on adjacent
cells is due to the actual localization of Tat in the nucleus with consequent
transcriptional activation, or can be mediated by the interactions with membrane
receptor. Low affinity receptors of the integrin-type have been shown to bind to Tat
and trigger activation of a signal transduction pathway (Barillari et al., 1993: Brake et
al., 1990). Whether high affinity receptors exist as suggested (Weeks et al., 1993),
they still need to be fully characterized.

4) Due to the very low levels of Tat production in infected cells, and to the overall
limited amount of these cells in infected individuals, the question whether Tat release
could be actually involved in the pathogenesis of HIV disease is still completely
unaddressed in vivo. There are several effects where Tat release could play a major
pathogenetic role that goes beyond the virus infected cell. Among these effects,
there are the induction of immunological anergy (Viscidi et al., 19809) or the triggering
of apoptosis (Li et al., 1995) in uninfected bystander cells of the immune system or of
the nervous system, with the induction of immunosuppression and of neurological

disturbances respectively. Both of these events are hallmarks of HIV disease.

Phosphorylation of USF43 and Tat by DNA-PK

The DNA dependent protein kinase (DNA-PK) is a protein kinase which
becomes activated once bound to DNA (Gottlieb and Jackson, 1993). DNA binding
relies on the ability of the Ku heterodimeric protein, a component of DNA-PK, to
recognize discontinuities in the DNA double helix. Ku recognizes mainly DNA ends
(double strand breaks in the genome) but also nicks, small gaps and dumpbell
structures. Following DNA binding, Ku triggers the kinase activity of the catalytic
subunit of DNA-PK (DNA-PKcs). This, in turn, can phosphorylate serines and

threonines followed by glutamines, being Ser/Thr-Gln its consensus for
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phosphorylation (Bannister et al., 1993). Proteins binding in cis on the same DNA
molecule are preferentially phosphorylated. Many DNA binding factors and non-DNA
binding proteins have been demonstrated in vitro to be modified by DNA-PK
(Anderson, 1993). Usually, phosphorylation sites lies in the transactivating domain of
transcription factors. To date a clear function of such a modification has not been
described, since the mutation of modified residues to a different amino acid (usually
alanine) has not resulted in dramatic effects. In addition to these specific
observations, a more general role for DNA-PK in the control of transcription has been
described. In fact, in in vitro transcription experiments using a linearized template,
DNA-PK has been shown to inhibit transcription by RNA polymerase | (Kuhn et al.,
1995) and RNA pol Il and Il (S. Jackson, personal communication). This activity
relies on the phosphorylating ability of DNA-PK, since DNA-PK inhibitors relieve the
inhibition.

On the basis of the primary amino acidic sequence, both USF43 and Tat are
potential substrates for DNA-PK phosphorylation. Our results show that, at least in
vitro, these proteins are indeed modified by DNA-PK.

Tat phosphorylation sites were precisely mapped by the use of a panel of 20
aa peptides. Two of the three potential phosphorylation sites are phosphorylated in
vitro. These sites are located in the transactivating domain (Ser 16) and basic domain
(Ser 62); both of these regions are essential for Tat functions and very conserved.
Mutational analysis is currently under way in order to detect the phenotype of Ser-
>Ala 16 and Ser->Ala 62 Tat mutants in vivo. |

On the basis of its amino acidic sequence, also USF43 phosphorylation by
DNA-PK could modify amino acids involved either in DNA binding or transactivation.
We are currently addressing the problem of the recognition of the actual
phosphorylation sites by triptic mapping. Subsequently, mutagenesis of these
residues will demonstrate the effective role of such a modification, in vivo.

More generally, the role of USF phosphorylation has not been studied

thoroughly so far. Maekawa and collaborators reported that phosphatase treatment of
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Hela purified USF abolishes DNA binding (Maekawa et al. 1991) and we have

repeated the same experiment obtaining identical results (data not shown). Further

work is obviously needed for a better understanding of these results. Finally, the
observation that Ku specifically recognizes stem-loop structures and that, in
particular, it binds to TAR RNA (Kaczmarski and Khan, 1993) raises the puzzling
possibility that DNA-PK could be recruited specifically at the LTR promoter. As a
matter of fact, several transcription factors engaged in protein-DNA interactions at the
LTR are substrates for DNA-PK phosphorylation, (Anderson, 1993). Furthermore,
DNA-PK phosphorylates the CTD domain of RNA pol Il (Dvir et al., 1993), an event
resulting in increased processivity of the polymerase (which, as noted above, is one
of the major functions of Tat activity).

Altogether, these observations are intriguing. Even if much speculation

should be avoided before further data are collected, the possibility that this kinase

could play a role in the control of LTR-directed gene expression currently appears to =~ e

be an exciting topic of investigation. - -
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