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1. ABSTRACT 

Human immmodeficiency vins type 1 (HIV-1) infection frequenty affects 

central nervous system (CNS). The most common CNS complication of HIV-1 is the 

AIDS dementia cornplex, also known as IW-1 encephdopathy. The mechanism 

underlying this illness remaias unknown. HIV-1 is hown to infect and replicate ui 

rnicroglia and astrocytes with the CNS. Astrocytes are the most abundant cells within the 

central nervous system. They serve a multiplicity of important hctions that contribute to 

the process of neural developmentt, as well as to normal brain bction. Thetefore, 

astrocyte dysfiinction may adversely affect neurons and neuronal fùnctions. The 

astrocytes appear to undergo functiod changes either upon infection or interactions with 

HIV- 1 proteins such as gp 120 and Tat. 

To understand the interaction behueen gp 120 and astrocytes, which rnay be the 

initial event for HIV-1 infecton to astrocytes or a120 effects on astrocytes, we 

characterized, kineticdy and biochemically, the binding sites for iW- 1 gp 120 on human 

fetal astrocytes. A single binding site was observed with values for Kd of 26 nM and 

Bmax of 29.9 £inoles/4x104 cells. Specific receptoa for gp120 such as CD4 on 

lymphocytes and galactocerebroside (GalC) on SK-N-MC cells have been identified. In 

this study, neither a polyclonal antibody against GalC (anti-GalC) nor a monoclonal 

antibody against the gp120 binding domain of CD4 (OKT4a) affected the '31-gp120 

binding to astrocytes. However, binding of gpl20 was inhibited by 60% with OKT4a on 

HeLa CD4 cells and approximately 70% by anti-GaIC on SK-N-MC ceils. Furthemore, 

neither CD4 nor GaiC were detectable on astrocytes using flow cytometry or 



immunocytochernistry. The mass of the gp 120 binding molecule as determined by ceIl 

surface labelhg and hnmunoprecipitation was approximately 260 kDa. Thus, specific 

binding sites for gp120 are present on human fetal astrocytes and these sites appear to be 

distinct fiom both CD4 and GalC. 

HIV-1 Tat has a nurnber of effècts on brain ceils including astrocytes. It is released 

fiom infected cells and subsequently taken up by several celi types where it may 

transactivate virai or host genome. Tat is encoded by two exons. The first exon, coding for 

the N-terminal72 amino acids, is sufficient for Tat transactivation. The hc t ion  of the Tat 

second exon, coding for C-terminal 14 to 32 amino acids, remaias unknown. Tat 1-72 (1 -72 

amino acids fiom first exon) and Tatl-86 (fidl length Tat) were labelled with and 

incubated with human fetal astrocytes and huma. fetal neurons. We demonstrated that the 

uptake of Tatl-72 without the second exon was much lower than that of Tatl-86. This 

suggests an important role for the C-temllnal region of Tat for its cellular uptake and -90% 

of the intemdized Tat was locaiized in the nuclei. Uptake of '%~at  1-72 could be inhibited 

by de- sulfate and competitively by uniabelied Tatl-72 but not by overlapping 15 mer 

Tat peptides, suggestiag that Tat internalization is charge and conforniaton dependent. 

Interestingly, one 15 mer peptide, Tat28-42, greatly enhanced Tatl-72 uptake by 

undetennined mechanism. 

Evidence indicates that astrocytes may contribute to the pathogenesis of HIV 

encephalopathy by regulating the production of neurotoxic factors by Uifected cells. Tat has 

been shown to induce f'wictional changes in astrocytes. To derstand the mechanism by 

whicb Tat initiates the effects on astrocyte, we chanifteriad the Tat binding properties on 



the astrocyte ceii membrane. By imrnunocytochemical staining, we have demonstrated that 

Tat specificaliy bound to the astmyte dace. This result was confirmed by l31-Tat biading 

assay on astrocytes in the presence of excess unlabelleci Tat or anti-Tat antibody. This 

binding of Tat on astnx:ytes does not depend upon integrins avf33, a5Pl or avf35, which 

has been reported to be Tat binding proteins on other ceii Lines. In an atternpt to determine 

the epitope of Tat involved in binding to astmcytes, we used 15 mer peptides overlapping 

by 10 amino acids each and spanning the entire sequence of Tatatl-86 in an attempt to block 

the binding of Tat None of the peptides were able to inhibit Tat binding. in con- Tat 

binding on astrocytes was enhanced by Tat28-42. By irnmunoprecipitation of 131-adrocyte~ 

with Tat, 35 and 43 kDa proteins were detected on the astrocyte surface. these may 

represent novel Tat binding proteins on asûocytes. These hdings may be important for 

understanding the neuro-pathogenesis of HIV-1 infection. 



II. NI'RODUCTION 

1. Structure of W-1 

HIV-1 is a member of the lentiviridae subfamily of retrovinises. It has a cone- 

shaped core, and is composed of four nucleocapsid proteins p24, p17, p9, and p7 with an 

envelope outside. The p24 protein forms the main component of the imer shell of the 

nucleocapsid (NC). The NC proteins @9 and p7) are tightly associated with the viral 

genome. The envelope is composed of two glycosylated proteins: gp120 and ml. The 

inner portion of the envelope is sumiunded by myristylated pl 7 protein that provides the 

matrk (MA) for the viral structure and is important for the integrity of the virion (Yu et 

al. 1992). Inside the capsid is the HIV-1 genome which has two identical RNA strands 

with the polarity of mRNA. The RNA genome (-9.8 kb) contains gag, p l ,  and env genes 

for viral structural proteins, tat, rev, and nef for regdatory proteins, vif, vpr, vpu, vpt, and 

tev/tnv for accessory proteins, and long terminal repeats at 5' and 3' ends (fig. 1). 

2. Gp120 and Tat proteins of AIV-1 

Gp 120 and Tat, two of the viral proteins described above have been used in this 

study. Gp120 is a structural glycoprotein encoded by the e m  gene and initially 
I 

synthesized as an 88 kDa precursor. This precursor is then inserted into the rough 

endoplasrnic reticulum where the addition of hi&-mannose N-linked carbohydrate chains 

as well as folding into an appropriate tertiary structure takes place (Fennie and Lasky, 

1989). The carbohydrate c h a h  are temiinally modified in the Golgi complex to forrn 

gp16O. The gp160 precursor is then cleaved by a cellular protease into mature envelope 





gp120 and gp41 which are transported to the ce11 surface (Willey et al. 1988). The gp41 is 

a transmembrane protein which exists as a non-covalent complex with extracellular 

gp120 on the viral envelope. Despite the considerable variability of the W-1 envelope, 

there are regions or structural features that are highiy consewed. For example, d l  18 

cysteine residues Iocated within gp120, as well as most cysteine residues in gp41, are 

conserved (Modrow et al. 1987), suggesting that cysteine residues may be necessary to 

maintain a proper three-dimensional structure of the envelope protein. There are also 

several highly conserved regions Cl-  C4 that are interspersed with regions of hi& 

variability (VI-V5) within gp120. This protein plays an important role in virus-host 

interaction. Glycosylation of gp 120 is crucial for its binding to the primary ceceptor CD4 

since it helps fold gp120 into the proper conformation (Li et al. 1993). However, once 

gp120 has acquired the proper confirmation carbohydrate chahs on gp120 are not 

required for the interaction between gp120 and CD4 since enzymatic removal of 

carbohydrate chahs by endoglycosidase does not af3ect gp120 binding activity (Li et al. 

1993). Interaction between gp120 and CD4 is discussed M e r  in related sections. 

Tat is one of the regdatory proteins. The tat gene is encoded by two exons, one 

exon preceding the erw gene coding for 72 amino acids and the other exon within the env 

gene coding for 14 to 36 arnino acids (Arya et al. 1985) (fig. 1, 2). A predorninant form 

of Tat protein in the infected cells is 86 amino acids long (15 kDa) derived from two- 

exon mRNAs (Rice et al. 1993; Goh et al. 1986). Because of a stop codon irnmediately 

following the splice donor site of the fïrst tut-coding exon, a minor form of 72 amho 

acids (14 kDa) Tat is expressed fiom additional unspliced one-exon mRNA. The Tat 
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Figure 2 Tat sequence and its functional domains of HIV-l,,, 

Acidic region (1 -2 1 ): likely form &helix as activation domain 
Cysteine-rich region (22-37): metal binding 
Core region (38-48): most conserved 
Basic region (49-57): nuclear localization, binding to wB5 
RGD (78-80): adhesion to 06pl and as433 
Core and basic regions (38-57): neurotoxicity 



protein is a transactivator of LTRairected gene expression (Sodroski et al. 1985). The N-  

terminal 72 amino acids of Tat protein, encoded by the fkst exon, appears sufficient for 

full transactivation of HIV-I LTR-specific gene expression (Sodroski et al. 1985). Three 

important hinctional domains have been identifïed in Tat protein for its tramactivation 

function (fig. 2). The acidic region in N-terminus has been proposed to have a periodic 

arrangement of acidic, polar and hydrophobie residues consistent with an amphipathic a- 

helix (Rappaport et al. 1989), a feature reminiscent of activation domains of many 

transcription factors. Whether the acidic region of Tat folds into an a-helix and serves as 

an activation dornain requires m e r  study. A cluster of seven cysteine residues, highly 

conserved among divergent isolates of HIV-1 Tat proteins, constitutes the second 

domain. Mutation of these cysteine residues destroys Tat activity (Garcia et al. 1989; 

Sadaie et al. 1990; Sadaie et al. 1989; Sadaie et al. 1988). It has been proposed that Tat 

forms a metal-linked dimer with metal ions bridging cysteine-rich regions from each 

monomer (Frankel et al. 1988). However, the existence of Tat dimers in vivo and their 

potential role in Tat activity are yet to be established. In fact, Tatl-47 hcluding the acidic 

region and the second domain was detennined to be as active as native Tat in cell-fiee 

transcription system (Jeyapaul et al. 199 1 ;  Jeyapaul et al. 1 WO), suggesting these two 

domains are essentiai for the transactivating activity of Tat. However, a stretch of basic 

amino acids, fiom 49 to 57 containhg two lysines and six arginines, constitutes the third 

domain and is reqwed for nuclear locaiization (Mann et al. 1991; Hauber et al. 1989). 

Mutations within this region yield a cytoplasmic Tat protein which is nonfunctional. 

Moreover, peptide 49 to 57 alone does not have any transactivation function, suggesting 



other regions of Tat are required. The second exon of Tat is of variable length encodhg 

14 to 32 amino acids. The biological hc t i on  of the C-terminal region encoded by the 

second exon is still unclear. 

Tat plays an extremely important roles in transcriptional and posttmmcnptional 

regdation of HiV-1 gene expression. Tat dramaticaily induces the expression of viral 

protein directed by HIV-1 LTR and consequently for Wal replication. The LTR (HIV-1 

long terminai repeats) consists of a 453 bp U3 region, 98 bp R region, and an 83 bp US 

region. Within the U3 region and R regions are multiple cis-acting elements involved in 

HIV gene expression (fig. 3). It contains regulatory sequences recognized by various h ~ s t  

transcriptional factors and Wal regulatory protek. The cis-acting TAR (tat responsive 

element) is localized to nucleotides +1 to +80 within the virai LTR (Rosen et al. 1985). 

Because of its location, TAR is present at 5' end of d l  HIV RNAs. The TAR RNA 

assumes a stable stem-loop structure in vitru, as detennined by nuclease mapping 

(Muesing et al. 1987). Structural features of ?AR that are important for Tat-mediated 

transactivation include the primary sequence in the loop (nucleotides 3 1 to 34), the 3- 

nucleotide bulge (nucleotides 23 to 25), and an intact stem (Roy et al. 1 990a; Garcia et al. 

1989a; Hauber et al. 1988a). Tat has been shown to interact with TAR RNA (Roy et al. 

1990a; Dingwall et al. 1990a). Use of mutant TAR demonstrated that the bulge was 

important for both interaction of Tat with TAR as well as Tat-mediated transactivation. In 

contrast, mutations in the loop and the stem, which reduced Tat-mediated transactivation, 

had no effect on Tat binding (Roy et al. 1990a). Therefore, direct binding of Tat to TAR 

appears to be important but not sufficient for transactivation. Cellular factors have been 
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-410 -157 -79 +1 

Figure 4 Organization of HIV-1 LTR. Binding sites of various factors are shown 
along with the coordinates of the recognition sequences. 



postulated to play a role in Tat-mediated tramactivation. It was reported that a number of 

human proteins are bound to TAR RNA (Gatignol et al. 1989; Gaynor et al. 1989). 

Recently, sorne of these factors have been cbaracterized M e r ,  among hem, eight 

proteins associated with either bulge, loop, or stem of TAR. TAR loop binding proteins 

include p68 that was identified by W-cross-linking to TAR RNA (Marciniak et al. 

1990), and WilTRP185 (185 m a )  (Wu et al. 1991; Sheline et  al. 1991). However, 

TRP2 (TAR RNA loop-binding protein, 70-1 10 kDa protein) and BBP (Bulge binding 

protein, 38 kDa) have been shown to bind to TAR-bulge (Baker et al. 1994; Sheline et al. 

1991), which might inhibit Tat action. Proteins t&at complex with the double-stranded 

stem of TAR RNA consist of PKR (interferon-induced 68 kDa protein kinase) (Roy et al. 

1991; McCormack and Samuel, 1995), SBP (140 kDa) (Rounseville et al. 1996) and 

TRBP (TAR RNA binding protein) (Gatignol et al. 1991). Similarly, many proteins that 

interact with Tat have k e n  described to affect Tat transactivation. Besides binding to 

LTR, SPI and TFIID, factors for eucaryotic poIII transcriptional machinery, also bind to 

Tat. A direct interaction between Tat and SPI has been well documented to play a cnticd 

role in Tat transactivation (Jeang et al. 1993; Berkhout and Jeang, 1992). In addition, 

there is evidence that Tat also contacts TFIID (Kashanchi et al. 1994). Recentiy, Tat has 

been demonstrated to induce NF-kB activation by either a pathway in the cytoplasm 

(Demarchi et al. 1996) or membrane binding (Conant et al. 1996). A large family of 

proteins related to the 26s protease are also reported to be Tat binding proteins. Among 

them are TBPl (Tat binding protein l), a 45 kDa protein (Ohana et al. 1993; NeIbock et 

al. 1990), TBP7 (Tat binding protein 7) (Chang and Sharp, 1990; Ohana et al. 1993), 



SUGl (suppressor of GAL4) (SwaEeld et al. 1992), and MSSl (mammalian suppressor 

of sgvl) (Shibuya et ai. 1992). The cellular functiom of these proteins are not clear. The 

26s protease appears to modulate the stability of oncoproteins such as p53 @ubiel et al. 

1994; Dubiel et al. 1993). However, the potential roie of most of the Tat- or TAR-binding 

proteins in Tat-mediated transactivation needs M e r  investigation. 

3. Replication cycle of HIV-1: A brief o v e ~ e w  

A. Attachmeat of HIV-1 to host cells 

The first step in the initiation of HN-1 infection is the interaction between the 

virus particle and a specinc receptor on the host ceii. Like other envelope vinises, the 

interaction with the receptor is mediated by the envelope glycoprotein. The primary 

receptor first discovered for HN-1 is the CD4 molecule, also known as T4 or L e 3 ,  

which is a 62 kDa glycoprotein that is predominantly expressed on T lymphocytes and 

monocytes, and that mediates efficient T lymphocyte-target ceil interaction in the 

immune response. The major targets cf HIV-l are CD4+ T cefis and monocytes that serve 

as both essential regdators and effectors of the normal immune response (Dalgleish et al. 

1984; Sattentau and Weiss, 1988; Sattentau and Moore, 1993). The envelope 

glycoprotein, gp120 of HIV- 1 binds to CD4 on the target ceil with strikingly hi& aanity 

(Kd: 2-5 x 1 O-' M) (McDougai et al. 1986; Dalgleish et al. 1984; Sattentau and Weiss, 

1988; Deen et al. 1988). Further studies have indicated that the CDR2 domain in V 1 



region of the CD4 molecule interacts with a CD4-binding region in the fourth conserved 

portion (C2, C3, C4) near the C-terminal region of the HIV envelope gp120 (tasky et al. 

1987; Broliden et al. 1992; Broiiden et al. 1990; Bowman et al. 1990). The initial 

attachment of HIV-I to CD4 molecules most probably leads to exposure of epitopes in 

both gp 120 (V3 loop) and perhaps CD4 (imrnunodominant epitope), Such a conformation 

would induce proteolytical cleavage of the third variable loop of gp 120, the V3 loop. The 

V3 loop is susceptible to cleavage by several proteases, including the T-cell activation 

antigen CD26 (Cdebaut-C 1993), thrombin, and trypsin (Kido et al. 1993). Subsequent 

displacement of gp120 or cleavage of the envelope protein by cellular enzymes such as 

CD26 (Oravecz et al. 1995) causes another change in the viral envelope, pemiitting virai 

entry (Sattentau and Moore, 1993; Sattentau and Moore, 199 1). Other sites on CD4 could 

also be involved in gp 120 binding and or fusion, such as the CDR3 domain of the V 1 

region (Corbeau et al. 1993; Autiero et al. 1991). Observations suggesting a role for this 

region include the blocking of CD.'-,pl20 interaction by CDR3 related peptides (Lifson 

et al. 1988) and decreased fusogenic activity of a virus with a mutation in this region 

(Camerini and Seed, 1990). However, further investigations are required to confirm these 

observations since a point mutation in this region did not affect gp120 binding 

(Ashkenazi et al. 1991) and virus fusion (Nussbaum et al. 1994; Broder et al. 1993; 

Broder and Berger, 1995). 

A nwnber of studies examining the infection of many types of non-CD4 cells with 

HIV-1 have indicated that receptors other than CD4 molecules on these cells are involved 

in gp120 binding. These cells include human skin fibroblasts (Tateno et al. 1989), human 



trophoblast cells (Zack et al. 1990) follicular dendrïtic cells (Stahmer et al. 1991: 

Patterson and Knight, 1987; Patterson et al. 1995), human iiver carcinoma ce11 lines (Cao 

et al. 1990) bowel epithelium (Nelson et al. 1988b; UIirich et al. 1992b) and rend 

epithelium (Cohen et al. 1989; Detwiler et al. 1994). Many brain-derived ceIls such as 

astrocytes and oügodentrocytes which are non-CM are also reported to be uifected with 

HIV- 1. Interaction of those non-CD4 ceils with W- 1 is discussed later (II, 5B). 

B. Internalization of the virus 

Receptor-bound HIV-1 virions are brought inside the ce11 by either classic 

receptor-mediated endocytosis (Maddon et al. 1988) or virus-mediated membrane fusion 

(Stein and Engleman, 1991; Stein et al. 1987). Accumulated evidence supports 

membrane fusion as the dominant mechanism for virus entry. HIV- 1 -induced fusion, iike 

that induced by most retroviruses, is pH-independent. The cascade of fusion events is 

initiated by the binding of gp120 to CD4 molecule and W l y  results in the insertion of 

the hydrophobie N-temiinal region of gp41 into the plasma membrane of the target cell. 

As discussed above, in this event, the a 1 2 0  is displaced or cleaved after attachment to 

the CD4 molecule, leading to uncovering of the domains on the gp41 that are required for 

insertion (Bedinger et al. 1988, Sattentau and Moore, 199 i; Veronese et al. 1985). 

previous results suggested that gp 120 binds to putative second receptors in order to carry 

out the viral fusion (Qureshi et al. 1990; Henderson and Qwshi, 1993; Ebenbichler et  al. 

1993; Chen et al. 1992) including 44,98, and 1 O6 kDa proteins on ce11 surface. 



The proteins involved in gp41 fusion are still unknown. However, they are 

believed to play an important role in viral intecnalization since murine celis which lack a 

44 kDa surface pmtein can not be infected by HIV-I after traosfection of human CD4. 

Moreover, HIV-1 induced fusion requires calcium ions (Dedera et al. 1992). This may be 

due to calcium binding activity of gp41 which interacts with the gp41 putative receptors 

in a calcium-dependent manner (Stoiber et al. 1995). Thus, as noted above, HIV-1 enters 

cells by fusion with the ceil membrane. This fusion is most likely mediated by gp41 

binding to its receptor on the ce11 membrane foilowing a conformational change in CD4 

as well as dissociation of gp 120 or exposure of its V3 loop to cleavage. 

Recently, chemokine receptors have been shown to be coreceptors for HIV-1. 

gp120 interacts with these coreceptors to facilitate HIV-1 entry (ALkhatib et al. 1996, 

Feng et al. 1996). The family of chemokine receptors are variably expressed on 

lymphocytes and macrophages and in part select for viral strains specific for each of these 

ce11 types (Feng et al. 1996, Cocchi et al. 1996). Macrophages express CC-CKRS, while 

lymphocytes express CXCR4, also calied fusin or lester. Additionaiiy, CKR3 and CKR2b 

have also been shown to be fusion coreceptors for HIV entry in monocytes (Doranz et al. 

1996). Interaction of HIV gp120 with those coreceptors has k e n  fùrther mapped to the 

V3 loop of the gp120 molecule. These chemokine receptors are seven-trammembrane 

domain proteins, which are coupled with G-protein (Horuk 1994). Bound with hi& 

& i t y  by related chemokines, the chemokine receptors play a major role in the 

mobilization and activation of the cells in the immune system. Out of over 20 different 

members of the growing chemokine family, RANTES (regulated on activation nomial T- 



ce11 expressed and secreted), MCP- 1 (monocyte chemotactic protein - 1 ) and MIP- 1 a and 

-1P (macrophage Mamrnatory protein-la and -1B) have been shown to inhibit HIV 

entry by blocking interaction of V3 loop of HIV gpl2O with the chemokine receptoa 

(Cocchi et al. 1996, Dragic et al. 1996, Doranz et al. 1996, Oravecz et al. 1996). 

However, it remains to be explored how the coreceptors hc t ion  on the biochemical level 

to allow HIV-1 to enter cells. Expression of chemokine receptors on cells withb the 

nervous system has yet to be determined. 

C. Revene Transcription, Lntegration 

M e r  internalization of viral core into the cytoplasrn of a susceptible cell, viral 

RNA is transcribed into double-stranded provirai DNA by the RNA/DNA-dependent 

DNA polymerase and riboauclease H activities of RT (reverse transcriptase). The process 

of synthesis of viral DNA is complex. In vitro studies have shown that synthesis of the 

negative-strand DNA initiates by making a short DNA attached to 5' end of viral 

genome. In this process, tRNA primer at the 5' end of genome is crucial. The newly made 

DNA as a primer consists of R and US sequence. It must be transfexred to the 3' end of 

the genome to synthesize a full negative-strand DNA. Once synthesis of the negative- 

strand DNA is finished, the RNase H activity of RT removes the Wal RNA from the 

RNA:DNA hybrid, leaving the DNA k e  to make positive-strand DNA by RT. 

Once formed, the double-strand proviral DNA, presumably in the fom of a 

nucleoprotein complex, migrates to the nucleus where it is intepted into the host 

cellular DNA by the endonuclease activities of the Wal integrase (Cof i ,  1990). This 



integration of the provirai DNA appears to be random and is essential for the ce11 to 

produce progeny vinises. 

D. Assembty and rekase of mature Virus 

HIV-1 assembly is an unique process in which the products of gag and pol are 

incorporated into virions in the form of their polyprotein processors during assembly and 

are proteolytically cleaved durhg or after budding. As noted above, the Gag and Pol 

proteins are synthesized in the form of their respective processors R55" , NH2-p 17-p24- 

p9-p7-COOH, and ~r 1 6 p P 1 ,  NH2-p 17-p24-p9-p7-p 1 O-p66-p32-COOH. The p 17, p24, 

and p9 Gag domains as well as pl0 protease domain of the Gag and Gag-Pol processors 

play important roles in the assembly process. The interactions between Gag proteins, 

plasma membrane, and viral RNA control the process. Under control of p 1 7ga8 , which is 

posttranalationaiiy modified by the addition of myritic acids (Veronese et al. 1985; 

Bathurst et al. 1989), the Pr55" and pi-1 6ogq*' are fïrst aggregated inside the plasma 

membrane. The viral genomic RNA is then packaged into viral particles by the p9 

domain of Gag or Gag-Pol precursor. A signal of Wal genomic RNA is required for the 

packaging. Studies have shown that the major packaging signai resides in the leader 

region between US and the gag gene initiation codon (Bender et al. 1987; Adam and 

Miller, 1988). The interaction of p24 domains of the Gag or Gag-Pol precurson is 

required for the formation of a protein sheii surroundhg the nucleocapsid (Peng et al. 

1991). However, the fuaction of p7, a proline-nch carboxy-termiaal product of Gag 

precursor, is unclear. 



During the viral budding, the Gag and Gag-Pol precursors are cleaved by the viral 

protease p l 0  to produce individual proteins as noted above (Kohl et al. 1988; Peng et al. 

199 1). This process is crucial for maturation of the virus. With mutations iri the pl 0 gene, 

the assembly and budding steps of Wus were not affected, but virions produced 

resembled immature core particles. Moreover, the mutant particles were not infectious. 

The envelope glycoproteins are synthesïzed initiaiiy as a precursor gp160 and 

then incorporated in virions by a different pathway. The gp160 is cleaved intracellularly 

into gp 120 and gp41, which are inserted into the plasma membrane. The incorporation of 

the envelope glycoproteins k to  Mnis is pcobably mediated by the interaction between the 

p 17 domain of Gag precursor and Env protein complex. 

4. HIV-1-induced immune deficiency 

HIV-1 has been clearly identined as the primary cause of the acquired 

irnmunodeficiency syndrome (ADS) (Barre Sinoussi et al. 1983d) and is spread by 

sexud contact, exposure to infected blood or blood products, and prenatal transmission 

fiom mother to child ( C m  et al. 1988). The mechanism by which HIV causes 

immunodeficiency is one of the major mystenes of AIDS. Many studies suggest that 

immune abnormalities can be obsewed in T cells, B cells, and macrophages early in 

ùifection even before the loss of CD4 cells begins (Shearer and Clenci, 1992; S hearer and 

Clerici, 1993; P.4iedesa et al. 1988; Clerici er al. 1992). The potential mechanisms of 

HIV- 1 -induced immune deficiency are discussed below. 



A. Direct cytopaihic effects on CD4 cells 

In patients with HIV-1 infection, the f k t  immunosuppresion recognized was loss 

of CD4 cells. In viîro syncytia formation occurs through direct HIV-mediated cytopathic 

effects (Lifson et al. 1986b; Garry, 1989b). The formation of syncytia involves fusion of 

ce11 membrane of infected cells with celi membranes of iuiinfected CD4 cells, which 

results in giant multinucleated ceils. However, syncytia have been rarely been seen in 

vivo. Several observations have associated CD4 ceii death with direct toxicity fiom virus 

or viral proteins. The use of interviral recombinants has shown that cytopathogenesis, 

Uicluding ce11 fiision, may be linked to a region of gp120 (Cheng Mayer et al. 1990). 

Moreover, the ce11 fusion that often leads to cell death has been ~ssociated with gp120 

and Tat (Lifson et al. 1988; Lifson et al. 1986; Cheng Mayer et al. 1991). Further, 

addition of gp120 to PBMC caused ce11 killing in a dose-dependent manner. The gp41 

can also be toxic to celis (Miller et al. 199 1); a change in the viral gp4 1 has modified or 

produced cytopathic variants (Kowalski et al. 199 1). The mechanism for this induction of 

ce11 death by the virai proteins are not clear. Disturbances in membrane permeability 

could be involved, as reflected by the balloon degeneration in cells observed in vitro. The 

death of CD4 cells by apoptosis has k e n  suggested as cause for CD4 ce11 loss in HIV 

section (Laurent Crawford et al. 1991; Laurent Cravriord et al. 1995; Groux et al. 

1992). Whether apoptosis results fiom direct effects of HIV-1 itseif or its viral proteins 

remains to be detexmined. Recent results suggested that gp120, or Tat can elicit apoptosis 

of CD4 cells (Laurent Crawford et al. 1993; Li et al. 1995; Terai et al. 1991). 

Additionally, the virus infection could suppress the production of the early processors of 



CD4 cells (stem cells) and reduce the quantities of the fiesh lymphocytes added regularly 

Iiom bone marrow to the peripheral blood (Folks et al. 1989). 

B. Effect on signal transduction of CD4 cells 

A protein kinase cascade and protein phosphorylation occur when natural ligands 

bind to the CD4 antigen or interact with other membrane surface proteins to bring about 

T-ce11 activation and effective immune response. The gp120 has been found to form an 

intracelluiar complex with CD4 and p56'ck in the endoplasmic reticulum (Crise and Rose, 

1992). The retention of this tyrosine kinase in the cytoplasm could be toxic to the ce11 or 

affect its fùnction. 

C. Cytotoxic CD8 ceIl 

CD8+ cells are also believed to play a critical role in contmlling HIV-1 idection, 

particularly during the phase of clinical latency and long-term nonprogressors (Paul, 

1995). Tu do so, CD8+ cells have been shown to secrete some HIV-SF (HIV-suppression 

factors) that have recently been identified as chemokines RANTES, MIP- l a and MIP- 1 P 

(Nelbock et al. 1990; Mackewicz et al. 1995; Cocchi et al. 1995). Studies have also 

indicated that cytotoxic CD8+ cells might kill nomal CD4 cells as well as those infected 

with HN (Zarling et al. 1990; Pantaleo and Fauci, 1995). Two separate mechanisms are 

Iikely Uivolved in the killing: direct lysis by releasinp lytic granules or inducing 

apoptosis. 



D. Autoimmune mechanism 

In some of the early studies of HIV infection, antibodies to CD4 cells were 

detected (Dorsett et al. 1990; Ardman et al. 1990). Moreover, autoantibodies to the CD4 

molecule itself have also been detected in HIV-ulfected individuais (Favre et al. 1986; 

Chams et al. 1988). Those autoantibodies might be responsible for CD4 cell death. The 

reason for this origin is not known. 

E. Effects of cytokines 

Several cytokines are produced by a variety of immune ceILs after the activation by 

infection and infiammation. For example, IL- 1 (interleukin- 1) and TNFa are induced by 

macrophages infected by HIV or exposed to the viral gp120 or Tat, where IL-1 nomally 

stimulates CD4 cell maturation and TNF-a cm be toxic to CD4 cells and can induce 

apoptosis (Merrill et al- 1989). Viral gp120 was reported to potentiate TNF-a-induced 

NF-kB activation by stimulating a signal pathway that involves ps6Ick and increased 

formation of reactive oxygen intermediates such as H202 in Jurkat cells (Shatrov et al. 

1996). Moreover, induction by H I V  of IL-6 production by human B lymphocytes has also 

been descnbed (Boue et al. 1992), which might cause the polyclonal activation of B cells. 

IL-2, as a T cell growth factor, is also disregulated by HIV-1 Tat. However, the relative 

extent of cytokine expression during HIV infection is not clear, and whether these cellular 

products act as cofactors to influence the CD4 cells destruction or compromise their 

fiinction needs M e r  evaluation. 



5. HIV-1-induced encephalopathy 

A. Neuropathological findings in AIDS 

It bas k e n  estimated that -17 miliion people worldwide are infected with HIV-1 

at the end of 1996 and one-third of these individuals will develop a dernenting illness. 

HIV-1 infection is now the leading cause of dementia in the people less than 60 years of 

age (McArthur et al. 1993; Janssen et al. 1992). The clinical manifestations encornpass 

impairment of motor control, cognition and behavior (Pnce et al. 1988) so called AIDS 

dementia complex. The gross pathology of the brain in AIDS dementia complex is 

variable. As expected fiom the nature of clinical hciings in AIDS dementia complex, 

subcortical lesions are most prominent, particularly in the lobar white matter and deep 

gray nuclei (e.g., the thalamus). Subcortical atrophy ranges fiom slight to marked. In the 

latter event, there is usually significant enlargement of lateral ventricles (Dal Canto, 

1989). Microscopic examination of the brain with AIDS dementia complex may show 

different degrees of involvement in different structures. Accumulation of mononuclear 

cells accompanied by multinucleated giant cells is evident. The giant cells are monocytic. 

HIV has been demonstrated in these cells in white matter infiltrates @al Canto, 1989). 

Abnormalities of cerebral myelin are also seen in association with AIDS dementia 

cornplex, most prominently progressive diffise leukoencephalopathy, also termed defuse 

rnyelin pallor (Glass et al. 1993). Another neuropathological finding is astrocytosis that is 

defined by increases in density (hyperplasia) and size (hypertrophy) of astrocytes 

(Vitkovic and da Cunha, 1995). Astrocytosis is the most fiequent pathologicai change 

occurring in adult and developing brains of HIV-1-infected individuals during the early 



stage of infection (Everall et al. 1993). Furthemore, astrocytes can be productively 

infected with HIV-1 and produce al1 of the structural proteins and regdatory proteins of 

the vins (Tomatore et ai. 1994, Saito et al. 1994, Ranki et al. 1995, Nath et al. 1996b). 

The infected astrocytes then can release infectious virus. However, astrocytes can 

establish a latent infection. HIV may alter the function of astmcytes when it integrates at 

a site w i t h  the chromosomal DNA. More irnportantiy, neuronal loss occurs in cortexes 

of brains in the patients with AIDS dementia. Pathology in HIV-1 associated motor 

cognitive complex is characterized by a loss of large neurons in the orbitofiontal region 

of the cortex (Gray et al. 199 1 ; Ketzler et al. 1990). Neuronal losses of 50% to 90% were 

observed in the intemeurons of the hippocampus (Masliah et al. 1992a). Golgi analysis of 

the frontal region showed a 40% loss of dendrites and 40% to 60% loss of spine density 

dong apical dendrites of the large pyramidal neurons; the afEected dendrites are dilated, 

tortuous, and vacuolated with decreased lengths and branching points (Masliah et al. 

1992~). In addition to neuronal loss, more sensitive techniques have shown that a loss of 

synaptic contacts and vacuolar changes in the neurons in both the deep gray matter and 

cortex in patients dying with AIDS (Masliah et al. 1992b; Wiley et al. 1991 b). Recently, 

using in situ technique, apoptosis of neurons bas ken  demonstrated in cerebral and basal 

ganglia of brains that had HIV- 1 encephalitis with progressive encephalopathy (Gelbard 

et ai. 1995). However, the mechanisms underlying these pathological changes and 

relationships between these pathological changes and A[DS dementia complex are not 

fully understood. For example, neuronal loss is most unlikely due to direct infection since 

neurons are rarely infected with HIV-1. Moreover, multinucleated giant cells and diffuse 



myelin pdlor were found in 50% of specimens fiom patients with dementia while half of 

the tissue samples fiom the patients with dementia exhibited no such abnorrnalities. Thus, 

multiple factors are likely involved in reducing the complex of pathological changes. 

These factors may include: (i) infection of brain cells by HIV-1, (ii) the toxic effects of 

viral proteins (gp 120, gp41, Tat, and Nef), (iii) autoimmune and other immune mediators, 

(iv) toxic effects of cytokines, (vi) virai cofactors. 

B. HTV-1 infection of brain c e b  

Many studies have shown that the central nervous system is exposed to HIV early 

in the course of systemic infection. The exposure may continue throughout the course of 

infection. AIthough there is evidence of viral infection and of an immunologie reaction, it 

is not necessarily accompanied by clinical injury to the host. Therefore, some questions 

remain to be answered: how HIV-1 enters the CNS; how HIV infection of the brain 

relates to APDS dementia complex and what types of cells are infected by HIV-1. 

HIV-1 invades the CNS via means that are still not fülly understood. On the basis 

of many studies, the monocyte or macrophage is believed to be the p ~ c i p a l  vector that 

carries HIV-1 across the blood-brain barrier into the brain (Koenig et al. 1986; Price et al. 

1988). They rnay enter via endothelial ce11 spaces followed by infection of susceptible 

cells in the brain such as microglia and astrocytes (the Trojan horse hypothesis) (Power 

and Johnson, 1995). HIV entry by direct infection of capillary endothelial cells should 

aiso be considered (Harouse et al. 1989, Falangola et al. 1995). V i m  also rnay enter the 



brain via a disrupted blood-brain barrier since diffuse breakdown of the blood-brain 

barrier is an accompaniment of early infection by HIV-1 (Brightman et al. 1995). 

In the brain, there are many types of cells in the brain susceptible to HIV-1 

infection. The resident macrophages (CD4+) and microglia (CD4+) are the most 

fiequentiy and productively uifected with HIV- 1 (Koenig et al 1985, (Wiley et al. l986), 

Pumarola-Sune 1987, Budka et al 1987, Meyenhofer et al. 1987). HN-1 has aiso been 

s h o w  to infect pNnary human astrocytes (Wiley et al. 1986; Tornatore et al. 1994; 

Tornatore et al. 1991; Nath et al. 1995), brain-derived glia ceHs (Harouse et al. 1989; 

Clapham et al. 1989; Cheng Mayer et al. 1989) and brain capillary endothelial cells 

(Harouse et al. 1989). The extent of virus replication is generally low in those CD4- cells. 

For example, low copy numbers of the genomes are expressed in astrocytes afler 

infection with HIV-1 (Tornatore et al. 1994b; Nath et al, 1995b). The limited amount of 

virus production may be due to inefficient Wal entry because usually less than 1% of 

cells become infected (Kleinschmidt et al. 1994; Brack Werner et al. 1992) and once 

infection is established, subsequent virus replication cm occur. This is supported by in 

vitro experiments in which HIV-1 expression can be induced by cytokines although HIV- 

1 infection of astrocytes is persistent or latent (Tornatore et al. 1991). The nature of the 

cell surface molecule(s) responsible for viral entry into non-CD4 cells such as prirnary 

human astrocyte is not known. But viral entry conceivably could involve fusion 

receptors. On brain-derived cells, a potential fusion receptor bas been identified by using 

rabbit polyclonal antibodies to GalC (gaiactosyl ceramide) (Harouse et al. 199 1). This 



ce11 d a c e  product appears to be the receptor for virus entry (Bhat et al. 1991). It binds 

to a portion of V3 loop on gp120 rather than the region for CD4 (Bhat et a[. 1991). The 

same receptor has also been Linked to infection of bowel epitheiial cells (Yahi et al. 

1995; Yahi et al. 1992). It is important to fkther c o d h  that the GalC acts as the H I V -  1 

receptor for non-CD4 celis since infection of GalC-rich neurons and oiigodendricytes is 

still controversial. Furthemore, not ail  brain ceiis express this giycolipid. Human fetal 

astrocytes, for example, have been shown to be susceptible to HIV-1 iafection without 

GaiC on the ceil surface (Nath et al. 1995; Ma et al. 1994), suggestiag that other 

receptor(s) may be involved. A novel protein receptor has been demonstrated on non- 

CD4 glioma celis. This protein is approximately 180 kDa, distinct fiom CD4 and appears 

to induce tyrosine-specific protein kirase activity in the cells by binding to gp120 

(Schneider Schaulies et al. 1992). Many other putative binding sites for virus entry have 

also been reported, such as the gp4 1 binding sites (Wild et al. 1992; Qureshi et al. 1 WO), 

mannose-binding lectin on the ceil membrane for gp120 (Curtis et al. 1992) and 

lymphocyte-fûnction associated antigen adhesion molecule for HJV- 1 infection (Hansen 

et al. 199 1 ) .  However, their role in virus entry and infection needs M e r  evaluation. 

Infection of microglia occurs via a CD4 mediated mechanism and leads to 

cytopathic effects and muitinucleated giant ce11 formation (Watkins 1990, Jordan 199 1). 

As descnbed above, astrocytic infection does also occur, particularly in children 

(Blumberg et al. 1994; Blumberg et al. 1992; Nath et al. 1995; Tomatore et al. 1994, 

Takahashi et al. 1996). However, the fact of non-cytopathy of these infected cells raises 

the question of biological relevance. Recently, some in vivo studies have shown the links 



between astrocyte Section and AIDS dementia complex. By examining the sarnples of 

addt human brain infected with HIV-1, Ranki et al. found that HIV Nef and Rev were 

abundantiy expressed in astrocytes fkom six out of seven patients d e r i n g  fiom moderate 

to severe dementia (Ranki et al. 1995), suggesting that astrocytes are infected with HIV-1 

and their infection is associated with AIDS dementia complex. Astrocytes are essential to 

neurons. Astrocyte dyshction caused by either HIV-1 infection or viral proteins may be 

associated with AIDS dementia complex (see later section). Recently, in viho 

experimeents have shown that the endotheiial celis of the central microvascuiature and not 

the rnacrovasculature could be idected with HIV-1. The infection of these ceiis is 

independent of CD4 and cytopathic effects have not been reported (Howard and Gnffitb, 

1993, Poland et al. 1995). The endotheliai cells fiom the choroid plexus have also been 

infected with HI ' -1  in viîro (Moses and Nelson, 1994; Harouse et al. 1989, Falangola et 

al. 1995). However, the relationship between AIDS dementia complex and infection of 

endothelial cells remains to be evaiuated. Although some studies have shown that 

oligodendrocytes and neurons could be USected with HIV-1 in viîro (Albnght et ai. 

1 W6), convincing evidence of infection of these cells in vivo is still lacking. 

C. ToBc effects of viral proteins 

Neurotoxic effects of Wal proteins have been demonstrated in association with 

HIV-1 infection (Lipton, 1991). The virai proteins in the brain originate from rnicroglia 

or macrophages infected with HIV-1. They may also enter the brain via disrupted blood 

brain barrier. Moreover, infection of astrocytes and endothelial cells may contribute some 



Wal proteins in the brain. Among the viral proteins are gp120, gp41, Tat, and Nef. The 

envelope protein ml20 is shed fiom the vim and has been shown to the neurotoxic in 

vitro and in vivo (Hill et al. 1993; Dreyer et al. 1990). In vino experimmts show that 

gp 120 kills cultured rodeat neuronal ceUs (Brennemsul et al. 1994). Further studies have 

shown that the gpI20 induces an early nse in intmcellular Ca" concentration in mixed 

rodent neuronal cultures (Dreyer et al. 1990). Such inmeases in intrafeilular ca2+ 

represent a common mechanism for neuronal death induced by a diverse group of acute 

and chronic neurological diseases (Lipton, 199 1). The gp 120-induced neurotoxicity could 

be prevented by either antagonists of the L-type voltagedependent ca2+ channels, such as 

nimodipine or antagonists of N-methyl-D-aspartate (NMDA) receptor-gated channel, 

such as MK-801, suggesting an invoivement of voltage-gated ca2+ channels and NMDA 

receptor-gated channels (Dreyer et ai. 1990; Lipton et al. 1991). In addition, certain 

regions of the gp120 (particularly a threonine-rich region cailed peptide T) appear to 

compete with neurotrophic factors, such as neuroleukin and vasoactive intestinal 

polypeptide (VIP) (Pert et al. l988b; Pert et al. l988b; Lee et al. l987b). In this case, 

VIP cm prevent the neuronal ce11 killing induced in viîro by gpl2O (Dreyer et al. 1990). 

Thus gp120 might cause neurologie disorder by blocking those factors needed for the 

growth, communication, and maintenance of nerve cells. In vivo studies have also 

supported gp 1 20 neurotoxicity . Brememan et al. have found that intraventricdar 

injections of gp120 into rat brain resuit in dystrophie neurites in hippocampal p w d d  

c e k  as weil as behavioral dekits (Bre~eman et al. 1994). Based on the in vivo 

experiments, interaction between gp120 and NMDA receptor was suggested due to the 



simïlarity of neuronal injury in both the brains of A [ D S  patients ( A c b  et ai. 199 1) and 

the brallis of rats injected with gp120. However, it is as yet unknown if the effects of 

gpl2O on the NMDA recepton act directly on neurons, or act via glia ceils such as 

microglia and astrocytes, or by a combination of mechanisms (Lipton, 199 1) since these 

experiments have k e n  doue in either the brain or mixed cultures. in fact, there are 

growing evidence to suggest that the relationship between gp120 and NMDA receptor is 

indirect. For example, in patch-clamp recordings, gp120 does not have glutamate-like 

effect on NMDA meptor, and degradation of the endogenous EAA (excitatory amino 

acid) glutamate protects the neurons from gpl20-induced injury (Liptcic et d. 19%). One 

possibility is that gp120 sensitizes neurons to the lethal effects of EAA on NMDA 

receptor. Interestingly, when L-leucine methyl ester was used to deplete mononuclear 

phagocytes fiom neuronal culture, gpl20-mediated neurotoxici~ was eliminated (Lipton, 

1993). It is also believed that HIV-1 infection or gp120 stimulate microglia or astrocytes 

to release some toxins including arachidonic acid metabolites, TNF-a, IL- 1 P, quinolinic 

acid and etc. (Lipton and Gendelman, 1995; Gendelman et al. 1994; Pulliam et al. 199 1 ; 

Giuiian et al. 1990). Some of the toxins act directly or indirectly on NMDA receptors. 

Tat has also be shown to be neurotoxic to neuroblastoma ceil Luies (Sabatier et ai. 

199 1) and human fetai neurons (Magrwon et al. 1995, Nath, et al. 1 996) in viho. The 

basic region of Tat is important for its toxicity. However, t 5 mer peptides containhg the 

basic region of Tat could not induce neuronal death while Tat 1-72 and Tat3 1-6 1 were 

neurotoxic, suggesting that the neurotoxic domain is confirmation dependent. Further 

studies determined that Tat can produce neuronal excitation and elevation of intracellular 



Ca" concentration (Magnuson et al. 1995, Nath, et al. 1996). The Tat-Uiduced effects can 

be prevented by antagonist. of the non-NMDA receptor, such as CNQX (6-Cyano-7- 

nitroquinoxaline-2,3-dllie), niggesting that Tat action is iikely mediated, at least in part, 

by non-NMDA receptors. Tat also causes aggregation and adhesion of cerebellar neuroas 

(Orsini et al. 1996). Tat is neurotoxic when inoculated intracerebraily into mice (Sabatier 

et al. 1991) and causes gliosis, macrophage infiltration, and apoptosis of neuronal cells 

(Jones et al. 1996). Tat bas also numerous ef5ects on cytokine production which are 

discussed in a later section (iI, 6D). 

By sequence analysis, Nef , and perhaps part of gp41, has k e n  s h o w  to be 

related to scorpion toxins (Werner et al. 1991; Garry and Koch, 1992). Nef can affect 

normal cellular transmembrane conduction. However, more evidence is needed for Nef 

neurotoxicity. Recently, one in vivo study has s h o w  abundant expression of HIV Nef 

occurred in brain astrocytes and is associated with AIDS dementia complex (Radu et al. 

1995). 

D. Neurotoxic effects of cellular factors 

Several cytokines including RJF-a, IL-4, TGF-P and IL43 are produced in the 

CNS after HIV infection or exposure to viral proteins. TNF-a in large quantities has been 

shown to damage nemns  fiom rodent species, to be toxic for myelin and human glioma 

ce11 lines, and alter the permeability of the blood brain barrier (Power and Johnson, 1995; 

Selmaj et ai. 1990; Rutka et al. 1988). In some studies, the most notable change 

associated with HIV-1 dementia was elevated mRNA expression for TNF-a with 



decreased levels of IL-4 mRNA in the brain parenchyma (Wesselingh et al. 1993; Glass 

et al. 1993). Further studies have shown that TNF-a is Ucely produced by microglia in 

response to either HIV infection or viral proteins includhg gp 120 and Tat (Merriil, 1992; 

M e r d  et al. 1989; Matsuyama et aL 1991; Gallo et ai. 1989). Induction of TGF-P 

(transforming growth factor beta) production by microglia and astrocytes bas also been 

linked to CNS disorders (Wahl et al. 1991). TGF-B is a very potent chemotactic factor 

and can increase the production of other cytokines including TNF-a. Although TGF-fl 

itseif has not been show to be directiy neurotoxic, its expression was found in the brain. 

Furthemore, IFN-y (interferon-y) and IL-1 B fiom microglia or astrocytes can aiso induce 

the production of arachidonic acid metabolites (Gendelman et al. 1994). 

It has been postulated that arachidonic acid metabolites such as LTB4 

(Leukotriene B4), LTD4 (Leukotriene D4) and PAF (platelet activating factor) may be 

involved in HIV-induced CNS disorders based on in vitro and in vivo studies. 

Arachidonic acid can inhibit hi& aflhity uptake of dutamate into synaptosomes and 

astrocytes, and potentiates NMDA receptoractivated current by uicreasing open channel 

probability (Miller et al. 1992). Cultivation of HIV-1 idected monocytes with glia cells 

stimulated synthesis of LTB4, LTD4, and PAF, and led to injury of neurons present in 

the culture (Gelbard et al. 1994; Epstein and Gendelman, 1993; Genis et al. 1992). This 

process may be due to these arachidonic acid metabolites which rnay contribute to 

excessive NMDA receptor stimulation by increasing the release of glutamate, inhibiting 

its uptake, and ultimately enhancing its action at the NMDA receptor (Bito et al. 1992). 

G r i f i  et al. have s h o w  that prostaglandin E2 levels in CSF (cerebrospinal Buid) of 



HIV-infected individuais with dementia were increased. This increase was associated 

with severity of dementia. 

Additional neumtoxic factors have been implicated in the pathogenesis of AIDS 

dementia complex incluciing quinolinic acid and nitric oxide. Quinolinic acid is a 

tryptophan-derived NMDA receptor agonist which is toxic to neurons. High levels of 

quinolinic acid have been detected in the CSF of JiW-1 iafected patients (Heyes et al. 

1991), suggesthg it may play a role in AIDS dementia complex. Nitric oxide has also 

been implicated in HIV-induced neurological diseases. Nitric oxide is a powerfùi 

endogenous mediator for numerous physiological responses includhg antimicrobial and 

antivrial activity, but may mediate brain injury as well (Dawson et al. 1993). NMDA 

receptor-mediated elevation of ca2+ in neurons indirectiy c a w d  by MV-1 infection or 

gp120 can stimulate the formation of nitric oxide, which contributes to the cascade of 

neurotoxic events (Dawson et al. 1991). Nitric oxide itself may not be directly 

neuro toxic. However, other fiee radicals, including superoxide &on, appear in response 

to the over stimulation of NMDA receptors (Lipton et al. 1993). Superoxidi: anion reacts 

with nitric oxide to yield a neurotoxic substance probably peroxynitrite or one of its 

breakdown products (Lipton et al. 1993). The relevance of niaic oxide to HIV-induced 

dementia has been supported by the following evidence. First, gp120 neurotoxicity in 

primary neuronal culture may be mediated in part by nitric oxide (Lipton et al. 1993; 

Dawson et al. 1993). Second, in one in vivo study, nitric oxide synthase has been reported 

hi& in brain tissue with AIDS dementia (Bukrinsky et al. 1995) although the links 

between AIDS dementia complex and nitric oxide aeeds M e r  studies. Third, gp120 can 



stimdate an inducible form of nitric oxide synthase activity in astrocytes which can be 

upregulated by IL49 and IFN-y (Mollace et al. 1993b). Fourth, the expression of 

inducible nitric oxide synthase in HIV-1-infécted microglia correlates with their 

activation by endotoxin or cytokine (Bukrinsky et al. 1995). The low level of nitric oxide 

in HIV-1-Uifected or gp120 stimulated microglia or astrocytes suggest that this fiee 

radical is not the primary or sole factor in neuronal injury (Pietraforte et al. 1994; 

Bukrinsky et al. 1995; Lipton, 1994). 

Additionally, Guilian et al. have identified a small molecule which has been 

shown to damage neurons in vivo and is secreted by HIV-infected macrophages andor 

macrophages treated with gp120 (Guilian et al. 1990). The same group has also found 

that a neurotoxic amine, NTox, was produced by blood monocytes and by braia 

mononuclear phagocytes infected with HIV-I (Giulian et al. 1996). The NTox was 

demonstrated to be a NMDA receptor-directed toxin associated with neuronal damage 

(Giulian et al. 1996). 

E. Auto-immune mechanisms and coinfection with other viruses 

Immunologie disorders and viral coidection may be the two other mechanisms 

for HIV-I pathogenesis in the brain. For example, antibodies to myelin basic protein have 

been detected in the CSF of patients with AIDS dementia complex (Liuzzi et al. 1992). 

Anti-gp4 1 antibodies cross-react with some proteins in astrocytes (Yamada et al. 1 99 1 ). 

This cross-reaction is thought to compromise astrocyte functiom. Moreover, antibodies to 

brain were also detected in the sera of infected patients with neurologie disease (Kumar et 



al. 1990). In addition, antivirai or anticellular cytotoxic T lymphocytes could be 

generated to h m  brain celis (lassoy et al. 1992). Finally, coinfection with other 

infectious agents such as cytomegalovirus, herpes virus, and JC virus could worsen the 

neuropathologie changes caused by HIV-1 infection (Nelson et al. 1988a; Nelson et al. 

1990a; Ho et al. 1991a). It is noteworthy that HIV Tat protein can enhance human 

cytomegaiovinis gene expression and JC virus T-antigen expression (Chowdhury et al. 

1990; Ho et al. 1991) and conversely, cytomegalovirus and JC virus have been shown to 

activate the HIV LTR-directed gene expression (Gendelman et al. 1986; Davis et al. 

1987). 

6. HIV-1-induceà astrocyte alteration 

A. Functions of astrocytes 

The astrocyte is the most abmdant brain cell, outnumbering neurons by about 

10:l. Derived fiom the neuroectoderm of the neural tube, these cells are, in reality, a 

lineage representing a large family of cells that share certain biochemical and 

morphological specialization, while diverging in certain functional capabilities. 

Classically, there are two principal types of astrocytes which are classified on 

morphological basis. The two types are known as protoplasmic and fibrous astrocytes. 

Protoplasmic astrocytes are characterized by thick, branched processes with spiny 

projections and are localized primarily with the gray matter. The fibrous astrocytes, in 

contrast, comist of relatively long, thin processes with few branches and are the 

predominant type in the white matter. They play very important fünctions in maintainhg 



normal brain functions. For example, they support neuronal survival and activity by 

regulating the extracellular environment and the release of neuroactive compounds. The 

best understood function in adult bmin is the metabolism of glutamate and the major 

inhibitory neurotransmitter, GAE3 A (y-amino butyric acid). The glutamate-GAB A cycle is 

catalyzed by several enzymes compartmentaiized between astrocytes and neurons. One of 

these enzymes is glutamate synthetase tbat is almost exclusively made in astrocytes. By 

consurning ammonia in the brain, it catabolizes glutamate to glutamine. This reaction 

detoxifies ammonia fiom the brain and removes excess glutamate which is excitoxic at 

high concentration in the brain. In addition, astrocytes take up synaptically released 

glutamate (Mennerick and Zonunski, 1994). Thus, astrocytes do not only protect neurons 

from excitoxicity but probably control synaptic currents. Astrocytes also have many 

other functions including scar formation after brain injury, influence of myelin turnover 

via gap junction and induction of the blood-brain barrier. Moreover, astrocytes 

participate in immune reaction by acting as an antigen-presenting ce11 and by releasing 

cytokines. Hence, alteration of astrocyte function could have disastrous consequences for 

normal brain hction. 

B. Astrocytosis and KIV dementia 

Astrocytosis is consistently reported as the earliest neuropathological change in 

brains of HIV-1 infected individuals. It was detected as early as 15 days following 

infection with HIV-1 (Davis et al. 1992). A relationship between astrocytosis and the 

infection of the brain parenchyma with HIV-I is unknown. HIV-1 antigens were not be 



detected by immunocytochemistr~ in any of the 11 brains kom HIV-1 seropositive 

asymptomatic kdividuals displayhg astrocytosis (Gray et al. 1992). Furthermore, 

astrocytosis was present in al1 tissues fiom seropositive individuals whereas p24 antigen 

was only detected in some of the samples. These observations suggest that astrocytosis 

may occur independently of HIV-1 expression in the brain. Thus, astrocytosis may be 

indirectly associated with dementia. 

Astrocytosis can be triggered by circuiating cytokines before the entry of HIV-1 

into the brain. hterleukin-l (IL-1) and TNF-a concentrations in circulation increase upon 

systemic infection with HIV-1, secreted by HIV-1-infected monocytes (Memll et al. 

1 989; Locksley et al. 1988). Circulating IL- 1 stimulates directly andlor indirectly its own 

expression in the brain where IL4 induces TGF-Pl (transfomiing growth factor-pl) in 

astrocytes and other glia cells of the fiontal cortex (da Cunha and Vitkovic, 1992; da 

Cunha et al. 1993). These cytokines and probably others initiate and control astrocytosis. 

Astrocytosis may cause neuronal dysfunction underlying AIDS dementia complex. The 

fùnctions of astrocytes couîd be diminished during astrocytosis by TGF-B 1, which down 

regulates glutamine synthetase in cultured astrocytes (Tom DelbauEe et al. IWO). Thus, 

dysregulated astrocytosis may by itself disturb catabolization of glutamate and ultimately 

cause excitoxicity, one of the possible mechanisms for neuronal dysf'unction in AIDS 

dementia complex (Lipton et al. 1995). Glutamate induces prompt and oscillatory 

elevation of cytoplasmic fiee ca2+ in astrocytes (Jensen and Chiu, 1991; Corne11 Bell et 

al. 1990). The ca2+ signals can propagate fiom astrocytes to neurons (Nedergaard, 1994) 

suggesting that astrocytes can directly modulate neuronal intracellular C d +  



concentration. The observation fiom Nedergaad et al. has also supported the potential 

relationship between astrocytosis and AIDS dementia cornpiex. They have determined 

that astrocytosis in brains with AIDS dementia complex was at least two standard 

deviations of the mean higher than brainç without AIDS dementia complex (Vitkovic and 

da Cunha, 1995). Together these findings strongly suggest that dysregulated astrocytosis 

cm cause neuronal injury of AIDS dementia complex. 

C. Effects of gpl20 on astrocytes 

As noted above, increasing evidence have suggested that astrocytes could be 

infected with HIV-1 and the infection is not mediated by CD4 molecules (Tomatore et al. 

1994a; Blumberg et al. 1992a; Nath et al. 1995a). Indeed upon infection with tW- 1 or 

following exposure of glia cells to gp120, astrocytes have been found to undergo 

physiological, biochemical and morphological changes (Bubien et al. 1995; Benos et al. 

1994; Ciardo and Meldolesi, 1993; Codazzi et al. 1995; Pulliam et al. 1993). First, 

human astrocyte cultures treated with gp 1 20 showed decrease expression of GFAP (Glial 

fibnllary acidic protein), as weLl as the diminution of a major protein of 66 kDa (Pulliam 

et al. 1993). Second, some studies have indicated that gp120 can upregulate intracellular 

adhesion molecule-1 (ICAM-1) expression in primary rat and human astrocytes via a 

signal transduction pathway involving activation of protein kinase C and tyrosine kinase 

(Shrikant et al. 1996). Third, similar to the effects on the neurons, gpl2O also increases 

Ca2+ concentration in astrocytes of rat cerebellum (Ciardo and Meldolesi, 1993; Codazzi 

et al. 1995). However, in contrast to neuronal response to gp120, astrocyte response to 



gp 120 most unlikely involved activation of either voltage-gated Ca2' channels or NMDA 

receptors (Ciardo and Meldolesi, 1993). Fourth, gp120 has been shown to alter K+ and 

Na+ ion transport in astrocytes (Bubien et al. 1995; Benos et al. 1994). Fifh, as noted 

above, gp 120 may enhance W- 1 -related neuronal damage. Moliace et al. demonstrated 

that gp120 stimulates an inducible form of niîric oxide synthase activity in cultured 

astrocytoma cells (Mollace et al. 1993a). Sixth, Levi et al. demonstrated that gp120 

inhibited P-aârenergic regdation within astrocytes (Levi et al. 1993). Acute exposure to 

picomolar gp120 depressed P-adrenergic agonist-induced formation of CAMP altered 

CAMP-regulated functions in astrocytes. Finaiiy, astrocytes can produce rnany types of 

cytokines including TNF-a, lymphotoxin, IL-1, IL-6, IFNa, IFN-P and TGF-P. Most of 

those cytokines induce neurotoxicity via different mechanisms. HIV- I infection or gp 120 

have been shown to stimulate astrocytes to produce I L 4  and TNFa , which rnay injure 

neurons (Yeung et al. 1995). Induction of TGF-P production by astrocytes after HIV-1 

infection, gp120 treatment or contact of infected macrophages has been linked to AIDS 

dementia complex (da Cunha et al. 1995; Wahl et al. 1991). Since TGF-B is a very potent 

chemotactic factor and can enhance the production of other cytokines including TNFa,  it 

may play an important role in AIDS dementia cornplex. Therefore, these findings may 

provide new insights into how gp120 c m  iduence the involvement of astrocytes in 

AIDS dernentia complex. 

Although the mechanism by which gp120 interacts with an astrocyte ce11 

membrane or by which HIV-1 enters astrocytes is unclear, HIV-1 infection of at least 

microglia in the brain appears to be mediated by the binding gp120 to the CD4 receptor 



(Jordan et al. 199 1 ) .  Furthemore, GalC has been detennined to bind to gp 120 in brain 

ce11 lines (Harouse et al. 199 1 ; Bhat et al. 1991). A 180 kDa protein, gp120 binding 

protein, that is distinct fiom GalC and CD4 has also been descxibed on a human glioma 

ce11 line (Schneider Schaulies et al. 1992). Since alteration of astrocytes caused by HIV-I 

uifection or gp 120 is likely associated with AIDS dementia complex, characterization of 

molecules on astrocyte membrane for gp120 interaction will help in understanding the 

pathogenesis of AIDS dementia cornplex. 

D. Effects of Tat on astrocytes 

Tat effects a variety of cellular functions in addition to its transactivating activity 

of W - 1  gene expression. Tat up-regulates tumor growth factor P-1 in lympocytic cells, 

glia cells, and bone marrow macrophages (Zauli et al. 1992; Cupp et al. 1993), 

interleukin-4 receptoa in B lymphoblastoid cells (Puri and Aggarwal, 1992), 

(Westendorp et al. 1994) and TNF-P in T Iyrnphocytic and B lymphoblastoid cells 

(Sastry et al. 1990; Buonaguro et al. 1994). Tat also suppresses host ceil functions such 

as antigen-induced lymphocyte proliferation (Viscidi et al. 1 989), major 

histocompatibility complex class I expression (Howcroft et al. 1993), protein kinase 

activity (Roy et al. 1990b) and manganese superoxide dismutase activity (Flores et al. 

1993). Besides, Tat transforms keratinocytes (Kim et al. 1992) and acts as a growih factor 

for Kaposi's sarcoma ceils (Barillari et al. 1993). Recent studies suggest that Tat may 

also be involved in cellular processes that control apoptosis (Zauli et al. 1993; Li et al. 

1 995). 



Importantly, Tat has a number of effects on astrocytes. Extracellular Tat 

increases both NF-kB binding and protein kinase C activity promoters (Conant, et al. 

1996, Taylor et al. 1995), implying that Tat probably affects many functions of astrocytes 

because NF-kB is a transcriptionai factor that activates a number of cellular promoters. 

Tat also transactivates JC virus T antigen expression in astrocytes (Chowdhury et al. 

1990), and enhances the expression of extracellular matrùc protein in glia cells (Taylor et 

al. 1992). It c m  also alter normal organkation of neuron and astrocytes in primary ce11 

culture (Koken et al. 1994). Similar to the effects of gp 120 on astrocytes, Tat has also 

been shown to stimulate TGF-Pl in human astrocytic glial cells (Cupp et al. 1993). In our 

laboratory, we have demonstrated that Tat could induce changes in intracellular calcium 

in astrocytes (Haughey et al. unpublished observation) and stimulate expression of IL- 1 J3 

in astrocytoma cells (Chen et al. unpublished result). 

One unique feature of Tat is that it is released fiom productively infected cells to 

extracellular medium (Ensoli et al. 1990, 1992) and subsequently the extracellular Tat 

cm be taken up by many ce11 types and localized in the nucleus (Frankel et al. 1988; 

Green and Loewenstein, 1988). Interestingly, Tat has been shown to be predominantly 

localized to the nucleolus (Fawell et al. 1994; Miyazaki et al. 1992; Hauber et al. 1989; 

Frankel et al. 1988; Green and Loewenstein, 1988) while a nuclear localization signal in 

basic region is essential for Tat uptake. The ability of Tat to affect a number of cellular 

functions and be taken up, that there are suggests cellular receptoa for the Tat. So far, 

besides the Tat binding proteins on the ce11 (discussed in II 2), Tat has been shown to 

bind to some proteins. For example, Tat binds to a 90 kDa surface protein on Molt cells 



(lymphocytic ceil b e )  which is important for ceIl attachrnent (Ohana er al. 1993; 

Nelbock et al. 1990; Weeks et al. 1993). Integrin a5B1 and avf33 are also the receptoa 

for Tat protein. Tat binds to integrin a5B1 and avp3 via the RGD sequence located on 

the C-terminal region of Tat protein (Ensoli et al. 1994; Ensoli et al. 1990; Toyama et al. 

1992). N-terminai region of Tat contains a basic region which mediates Tat binding to 

avB5 integrin (Vogel et al. 1993). integrins are ceii adhesion molecules, a family of 

trammembrane receptors (Vogel et al- 1993). The relevance of integrin binding of Tat to 

HIV-1 pathogenesis is not clear. It has been suggested that Tat can affect some cellular 

hct ions  through this interaction between RGD sequence of Tat and integrin d B 1  and 

avp3 such as ce11 proliferation of Kaposi's sarcoma and orgaukation of primary 

astrocytes. However, Tat binding to integrin avpS is unlikely play a role in Tat uptake by 

cells since anti-integrin antibodies capable of blocking ce11 attachent to Tat were not 

able to block uptake of Tat into cells (Vogel et al. 1993). However, it is still unknown if 

Tat action on astrocytes is due to membrane binding or following internalization. Clearly, 

it is crucial for us to understand the mechanisrns since astrocytes may play an important 

role in AIDS dementia complex. 

7. Objectives 

Infection with HIV-1 fiequentiy causes a dementing illness, resulting from 

neuronal ceil loss, astrocytosis, myelin pailor, and infiltration by blood-derived 

macrophages. The virus causes a productive infection in microglia and a latent infection 

in astrocytes. The mechanism of Wal entry into microglia is likely similar to 



macrophages and mediated via CD4 and chernokine receptoa. However, mechanism of 

Wal entry into astrocytes remains to be determined. 

The infected ceiis reIease solubIe substances that interact with uninfected glial 

cells and neurons resulting in cellular dyshction. Two viral proteins, gp120 and Tat 

have been impiicated in mediating these responses. 

The objectives of the project are thus to: 

1) establish pure cultures of astrocytes fiom human fetd brain. 

2) synthesize and p w  recombinant Tat protein. 

3) identiQ the dynamics of interaction between the virai protein gp120 and 

Tat with astrocytes. 

4) i denw and characterize the molecuies on the astrocyte ceIi membranes 

that bind to gp 120 and Tat. 



III. MATERIALS AND METHODS 

Part 1 Collective Materials and Methods 

1. Cell cultures 

A. Astrocytes 

Human fetal brain tissue was obtained fiom the Department of Obstetrics and 

Gynecology at the University of Manitoba with approval from both Hospital and University 

ethics cornmittees. Tissue was obtained afkr written consent h m  women undergohg 

elective temination of pregnancy with no risk factors for HIV-1 infection. Brain tissue 

fiom human fetuses of 13 to 16 weeks gestationai age was washed with 10 ml senun-fiee 

Dulbecco's Modifieci Eagle Medium @MEM) (GIBCO) in a sterile petrie dish, and then 

mechanicaiiy disrupted by aspiration through a 20-gauge needle twice. The tissue was 

washed in DMEM and spun at 400g for 10 min and plated into 75 cm2 tissue culture flasks 

(GIBCO). Each brain specimen was plated separately without pooling of tissues fiom 

sunilar or different gestationai ages. Ceils were cultured in 20 ml of DMEM with 10% (vh) 

heat inactivateci fetal bovine senun (FBS) (GIBCO), 100 U/ml penicillin (Sigma), 100 

&mi seeptomycin (Sigma) and 0.25 pghl amphotericin (Sigma) at 37OC with 5% CO, for 

four to six weeks with medium change once a week. To prepare pure cultures af astrocyte 

cells, the cultures were shaken in an orbital shaker (300 rpm) at room temperature for two to 

three hours to release 'the neurons that are loosely attached to astrocytes. The celis released 

fiom the cultures were discarded. The adherent ceils were then harvested with 0.05% (w/v) 

trypsin and 0.53 mM EDTA in Hanks buffered saline solution, added to new 75 cm2 flasks 



with fiesh culture medium and incubated at 37OC for 30 to 40 mui to aiiow for microglial 

celis to adhere. The non-adherent ceiis in the supernatant, mauily astrocytes, were plated 

into new flasks. Aliquots of cells were routinely seeded onto glas coversiips and stained 

with antibody to glial fibdary acidic protein (GFAP). M y  cultures with >99% celis that 

were GFAP positive were used in the assays. 

B. HeLa-CD4 ceih 

HeLa-CD4 cells, a ceil h e  which cm express CD4 molecules on cell d a c e ,  

(provided by Dr. Michael Emerman through the AiDS Research and Reference Reagent 

Program, Division of AIDS, NIAID, NIH) were cultured in DMEM with 10% (v/v) FBS, 

0.2 m g / d  G4l8 (Sigma) and 0.1 m g / d  hygromycin B (Sigma) at 37°C with 5% CO2. To 

propagate the ceils, the medium fiom an established ceil culture flask was discarded. nie 

ceiis were rinsed with 5 mi serum-fke DMEM and incubated with 1.5 mi 0.05% (wlv) 

trypsin with 0.53 mM EDTA solution at 37OC until the ceii layer started to detach. 10 mi 

DMEM with 10% (vlv) FBS was then added to disperse the ceiis. The ceils were used for 

assays or for maintenance, 113 of celi suspension was subcuitured in the above medium. 

C. SK-N-MC c e k  

A neuroblastoma ce11 iine, human SK-N-MC, (American Type Culture Collection, 

Rockville, MD), was cultured in Eagle's minimum essential medium (MEM, GIBCO) with 

sodium pynivate (GIBCO) and IO% (vk) FBS. 



D o  Human fetal neurons 

Preparation of human fetal neurons has been done as describeci for preparation of 

human fetal astrocytes except culture medium. Briefly, fetal brain tissues were washed with 

serum-free OptiMEM (GIBCO) io a sterile petrie dishes and dissociated through a 20 

gauge needle with 10 cc syrhge. The dissociated tissue was then plated into a 75 cm' 

flask and cultured in Optimem containhg 5% FBS (dv), 100 U peniciiIin/ml, 100 pg 

streptomycin/ml and 0.25 pg amphotericiriml. and 1% (viv) N2 supplement (GIBCO) for 

more than four weeks prior to use. Pur@ of neurons was determined by immuno-staining 

for microtubule associated protein-2 (MAP-2), Cultures were used only if >70% cells 

were MAP-2 positive 

E o  NB41A3 

NB41A3, a neuroblastoma cell line fiom mouse (American Type Culture 

Collection, Rockville, MD) was cdtured in DMEM with 10% (vh) FBS, 100 U 

penicillin/ml, 100 yg streptomycin/d and 0.25 pg amphotericin/mi. 

F o  U373 ceils 

U373 cells (astocytoma cell line fkom human) were purchased fiom American 

Type Culture Collection, Rockville, MD and cuitured in DMEM with 10% (v/v) FBS, 1 

rnM sodium pymvate, 0.1 mM non-essential amino acids, 100 U penicillin/ml, 100 pg 

streptomycin/ml and 0.25 pg amphotericin/ml. U3 73 cells were 299% pure as determined 

by positive staining for GFAP. 



G. SupT cells 

SupT ceils (T lymphocyte ce11 h e )  were purchased fiom Amencan Type Culture 

Collection, Rockville, MD and cultured in RPMI with 10Y0 (vlv) FBS, 100 U 

penicilWm1, 100 pg streptomycidml and 0.25 pg arnphotericin/ml. The cells were 

grown in suspension at 37OC. For propagation, 1 ml of the cells was diluted with 20 ml 

fiesh medium once a week. 

2. Antibodies 

Table 1 

Natne Species Dilution rangehorking Producer 
concentration 

Dako-T4-FITC mouse 1 ~ d d  akopactt 
OKT4a mouse 1-4 ~ d d  Ortho Diagnostics 
Anti-GaiC rabbit 1:lO- Chemicon 

1 :200 
Anti-Tat sera rabbit 1 : 1000 NIH, AIDS Repository 
Anti-rabbit IgG goat 1:IOOO Chernicon 
Anti-avp3 rabbit 1 :200 Dr. J. Wilicins (U of 

Manitoba) 
Anti-avp5 rabbit 1 :200 TELIOS 
Anti-a5B 1 mouse 1:lOO Chernicon 

3. Protein concentration determination 

Two dflerent methods were used to estimate protein content of an unknown 

sample. One of these was based upon an assay designed by Bradford (1976). The 5 to 50 

pl sample was diluted to 800 pl with d m @  and then added into 200 pl dye Reagent 

Concentrate (Bio-Rad). The reaction solution was vortexed, ailowed to stand for at least 



five minutes, and read at 595 nm against a reagent blank without protein. A standard 

curve that was used for calculation of protein concentration was made in the same way 

using bovine serum albumin @SA). To M e r  c0di.m the protein concentration, a 

second rnethod was used based on the absorbence of the peptide bond. The protein 

sample was diluted in 0.01% (w/v) of Bnj 30 solution (Sigma) and read with a one cm 

cuvette at 205 nm while 0.01% (v/v) Briji solution alone was used for a control. The 

concentration of the sarnple protein was then estimated using the following equation: 

concentration (pg/ml)= 3 1 x ABS 205. This method of detennining protein concentration 

can only be used for pure protein samples since 

SDS can affect the reaction. Thus, the Brij 

determination in this study. 

mauy other reagents such as high salt and 

reaction was used ody  for Tat protein 

4. Sodium Dodecyl Sulfate-Poiyacryiamide Gel Electropboresis 

Polyacrylamide gels were used to separate proteins according to their molecular 

mas. The discontinuous buffer system of Laemmli (1970) was used. The unit used was a 

Mini Protein II (Bio-Rad). The protein was dissolved in a sample b a e r  containhg 

0.0625 M Tris-HCI, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (vh) D- 

mercaptoethanol, and 0.01% (w/v) bromophenol blue and heated in boilïng water for about 

4 minutes. M e r  loading the samples to the gel they were electrophoresed at 150 volts in 

a nuuiing buffer (0.025 M Tris-HCl, pH 6.6, 0.192 M glycine and 0.1% SDS) until the 

tracking dye reached the bottom of the gel. The following molecular mass markers 

(GIBCO) were used to estimate the molecular mass: insulin (2.9 kDa), bovine trypsin 



inhibitor (6 kDa), lysozyme (14 kDa), P-lactoglobulin (18 Ha),  carbonic anhykase (28 

kDa), ovalbumin (43 kDa), BSA (68 kDa), phosphorylase B (97 m a )  and Myosin (H- 

chah, 200 kDa). The gels were stained with Coomassie blue by placing it in the staining 

buffer [20% (v/v) methanol, 7.5% (v/v) acetic acid, 0.04% (w/v) Coomassie brilliant 

blue] for 1-2 hours with gentle shaking. The gel was then transferred into destaining 

bufTer [20% (vh) methanol and 7.5% (v/v) acetic acid] and destained at room 

temperature until the protein band(s) were clearly presented. Altematively, the gels were 

electro-blotted (see section III. 5. Western blot) to transfer the protein band to a 

nitrocellulose membrane for Western blot analysis or fixed in a solution containing 10% 

(v/v) glacial acidic acid and 25% (vh) methanol for at l e s t  15 min followed by drying 

gel for autoradiography . 

S. Western BIot 

Following the SDS-PAGE, the gel was immersed in transfer bufTer containing 25 

mM Tris-HCI, pH 6.6, 192 mM glycine and 20% (v/v) methanol, pH 8.3 for 10 minutes. 

The nitrocellulose membrane (Bio-Rad, 0.45 pm) was cut to fit the gel and presoaked in 

the transfer buffer for 30 minutes. The membrane and gel were placed between two 3 mm 

chromatography papers presoaked in transfer buf5er. The electroblotting proceeded in a 

TransSlot SD Semi-Dry Electrophoretic Tmnsfer Ce11 (Bio-Rad) at 15 volts for 30 

minutes. The membrane was then blocked by placing it in a solution of 5% (w/v) 

skimmed milk in PBS, pH 7.4 (0.01 M sodium phosphate, 150 mM NaCl, pH 7.4) (PBS- 

5% (w/v) skimmed milk) for 30 minutes at predetennined concentrations (see table 1). 



The antibody was diluted in PBS-5% skimmed mik. The membrane was incubated with 

the diluted antibody at room temperature for one to two hours. It was then washed three 

times over 15 minutes in washing buffer (PBS with 0.05% (v/v) Tween 20) and then a 

species-specific secondary antibody was added (see table 1). For example, the secondary 

antibody might be goat IgG specific for rabbit immunoglobulins if the primary anti-sera 

was obtained fkom a rabbit. The secondary antibody conjugated with horse radish 

peroxidase (HRP) was diluted to 1500 to 1:3000 in PBS-0.05% tween 20. This 

incubation step proceeded at room temperature for 90 minutes followed by three washes 

in washing buffer. The blot was developed with a developing solution [IxPBS, pH 7.4, 

0.05% (wlv) 3,3 '-Diamino benzidine @AB) (Sigma), 0.06% (vh) H202 (Sigma) for 1 to 

10 minutes. The reaction was then quenched by rinsing the membrane in dH20. 

6. Immunocytochemical methods 

The cells were plated on glas coverslips (Baxter) in 6-weii plates and grown for 16 

hours at 37°C. The celis were then washed once with serum-fiee medium and fixed in 2% 

(wlv) paraforrnaldehyde in PBS at room temperature for 30 minutes followed by three 

washes with PBS. After blocking for 30 minutes in PBS with 10% (vh) horse senun (PBS- 

10% HS), the cells were incubated with the primary antibody diluted in PBS-10% HS at 

room temperature for 90 minutes. Unbound antibody was removed by three washes in PBS- 

1% BSA and the cells were incubated with a specie-specinc secondary antibody conjugated 

with either HRP, FITC or Rhodamine (see table 1). The ceils were then washed in PBS-1% 

BSA to remove the unbound antibody. If the second antibody conjugated with HRP was 



used, the cells were developed with a developing solution [IxPBS, pH 7.4, 0.05% (v/v) 

DAB, 0.06% (v/v) H20J for 1 to 10 min. The reaction w s  then quenched by rinsing the 

cells in (LH20. The cells stained with either HRP or immunofluorescence were dehydrated 

for 1 minutes in 50% (v/v), 75% (vfv), 95% (v/v), 100% (v/v) e h 0 1  and then 100% 

(v/v) xylene, and mounted with Ghurr (BDH). The cells were viewed under a Olyrnpus 

BH-2 microscope. Seconciary antibodies alone without incubation in primary antibody were 

used as negative controls. 

7. Cell Surface Radioiodination 

Cells were d a c e  radioiodinated by the lactoperoxidase technique (Ma et al. 1994) 

5x 10' ceils were washed with 10 ml sem-fiee medium once and scraped off culture flasks 

with a rubber policeman. The cells were centrifuged at 400g for 5 min and resuspended in 1 

ml PBS containing 1 mCi N ~ ' ~ ~ I  (DuPont) and 20 pg lactoperoxidase (Sigma) and 

followhg O, 1, 5, and 10 min, 1 O pl of 0.03% H202 (Sigma) were added. M e r  the last 

addition of H202 the reaction was extended for an additional 10 min. The reactions were 

canied out at room temperature and were stopped by adding 5 ml of PBS containing 10 

m M  NaI. Free was removed by three washes with a total of 15 ml PBS. Labelled cells 

were lysed by adding 500 pl of detergent lysing b e e r  (LB) consisting of 0.5% (v/v) NP- 

40, 0.2% (w/v) sodium deoxycholate, 1 mM CaCI, 1 mM MgC12, 0.12 M NaCl, 50 pg 

PMSF/ml, and 20 m M  Tris HCI, pH 7.4. Tubes were placed on ice for 15 min, and the 

nuclei were removed hy centriifg&ïi at 3000g for 20 minutes. The extracts were stored in 

-80°C until used for immunoprecipitation. 



Part II Gpl2O assay 

1. Recombinant gp120 

Recombinant gp 120 of HIV- 1 (rgp 120) was provided by Dr. Nancy Haigwood, 

Chiron Corporation through the AIDS Research and Reference Reagent program, Division 

of AIDS, NIAID, NIH, was >90% pure as detennined by Coomassie blue staining 

followîng SDS-PAGE. The activity of this protein was confimed by Western blot analysis 

and by binding to CD4 on SupT celis (see N, Part 1 1). This binding activity was CO-ed 

by cross-linking of radioiodioated gp 120 to CD4 molecule on HeLa CD4 cells (see IV, Part 

I 2). 

2. Radiolabelling of rgpl20 

The rgpl20 was labelied with N~'"I by lactoperoxidase with enzymobeads (Bio- 

Rad). The total reaction volume was 125 pl containing 50 pl phosphate buffer (0.2 M, pH 

125 7.2), 10 pg gp120, 1.0 mCi Na 1, 25 pl PD-glucose, and 50 pl Enzymobeads. The 

reaction proceeded at room temperature for 20 minutes and was quenched by applying the 

reaction solution to a PD-10 column (Pharmacia). The 125~-labelled protein was separated 

fiom fiee 12'1 using a PD40 column preequilibrated with PBS-0.1% BSA. The column was 

eluted with 6 d PBS-0.1% BSA and 0.5 ml fiactions were collected. Radioactivity of 

labelied rgpl20 was monitored by measuring 5 pl fiom each hction. Two hctions 

containing the highest labelleci rgpl20 were pooled, dispenseci into 25 pl aliquots and stored 

at -80°C until w d .  The specific activity of 125~rgp120 was 3 . 9 ~  1 o4 cpdng. 



3. Flow Cytometry 

The presence of CD4 molecules on the ceil surface was determined by 

immunofluorescence flow cytometry. 5 x los of astrocytes were trypsinized briefly (30 

seconds) at 37T and removed fkom the monolayer primarily by mechanical force. The cells 

were washed once in 1 x PBS with 1% (wlv) BSA (PBS-1% BSA) followed by 

centrifugation at 400 g for 5 minutes. The cells were then resuspended and incubated in 

PBS- 1 % BSA with a monoclonal antibody (1 pg/rnl) against CD4 molecule conjugated to 

fluorescent isothiocyanate @AKO-T4-FITC) (Dakopatts) at room temperature for 2 hours. 

Background levels of fluorescence were determined by using goat anti-mouse IgG 

conjugated to FITC (Boehringer Maunheim). To ensure that trypsinization did not alter the 

epitope defined by DAKO-T4, 5 x 10' of HeLa-CD4 cells, which also form adherent 

monolayers, were used as a positive control and treated in an identicai fashion. The cells 

were then washed with PBS-1% BSA three times for 30 minutes and k e d  in 2% (w/v) 

paraformaldehyde in PBS for 30 minutes at room temperature. The cell-associated 

fluorescein were measured by a flow cytometer. 

4. 1U~-rgp120 binding 

Binding of 125~-rgp120 to cells was perfonned essentially as previously described 

(To et al. 1992; Schnittman et al. 1988) with the foliowing modifications. Pnor to the 

binding assay, 2x lo4 astrocytes were plated into each well of 96 well plates and maintained 

at 37°C for 18 hours to allow the celis to attach to the bottom of the weU. Final ce11 numbers 



per well wwere approximately 4x 1 o4 at the t h e  of assay. 2x 1 0" HeLa-CD4 cellç and SK- 

N-MC cells were plated into each well of 96 weil plates and studied dong with the 

astrocytes. The celis were washed twice with 200 pl ice-cold binding medium containing 

RPMI 1640, 0.5% (w/v) BSA and 50 pg bacitracinhnl. For kinetics, binding medium (50 

pl) containing 1 .O n M  '251-rgp 120 was added into each well and incubated with the cells at 

4°C for I to 5 hours with gentle shaliog. For dose dependency, the cells were incubated 

with various concentratious of 'ZS~-rgp120 (O to 120 KIM) at 4OC for 5 hours. For the 

cornpetition assay, the cells were incubated with 50 pi biading medium containing 1.0 LM 

125 1-rgpl20 in the presence of uniabelled gp120 (O to 120 nM) at 4°C for 5 hours. Unbound 

rgp 120 was removed by three washes in ice cold PBS-0.5% BSA. The ceils were solublized 

in 100 pl 0.2 N NaOH and transferred into a scintillation vials to count in a LKB-Wallac 

gamma counter for celi associated radioactivity. 

A rnonoclonai mtibody against the gp120 binding site on CD4 (OKT4a) (Ortho 

Diagnostics) and rabbit d - G a l C  (Chernicon) were used to determine if these two 

antibodies could block the binding of rgpl2O to astrocytes. HeLa-CD4 cells were used as a 

positive control with OKT4a and SK-N-MC celis as a positive control with anti-GalC. The 

cells were preincubated with the respective antibodies at various dilution for 60 min at 37OC 

and then the celis were washed twice in ice-cold binding medium to remove the unbound 

antibodies. Subsequently, the ceUs were incubated with 1.0 nM 1ZS~-rgp120 for 5 hours at 

4°C. The cells were then washed and counted as describeci above. 



CD4 binding activity of '25~-rgp 120 was aiso tested on SupT celis. The ceiis (1 x 

106/tube) were spm at 400 g for 5 ah. Cell pellets were resuspended in 1 ml senmi-f?ee 

RPMI and centrifuged again. This washing cycle was repeated once more. Ceiis were then 

incubated with 2 p g M  OKT4a in binding medium for 60 min at room temperature 

foliowed by cen-ation at 400 g for 5 min. Ceii pellets were washed twice in 1 ml ice- 

cold binding medium to remove the imbound antibody. Cells were then incubated with 1 .O 

i;M 125~-rgp 120 in 100 pl binding medium for 60 min at 4°C and centrifiiged through an oil 

cushion [13 ml (556 cosmetic-gracie silicone Buid) : 12 ml (550 cosmetic-grade silicone 

1 25 fluid) (Dow Coming)] to remove the fiee 1-rgpl20. Pellets were ûansferred to 

scintillation vials foiiowed by counting of ceii-associated radioactivity. 

Culture flasks (25 cm" containhg confluent monolayers of HeLa CD4 cells were placed on 

ice and washed three times with 5 mi of ice-cold binding medium. Cells were then 

incubated with 1 2 5 ~ r g p 1 2 ~  (500 ng) in 1 ml binding medium at 4°C for 5 hours. Unbound 

1Z5~-rgp120 was removed by three washes with 5 ml of ice-cold PBS. Bound L2S~-rgp 120 

was then cross-linked to celi surfafe protein(s) using 0.2 m M  DSS (Disuccinimidyl 

Suberate) (Pierce) (prepared as a 20 mM stock in DMSO); control cells lacking DSS 

received an equal amount of DMSO. Monolayers were incubated for 35 min at 4°C and 

then washed three times with 5 mi of icesold Tris-buffked saline (10 mM Tris-HCI, pH 

7.5, 150 mM NaCl) foliowed by one wash using 5 ml of ice-cold PBS. Celis were then 

scraped off the flasks in 5 mi ice-cold PBS and pelieted by centrifugation at 400 g for 5 



min. Ce11 pellets were lysed by treatment with 100 pl sample b a e r  foliowed by SDS- 

PAGE (6%). Radiolabelleci cross-ünked protein \kas Msuaiized by autoradiography . 

Autoradiography was perfomed at -70°C for 2 days using Kodak X - k a t  film (Kodak) 

and Du Pont Cmnex Lightning plus intemiQing screens. 

6. Immunoprecipitation of gpl20 bindiiig protein 

Human fetal astrocytes (5 x 1O7)were labeiied (III, Part 1, 8). The Iaklied celis 

were split into five microcentrifuge tubes and incubated with 12S~-rgp120 (O. 1 pg) or rgp 120 

(1 pg) for 5 h o m  at 4'C with gentle shaking. The labelled celis without rgp 120 were used 

as negative controis. Unbound rgpl20 was removed by washing three times with ice-cold 

RPMI. The celi pellets were lysed by adding 400 pl of detergent lysing buffer consisting of 

0.5% (vh) NP-40, 0.2% (wh) sodium deoxycholate, 1 mM CaC12, 1 mM MgC12, O. L 2 M 

NaCl, 50 pg/ml phenylmethylsulfonyl fluoride, and 20 m .  Tris HCl, pH 7.4. Tubes were 

placed on ice for 15 min, and the nuclei were removed by centrifugation at 3000 g for 10 

min. Simdtaneously, protein A agarose (20 pl) (Pharmacia) was washed twice with PBS 

and incubated with sera (150 pl) h m  a HIV-I infecteci patient predetermined to have high 

titer antibody against gp120 or normal human sera for 60 min at room temperature. The 

beads were then washed three times with PBS-0.05% Tween 20. All lysates were added to 

the beads and incubated for 2 hours with constant rotation at room temperature. The protein 

A agarose absorbents were washed three times with lysing bufYer. Absorbed beads were 

eluted at 100°C for 3 min with 30 pi of sample buffkr and resolved by a 4 to 15% gradient 

SDS-PAGE. Dried gels were exposed to X-ray nIm (Kodak) for 5-7 days. 



Part ï l I  Tat assays 

1. Bacterial Expression and Purification of Tatl42 

A. PCR ampüfication of tatI-72 gene 

The rat DNA encoding 1 to 72 amino acids (first exon) was amplified fiom 

plasmid pSV2tat72 containing tat gene of HN- 1 ,, (obtained from Dr. Richard Gaynor 

through the A D S  repository, NW) by using standard polymerase chab reaction (PCR) 

protocols and the following oligonucleotides tatl-72 initiation sequence primer 5'- 

C ATGGAACCGGTCGACCCGCGT-3 ' and tat I -72 temination sequence primer 5 ' - 

CCGGGAGATCTTCACTGTTTAGACAGACAGA-3'. The termination sequence primer 

contains a BglII site (underlined). These two primers were used to create a BglII site at 3' 

end of the amplified rat1 -72 DNA and a blunt end at 5' site for N d  site insertion. 100 pl 

of PCR mixture containing 1 x PCR buffer (10 mM Tris-HCI, pH 8.0, 50 mM KCI, 1.5 

m M  MgC13,200 p M  (each) deoxynucleoside triphosphates, 50 pM primer, 0.5 unit Taq 

polymerase, ddH20 and 50 ng pSV2tat72 were placed in a 500 pl microfuge tube with 

cap (Bio-Rad); the mixtures were overlaid with 80 pl mineral oil to prevent evaporation. 

The PCR was carried out for 30 cycles; each cycle was for 1 min each at 95T, 58°C 

72°C for denaturation, annealing, and elongation respectively. At the end of 30 cycles, 

the reaction mixtures were incubated at 72°C for an additional 7 min for the cornpletion 

of the extension of the PCR products. A 200 bp tut DNA band was detected fiom the 

PCR products by agarose gel electrophoresis. The PCR products were transfened to a 



microcentrifige tube, adjusted to 0.15 M KOAc, pH 5.5 and precipitated with 2 volumes 

of 100% ethanol for 20 min at -70°C. Pelleted DNA was recovered by centrifugation at 

12,000 g for 8 min and rinsed with 70% (v/v) ethanol, partially dryed and resuspended in 

50 pl TE b a e r  (1 0 mM Tris, pH 8.0/0.1 mM EDTA, pH 8.0). 

B. Subclonhg of tat 1-72 DNA 

Plasmid PinPoint Xa-2 (Promega) was cut with Bgiü and N d .  The tat DNA was 

also digested with BglII (GIBCO). Both plasmid DNA and fat DNA were extracted *th 

an equal volume of phenol (GIBCO), foilowed by chioroform (GiBCO) to remove the 

proteins. DNA was precipitated as described (m, Part KI, LA). The tut DNA was then 

Iigated into the BglII-Nd site of the plasmid. The ligation reaction contained 50 ng tat 

DNA, 200 pg plasmid DNA, and 0.5 unit of T4 ligase, and was carrïed out at room 

temperature for 5 hours. With this vector, the tut gene was expressed as a fusion protein 

that is naturaily biotinylated at the N-terminus. The biotinylated protein is used as a 

purification tag. 

C. Transformation of the plasmid 

This plasmid containing the fat DNA were used to transfect competent E. cok 

DHSaF'IQ (GIBCO). The 200 pl competent ceils were mixed with 0.1 pg Ligated plasmid 

and incubated on ice for 30 min followed by heat shocking the cells at 42°C for 2 min. 

The cells were then mixed with 1 ml SOC medium [2% (w/v) bacto-tryptone, 0.5% (w/v) 

yeast extract, 0.1 M NaCl, 0.025 M KCl, 20 m M  M~'*, and 20 m M  glucose] and grown 



for 45 min at 37T with shaking. Subsequently, LOO pl of the transfected cells were used 

to spread over the surface of LB agar plates with 100 pg ampicillin/ml. The plates were 

incubated at 37°C for 18 hours. 

D. Plasmid 'cMini-Prep" 

The recombinant plasmids were isolated by a established "mini-prep" method. 

Severai cell colonies were selected and grown 18 hours in 5 ml of LB-100 pg 

ampicillin/ml with shaking at 37°C. 1.5 ml of the cells was transferred into a 

microcentrifuge tube and centrifuged at 10,000 g for 1 min. The ce11 pellet was 

resuspended in 100 pl buffer 1 (0.025 M Tris, pH 8.0, 50 mM glucose, and 10 rnM 

EDTA). Following incubation on ice for 5 min, 200 pl b a e r  II (0.2 M NaOH and 1% 

(w/v) SDS) was added. The cells were incubated on ice for 5 min followed by addition of 

150 pl bufTer III (3 M KAc, 11.5% (v/v) glacial acetic acid) to remove cellular DNA and 

proteins. The samples were pelleted by centrifugation at 10,000 g for 5 min and the 

supernatants were saved for plasmid extraction. The plasrnid DNA was extracted with 

phenoVchlorofonn and precipitated with ethanol as discussed (III, Part III, 1A) . The 

DNA was resuspended in 20 pl TE buffer and digested with BgüI and N d  followed by 

agarose gel electrophoresis. The clones in which the recombinant plasmid could produce 

a 200 bp DNA fiagrnent were considered as positive clones, indicating the tat gene had 

k e n  cloned. To connmi the fat reading hune to ensure that no base changes had 

occurred during PCR amplification, the recombinant plasmids were also subjected to 

dideoxynuc1eot.de sequencing between restriction sites used for insertion. 



E. f urification of Tatl-72 

A positive clone was grown in 5 ml Terrific Broth (GIBCO) with 100 pg 

ampicillidml at 37OC for 18 hours. Bacteria were mixed with glycerol(l5) and stored at - 
75OC. To express Tat proteins, the bacteria were grown in 200 ml LB (GIBCO) 18 hom 

and diluted into 2 L Terrifïc Broth the next moming followed by incubation at 37OC for 

one hour with shaking (150 rpm). Tat expression was then induced with 0.1 mM 

isoprop y lthio-P-galactoside (IPTG) (GIBCO). The bacteria were harvested 3 -4 hours 

post-induction by cenagat ion at 5OOOg for 15 min and the pellets were fkozen at -20°C 

until used for Tat purification. The bacteria pellets from a 2 liter culture were 

resuspended on ice in 20 ml lysis b e e r  [50 mM Tris, pH 8.0, 50 mM NaCI, 4 rnM 

dithiothreitol (Dm, 5% (vh) glycerol, 0.1% (v/v) triton X-100 and I mM 

phenylmethylsulfonyl (PMSF)] and pressed twice by French Press. The resuiting crude 

extract was ciarified by cenaifugation at 10,000 g for 20 min. The supernatant was saved 

for Tat 1-72 purification. 5 ml of soft release avidin resin (Promega), equilibrated with the 

lysis buBer, was added to the supernatant and incubated for 2 hours on a rocker at 4'C. 

The resins were washed with 150 ml buffer [50 mM Tris @H 8.0), 150 mM NaCl, 4 mM 

Dm, 0.1% Triton X-100 (viv) and 1 mM PMSF] and 100 ml factor Xa cleavage b a e r  

(50 mM Tris pH 8.0, 100 mM NaCI, 1 mM CaCI, and 0.5 m M  DTT) followed by 

incubation with 30 pg factor Xa in the cleavage bmer for 2 hours at room temperature. 

Subsequentiy, the cleaved Tat protein (Tat 1-72} was eluted fiom the resins with cleavage 

buffer, desalted with a PD-IO column (Pharmacia) equilibrated with ddH20 and 



lyophilized. The Tat protein was > 95% pure as determined by (SDS-PAGE) followed by 

Coomassie blue staining. The purined product was M e r  confkmed by Western blot 

analysis using polyclonal antisera to Tat (AIDS Repository, NIH), and the purified Tatl- 

72 also activated the HIV-LTR-CAT constmct (AIDS repository, NIH). 

Recombinant HIV-1 BRU Tatl-86 was obtained from Repligen. The Tat 1-86 was 

>98% pure as determined by SDS-PAGE followed by Coomassie blue staining. Tat3 1-6 1, 

Tat3 1-71 and Tat48-85 were obtained as gifts fiom the AIDS Reagent Program of the 

Medical Research Council of U.K. Fifleen-mer Tat peptides, each overlapping by 10 

amino acids and completely spanning the 86 amino acids sequence of Tat HIVBRu were 

synthesized on a peptide synthesizer (Applied Biosystems) and purified by reverse-phase 

high-pressure liquid chromatography (done by Carol Martin, Department of Medical 

Microbiology). Stock solutions (1mM) of these peptides were prepared in 0.9% (wlv) 

NaCl (Table 2). 

2. Immunocytochemistry staining of U373 cells with Tatl-72 

los U373 cells were plated on giass coversiips in 6-well plates and grown 18 hours 

at 37°C. The celis were then washed once with serum-fiee medium and incubated with 5 pg 

Tatl-72 in DMEM binding medium for 2 hours followed by three washes with the binding 

medium to remove unbound Tatl-72. The cells were then fixed in 2% (wlv) 

pamformaidehyde in PBS at rmm temperature for 20 minutes followed by three washes in 

PBS. The ceils were blocked with 10% (v/v) horse sera in PBS for 30 min followed by 

incubation with ad-Tat sera (1 : 1 000 diluted in 10% home sera and 0.0 1 % (vh) tritonX- 



100) for 1 hour. The cells were washed in PBS-1% BSA to remove the unbound antibody, 

goat anti-rabbit IgG conjugated with HRP was added, and reaction product was developed 

as described (III, P d ,  7). The celis treated with Tatl-72 foliowed by nomial rabbit sera 

instead were used as controls. 

3. Radiolabelling of Tat 

Tat 1-86 or Tat 1-72 was labelled with N ~ ' ~ ' I  by Iodo-beads (Pierce). An Iodo-bead 

was rinsed with PBS and added into 150 pl solution containing PBS pH 7.4, 1 .O mCi Na 

12?, and 10-50 pg Tat. The reaction proceeded at room temperature for 15 minutes and 

was quenched by removal of the bead. The labelled protein was separated fiom fiee '"I 

using a PD40 column (Pharmacia) equilibrated with PBS pH 7.4 containhg 0.1% (w/v) 

BSA and 0.5 mM DTT. I2'1-~at fiactions were collected, dispensed into 25 pl aliquots 

and stored at -80°C until used. The specific activity of 1 2 5 ~ - ~ a t  was 2.4 x 10' cpdng. 

4. Cellular uptake rssrys of '*'1-~at 

Cellular uptake assays of ltS1-~at were perfonned as previously described 

(Frankel et al. 1988, Mann and Frankel, 199 1 ). Pnor to the binding assay, 1 x 10' astrocytes 

were plated uito each well of 24 well plates and maintained at 37OC until> 90% confluence. 

Final cell n-ber per weil was approximately 5x 10' at the time of assay. Cells were plated 

were washed in 24-well plates with one ml of senun-fiee DMEM and incubated with 

varying concentrations of 1251-~atl-86 or 12'1-~atl-72 (2 to 64 nM) in 0.2 ml binding 



medium (DMEM and 0.1% (wiv) BSA) at room temperature for 30 min to two hours. 

Unbound ' 2 5 ~ - ~ a t  was removed by three washes in ice cold DMEM. Cells were detached 

Table 2 

Name of Tat peptide Amino acid sequence 

Tat3 I -7 I FHCQVCF'ITKALGISYGRKKRRQRRRPPQESQTHQVSLSKQ 
T%M FHCQVCF'ITKALGISYGRKKRRQRRRPPQES 
Tat48-85 RKKRRQRRRPE'QEsQTHQVsLSKQ~sQsRGDP“I'EP~ 
Tati-15 MEPVDPRLEPWKHPG 
Tat3- I 7 PVDPRLEPWKHPGSQ 
T a k z  LEPWKHPGSQPKTAC 
Tatn2.r HPGSQPKTACTNCYC 
Tat 18-32 PKTACTNCYCKKCCF 

Tah-37 TNCYCKKCCFHCQVC 

Taf28-42 KKCCFHCQVCFTTKA 
Taf33-47 HCQVCFnxALGiSY 
Tat3&52 FT"TTKAX,ISYGRKKR 
Taf43-57 LGISYGRKKRRQRRR 
T a t 4 ~ 2  GRKKRRQRRRPPQGS 
Tat53-67 R Q ~ ~ s Q ~ Q v  
Tat58-7~ PPQGSQTHQVSLSKQ 
Tat63-77 QTHQVSLSKQPTSQP 
Taf68-82 SLSKQPTSQPRGDK 
Tatn-86 QPTSQPRGDPTGPKE 

by 0.05% (w/v) tsrpsin-0.53 m M  EDTA-4Na (GIBCO BRL) for 10 min at 37OC. Cells 

were chilIed to 4°C on ice, centrifuged at 400 g for 10 min, and supematants were 

considered as the membrane-associated fiaction of lZS~at .  Cytoplasmic and nuclear 

fiactions were prepared as previously described (Ausubel et al. 1987). Ce11 pellets were 

washed twice with serum-fiee DMEM. Ceiis were lysed in the PBS buffer containhg 

0.5% (vlv) NP40 at 4OC for 20 minutes and centrifuged at 3000 g for 10 minutes to 



isolate the nuclei and supernatants were saved as the cytoplasmic fractions. The fractions 

were counted in a LKB-Wallac gamma comter for the associated radioactivity. 

To M e r  c o d h  the nuclear localization of Tat, astrocytes in 24-well plates 

were treated with 10 nM 12'1-~atl-86 or I2'1-~atl-72 for 30 min, 2 bouts and 4 hours. 

Nuclear fiactions were prepared and anaiyzed by 15% SDS-PAGE. The gels were then 

exposed to f i h s  for one day. 

The cornpetition of unlabelled Tat with a constant amount of 12?-~at was 

determined by incubating cells with 10 nM 12'1-~at 1-86 or l2?-~at 1-72 in the presence of 

20-100 fold molar excess of unlabelled Tat for 2 hours at room temperature. To define the 

regions of Tat wliich may be responsible for its uptake, we incubated cells with lZ51-~atl - 

86 or "'1-~atl-72 in the presence of 500 to 1000 fold molar excess of various Tat 

peptides. To determine the effect of integrin avp3, avp5 and a5B1, cells were pretreated 

with ant-avB3 (kindly provided by Dr. J. W i h s ) ,  avp5 (TELIOS) and a5B1 

(Chernicon) at 1 : 100 to 1 :200 for 90 minutes at room temperature followed by I2%~at 1 - 
72 uptake assay. To determine the effect of polyanions, cells were treated with '251-~'atl- 

86 or 12'1-~atl-72 in the presence of 0.2 - 3.2 p M  concentrations of dextran sulfate. Cells 

were then harvested as above. 

To further determine the specificity of Tat uptake, immunoabsorption of Tat was 

performed as described previously (Magnuson et al. 1995). 20 pl of protein A-sepharose 

(Pharmacia) was incubated with 1 ml PBS containhg IO pl rabbit ad-Tat antisera 

(1 : 100) (AIDS repository, NIH) or 10 pl normal rabbit serum for 90 min at room 

temperature. Bound sepharose was washed with 1 ml PBS-0.05% (vh) Tween 20 three 



times and incubated with 10 nM Tat for one hour at room temperature followed by 

centrifbgation. Supernatants were added into astrocytes for measurements of Tat uptake 

and Cells were then harvested as above. 

S. Tatl-72 transactivation assay 

HL3 T 1 cells containhg the W- 1 LTR-chloramphenicol acety 1 tram ferase (CAP 

constructs were obtained fiom Drs. B. K. Felber and Dr. G.N. Pavlakis through the AIDS 

Repository, NIH and were propagated in DMEM with 10% (v/v) FBS. The Tat 

transactivation assay was perfonned as previously described (Felber et al. 1988; Frankel 

et al. 1988) with minor modifications and the CAT activity was measured by a simple 

phase extraction assay (Seed and Sheen, 1988). 1x1 o6 of HL3Tl cells were plated into 60 

mm2 culture dishes for 24 hours until70% confluent. Cells were washed twice with 3 ml 

senim-fiee DMEM. 1 ml of DMEM with 10% (v/v) (with scrape-loading) to 0.5% (v/v) 

(without scrape-loading) FBS, Tatl-72 (0.1 to 0.5 FM), Chloroquine (100 FM) in the 

presence or absence of Tat peptides was added. Cells were scraped from the dishes and 

resuspended carefûily and evenly by using a rubber policeman. Cells were cultured at 

3 7 ' ~  for 24 hours and then washed twice with 5 ml PBS. Cells were then incubated with 

1 ml TEN solution (40 m M  Tris-HCL, pH 7.5, 1 mM EDTA, pH 8.0 and 150 rnM NaCl) 

for 5 minutes on ice, scraped fiom the dishes by a rubber policeman, and transferred into 

a microcentrifige tube on ice. The cells were then centrifùged at 400 g for 1 minute and 

the ce11 pellets were resuspended in 100 pl icetold 0.25 M Tris buffer, pH 7.5 and lysed 

by fieezing in dry ice/ethanol sluny for 5 minutes and then thawing at 37OC for 5 



minutes. This fieeze-thaw cycle was repeated twice more, for a total of three fieezes and 

thaws. The celi lysate was then centrifuged at 4°C for 5 minutes. Supematants were saved 

for CAT assay. Foiiowing the protein concentration assay, 50 pl of ce11 extract were 

mked with a 50 pl solution containing 0.004 pCi 3~-chloramphenicol (DuPont), 25 pg 

butyryl-coA (Sigma) ,0.2 M Tris buffer, pH 8.0 and incubated 60 min at 37OC. 0.0 1 pCi 

3 H-chlorarnphenicol was prepared as below (m, Part III, 6). The acylated 3 ~ -  

chloramphenicol was extracted by vigorously mixing the reaction solution with 200 pl 

tetramethylpentadecane/~lenes (211, v/v). The top organic phase was transferred into a 

scintillation via1 containing 4 ml scintiilation fluid and counted by a Beckman LS5000CE 

counter. 

6. Chloramphenicol Acetyltransfense Assay 

3~-~hloramphenicol was purchased as 1 pCilpl in ethanol. To prepare a 0.2 

pCi/pl 3~-chlorampheaicol stock, 960 pl of 100% ethanol and 40 pl of 100 mghi of 

unlabelled chloramphenicol were added into 250 pl of 1 pCi/pl 'H-chl~ram~henicol. This 

stock solution was stored in -20°C. To M e r  create a working solution of 0.01 pCi 3 ~ -  

chloramphenicol, the 0.2 pCi/pI 3~-chloramphenicol stock was diluted 20-fold in ddH20. 

The amount of the stock used depended upon the number of the reaction samples. The 

mixture was then extracted with an equal volume of xylenes by vigorous shaking. The 

phases were separated by centrifugation at 10,000 g for 1 min, and the top xylenes phase 

was discarded. The extraction was repeated one more t h e .  This working solution of 0.01 

pCi 3~shloramphenicol was ready for CAT assay. 



7. IZS1-~atl-72 binding assays 

Binding of 1251-~at to hman fetal astrocytes and U373 cells was performed as 

previously described (Mann and Frankel, 1 99 1) with the following modifications. Cells 

were grown in 24-well plates until>90% coduence (approximately 5 x IO' cells/well). 

Cells were then washed with 1 ml of senun-fiee DMEM and incubated with varying 

concentrations of '251-~at in 0.2 ml binding medium containhg DMEM and 0.1% (vlv) 

BSA at room temperature for 30 min to five hours. Unbound Tat was removed by three 

washes in 1 ml of ice cold seruxn-fÎee DMEM. The cells were treated with 0.05% (w/v) 

trypsin-0.53 m M  EDTA-4Na (GIBCO) for 10 min. at 37 O C .  The cells were chilled to 4OC 

on ice , centrifüged at 400 g for 10 min, and supematants were counted in a LKB-Wallac 

gamma counter for ce11 associated radioactivity. 

Cornpetition of unlabelled Tat with a constant amount of 12'1-~at was determined 

by incubating cells with 4 nM of 1 2 5 ~ - ~ a t  and increasing concentrations of unlabelled Tat 

up to 400 nM for 2 hours at room temperature. To M e r  determine the specificity of 

12'1-Tat binding, cells were incubated with 4 nM 12'1-Tat in the presence of antisera to Tat 

( 1 :200) (provided by AiDS Repository, NIH). To define the region of the Tat which may 

be responsible for its binding, we incubated the cells with 4 nM I2'I-~at in the presence of 

500 to 1500 fold molar excess of various Tat peptides or 0.2 to 3.2 p M  dextran sulfate. 

To determine the effect of integrin avB3, avS5 and aspl, cells were pretreated with ant- 

avp3, avp5 and a5p 1 at 1 : 100 to 1 :200 for 90 min at room temperature. Following two 



washes with serum-fiee DMEM to remove the unbound antibodies, cells were then 

incubated with 4 nM 1251-~at~-72 for the binding assay. 

8. Immunoprecipitatio~ of integrins 

To detect avp3, a5P1 and avp5 on human fetai astrocytes and U373 cells, the 

cells were iodinated as described (III, Part 1, 8). 20 pl of protein A Sepharose (Pierce) 

were washed hKice with 0.5 ml PBS, pH 7.4 and incubated with 100 pl solution 

containhg 10 pl of polyclonal antibodies to avB3, aSB1  and PS or normal rabbit sera for 

90 min at room temperature with gentle shaking. Unbound antibodies were then removed 

by three washes with PBS-0.05% tween 20. The 200 pl extracts of '"1-human fetal 

astrocytes or 1 2 5 ~ - ~ 3 7 3  cells were added onto antibody bound protein A sepharose for 2 

hours at room temperature with gentie shaking. The protein A sepharose conjugated with 

antibody-ligand was centrifuged at 400 g for 3 min and washed four times with PBS, pH 

7.4 containing 0.1% (w/v) BSA and 0.05% (v/v) tween 20. The beads were then boiled in 

electrophoresis sample buffer and nin on 7.5% SDS-PAGE. The gels were dried and 

exposed to X-ray film (Kodak) O N .  

9. Affiiity Chromatography 

A. Preparation of Tatl-72 affinity column 

A Tat f i t y  column was generated as described in the supplier's instruction for 

the Activated CH Sepharose 4B (Phanncia Biotech). 1 gram of powdered Activated CH 

sepharose 4B was suspended in 5 ml of 1 mM HCl. The beads swell Unmediately and 

were washed with 300 ml 1 mM HCl on a scintered g l a s  filter. 5 mg Tatl-72 was 



dissolved in 6 ml coupling bufTer (0.1 M NaHC03 pH 8.0.5 M NaCI) and mixed with 3 

ml of pre-swollen Activated CH sepharose 4B in a giass viai for 2 hours at room 

temperature with gentle stirring (no magnetic stirrer). The gel was then poured into 10 ml 

column (Bio-Rad) and washed with at least 15 mi of coupling b e e r  to remove unbound 

Tatl-72. The remaining active groups on the gel were blocked with 15 mi 0.1 M Tris-HCl 

pH 8.0 at room temperature for 1 hou.. nie gel was then washed thoroughly with at least 

3 cycles of altemating pH. Each cycle consisted of a wash with 0.1 M acetate bufEer, pH 

4.0 containing 0.5 M NaCl followed by a wash with 0.1 M Tris-HCl bufEer, pH 8.0 

containhg 0.5 M NaCI. The Tat column was then packed in PBS with 0.02% (wlv) 

sodium azide and stored at 4 ' ~ .  For the control, 5 mg BSA was used to make a column as 

described for the Tat column. 

B. Isolation of Tatl-72 binding proteins 

5x10' U373 cells were washed Mth serum-fiee DMEM, scraped fiom culture 

dishes with a rubber policeman, and lysed in 2 ml of extraction b&er containing 137 

mM NaCI, 1 m M  CaCl, 1 m M  MgCl, 0.75% (vlv) NP-40, 10% (vlv) glycerol, 50 pg 

(PMSF)lml and 50 rnM Tris-HCI pH 7.4 at 4OC for 30 min. The extracts were clarified at 

3000g for 8 min and loaded into the Tat column which was preequilibrated with 8 bed 

volumes of the extraction buf%er. The extracts ran through the Tat column with rate 0.1 

ml/min. M e r  the completely ran into the column, the extracts were incubated at room 

temperature for 2 hours. The column was then washed with 10 bed volumes of the 

extraction bufTer. The bound materials were then eluted with 10 ml of 0.2 M glycine-HCI 



pH 2.8 foliowed immediately by passing through a PD10 column that has been 

equilibrated with ddH20, for buffer exchange. The eluted materials were dispensed in 1 

ml aliquots and lyophilized. The eluted proteins were either analyzed by SDS-PAGE 

followed by Coomassie blw staining or iodinated as descn-bed (iII, Part III, 3) for 

immunoprecipitation below. The same amount of e- was also passed through the 

BSA coIumn as a control. 

C. Immunoprecipitatioa of Tatl-72 binding protein 

a) Immunoprecipitation from the proteins ehted from Tatl-72 affinity column 

To confirm that the eluted proteins fiom the Tat column contains Tat binding protein(s), 

the eluted proteins were labelled with lSI as described (III, Part III, 3) and were subjected 

to immunoprecipitation. 10 pl antisera to Tat (AIDS repository, NM) was diluted into 90 

pl PBS and mixed with 10 pl proteia A-sepharose for 90 min at room temperature. 

Unbound antibodies were rernoved by three washes in 1.5 ml PBS-0.05% tween 20. 

Simultaeneously, 10 pg Tat was incubated with '=I-eluted proteins for 2 hours at room 

temperature followed by mixture with a proteinA-antibody complex with constant 

rotation. The beads were washed three times with PBS-0.05% tween 20 and run on 9.5% 

SDS-PAGE. Protein A sepharose aione and normal rabbit sera which substituted anti-Tat 

sera were used as controls. 

b) Immunoprecipitation from U373 celi membranes 



To determine whether Tat binding protein(s) is located on U373 ce11 surface, 

5x 1 O' U3 73 ceils were dace-iodinated described (III, Part 1, 8). The labelled cells were 

then extracted in the detergent Iysing bufTer containing 137 mM NaCI, 1 mM CaCI, 1 

mM MgCl, 0.75% (v/v) NP-40, 10% (v/v) glycerol, 50 l g  PMSF/d and 50 m .  Tris- 

HCl, pH 7.4. The extracts were then aiiquoted (5 aliquots) for imrnunoprecipitation. 1 0 pl 

antisera to Tat (AIDS repository, NIH) was diluted into 90 FI PBS and mixed with 10 pl 

protein A-sepharose for 90 min at room temperature. Unbound antibodies were removed 

by three washes in 1.5 ml PBS-0.05% tween 20. Simultaneously, 10 yg Tat was 

incubated with '"1-cell extract for 2 hours at room temperature followed by incubation 

with anti-Tat sera conjugated to protein A-sepharose for 90 min. The beads were washed 

three tirnes with PBS-0.05% tween 20 and run on 9.5% SDS-PAGE. As controls, protein 

A sepharose aione or normal rabbit sera conjugated to protein A sepharose was used to 

incubated with lUI-cell extract in the presence of Tatl-72. The anti-Tat sera conjugated to 

protein A sepharose was also used as a control to incubate with '%el1 extract in the 

absence of Tat 1-72. 



W. RESULTS 

Part 1 Characterimation of ml20  binding on astrocytes 

1. Binding of 'Y--120 to CD4 

CD4 is the prirnary receptor for gp120 on lymphocytes. To ensure that the rgpl20 

obtained was fundional, CD4 binding activity of rgpl20 was testeci. SupT ceLis were 

incubated with '%rgpl20 with or without pre-treatment of the ceiis with OKT4a (a 

monoclooal antibody against the gp 120 binding site on CD4 moleeule). As shown in figure 

4A, 70% of rgpl20 binding on SupT cells was inhibited by OKT4a To fiutber c o n f h  the 

CD4 binding activity of the rgpl20, we used a homobifunctional noncleavable cross-linkhg 

reagent, DSS (disuccinimidyl suberate). This ragent has been successfidiy used in the 

characterization of several ceU surface receptors including CD4 on H9 ceils (McDougal et 

al., 1984). When '?-rgp 120 was bound to HeLa CD4 cells, covalently cross-linked with 

DSS and anaiyzed by SDS-PAGE, in addition to the major rgp 120 band, a higher molecular 

mass band (-180 kDa) was observed (fig. 4B) representing CD4 (58 ma) bound to rgpl2O 

(120 Da). The 180 kDa band was not seen in the extracts fiom cultures without DSS (fig. 

4B). Therefore, we considered that the fùnction of rgp 120 was well retained. 

2. Binding kinetics of '%gpl20 to astrocytes 

To determine the properties of gpl20 binding to astrocytes, human fetal astrocytes 

were cultured in 96 well plates and incubated with 125~-rgp 120 for various time intervals 



Figure 4. 's~-rgp120 binding to CD4 molecule. (A) 1x106 SupT celis suspended in 0.2 

ml binding medium werp incubated with 0.5 n M  1s1-rgp120 in the presence or absence of 

0.4 pg anti-CW antibody at 4°C for 2 hours. The bound '%rgplZO was then separated 

fkom free 'xI-rgp120 and counted as describeci in Materials and Methods. 70% of I3I- 

rgpl20 binding on the celis was inhibited by anti-CD4 antibcdy compared to control (*p < 

0.005, paired Student's t test). The values represent the mean t standard error of two 

experiments done in triplicate. (B) Crosslinking of 131-rgp 120 to CD4 molecules on HeLa- 

CD4 ceiis. l2I-rgpl20 was bound to HeLa CD4 ceus and then mssiinked to CD4 

molecules with DSS. The cells then lysed with sample b&er and analyzed by 7.5% SDS- 

PAGE foilowed by autoradiogmphy. Laue 1 showed two bands: 180 kDa represented l3I- 

rgp 120 (1 20 kDa) crosslinked to CD4 (58 kDa) and '31-rgp120 (120 kDa). Lane 2 was a 

control without DSS and showed ILII-rgpl20 only. The experiments have k e n  repeated for 

three times. 



Figure 4 



(1 0 min to 5 hours) at 4OC. Maximum binding of lZjl-rgp 120 to astrocytes was observed at 

5 hour incubation (fig. 5). The concentration-response of 1201-rgp120 binding to astrocytes 

(5 x IO' ceils/well) was performed in 24-weii plates with increasing concentrations of 12j1- 

rgpl20 ranging f?om 0.5 to 30 nM. The binding was saturatd at 24 nM rgpl20 (fig. 6). Ail 

subsequent experiments were perfomed in 96-weli plates (4 x 104 celidwell). 

Gp120 is the key molecule required for W-1 entry into ceils. In order to do so, 

gpl20 binds to specific celi d a c e  receptor(s). To test directly for the presence of specifk 

ce11 surthce molecules that bind gp120, astrocytes were incubated with 1 nM '25~-rgp120 in 

the presence of unlabelled rgpl20 at 4OC for 5 hours. The bindhg of 125~-rgp120 to 

astrocytes was competed with increasing concentrations (O to 120 nM) of unlabelled rgp 1 ?O 

125 (Fig. 7). 1-rgpl2O binding on astrocytes in the absence of unlabelled rgpl20 was 

considered to be 100%. '25~-rgp120 biading was also inhibited by unlabelled gpl2O dose- 

dependeatiy (fig. 7) and in the presence of 100 nM unlabeiled rgp 120,SO% of IU1-rgp 120 

binding was inhibited. An increase in the concentration of unlabelled rgpl20 to 120 nM did 

not inhibit fürther 12S~-rgp120 bhding. Scatchard analysis of these data revealed a single 

class of binding molecules with an apparent dissociation constant (Kd) of 26 nM and an 

apparent maximal number of binding sites (Bmax) 29.9 finoled4x lo4 celis ( 4 .5  1 o5 binding 

molecules/ceil) (fig. 7). 



Incubation time (min) 

Figure 5. Kinetics of 1*I-rgp120 binding to astrocytes. Astrocytes (4x10~ cells per well) 

were incubated with 1 nM 'UI-rgp120 for time periods ranging fiom 5 min to 5 hours at 

4°C. The unbound '%rgpl20 was removed by three washes in ice-cold PBS-0.5% BSA. 

The bound 'UI-rgp120 was counted in a gamma counter. Maximum binding was apparentiy 

reached by 5 hours. Each experiment was done in triplicate and repeated three times. Data 

shown are the mean values h m  a single representative experiment. 



Figure 6. Dose curve of '%-gpl20 binding to astrocytes. Astrocytes were incubated 

with increasing concentrations of '2S~-rgp120 from 0.5 nM to 30 nM at 4OC. The unbound 

IX 1-rgpl20 was removed by three washes in ice-cold PBS-0.5% BSA. The bound 151- 

rgpl20 was counted in a gamma counter. Binding was saturated at 24 nM 12S~-rgp12~. 

These values are fiom a single representative experiment done in 24 well plates. 



Figure 7. Binding of '%rgp120 to mtrocytes. Binding of 1z~-rgp120 to human fetal 

astrocytes was conducted by incubating 4x 1 O' cells per well with 1 nM 125~-rgj3 120 alone or 

with increasing concentrations of unlabelled rgpl20 ranging from O to 120 nM for 5 hours 

at 4OC. The unbound radioactivity was removed by three washes in ice-cold PBS-0.5% 

BSA. The cell-associated radioactivity was measured in a gamma counter after 

solubilization of the cells in 0.2 N NaOH. The values represent the mean f: standard error of 

two expenments done in triplicate. Insert presents a saturation isotherm plot of the data 

h m  above. A single bindhg site was revealed witb Kd of approximately 26 nM and 

maximal number of binding sites of 29 £Moles. BE,  bound/fke ratio. 



3, Rgpl2O binding is CD4 independent 

To determine if human fetal astmcytes express the CD4 molecule on the ce11 

suface, we analyzed astrocytes by flow cytometry. Astrocytes were trypsinized bnefly (30 

seconds) and tapped to detach. Foliowing inactivation of and removai of the trypsin, the 

cells were then treated with DAKO-T4-FITC. CD4 could not be detected on the ce11 surface 

of astrocytes while HeLa-CD4 celis, treated in an identicai manner, exhibited strongly 

positive staining (Fig. 8). Considering the possibility that the CD4 epitope could be altered 

in part by trypsinization, we simultaneously stained the ceiis attached to glass coverslips 

with OKT4a and analyzed them by immunocytochemical stajning. The CD4 molecule was 

present on HeLa-CD4 cells (Fig. 9A), however no specific staining on astrocytes was 

observed when compared to controls (Fig. 9B), indicating that CD4 was not expressed on 

human fetal astroyctes. 

To M e r  c o n b  that rgpl20 binding was not mediated by CD4 on the surface of 

human fetal astrocytes, OKT4a was used to inhibit the binding of '"1-rgp120 to astrocytes 

and to HeLa-CD4 cells as a positive control. 60% of the total binding on HeLa-CD4 cells 

was inhibited by 1 pghl  OKT4a while OKT4a (up to 4 pg/ml) had no affect on the binding 

of 125~-rgp120 to astrocytes (Fig. 10). Taken together, these results suggest that gp120 

binding on human fetal astrocytes is CD4 independent. 

4. Gpl2O binding is GalC independent 

GalC was reported to be an alternative receptor for gp120 and mediates HIV-1 

infection in SK-N-MC cells (Harouse et al. 1991). To detect if the human fetai 



fluorescence 

Figure 8. Expression of surface molecules determhed by flow cytometry. (A) As 

positive controls, CD4 was detected on HeLa-T4 cells by flow cytometry with DAKO-T4- 

FITC. (B) Background level of fluorescence on HeLa-T4 cells with goat anti-mouse IgG 

conjugated with FITC alone. (C) CD4 could not be detected on astrocytes by flow 

cytometry with DAKO-T4-FITC. @) Background level of fluorescence on astrocytes with 

goat anti-mouse IgG conjugated with FITC alone. 



Figure 9. Immunocytochemicai strlliliiig. Astrocytes or HeLa-CD4 cells on glas  

coverslips were h e d  with 2% padormaldehyde and incubated with OKT4a (1 : 100) for 90 

min. After removal of unbound OKT4a by three washes in PBS, goat anti-mouse IgG 

conjugated with rodamine was added. The ceiis were viewed under fluroresence microscope 

with 400 x magnification. (A) HeLa-CD4 ceils show staining for CD4 on ceii membrane 

while (B) astrocytes were not be stained with OKT4a 

Astrocytes or SK-N-MC ceiis on glass coverslips were îïxed with 2% 

pdormaldehyde and incubated with anti-GaiC (1:200) for 90 min. M e r  removal of 

unbound anti-GalC by three washes in PBS, goat anti-rabbit IgG conjugated with rodamine 

was added. The ceiis were viewed under fluroresence microscope with 400 x magnification. 

(C) SK-N-MC cells stained for GaiC on ceil membrane! while 0) astrocytes were not 

stained with anti-GaiC. 
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Figure 10. Effcet of OKT4a on the binding of '?kgpl20 to astrocytes and HeLa- 

CD4 cells. CeHs were preincubated with various concentrations of OKT4a for 60 min at 

4OC. Following removal of unbound antibody by two washes, 1 nM of lU~-rgpl 20 was 

added for 5 hours at 4OC. OKT4a was unable to block 125~-rgp 120 binding to astrocytes. The 

data points represent the mean * standard error of two independent experirnents performed 

in duplicate. 



astrocytes express GalC on the ce11 surface, we performed immunocytochemical staining on 

human fetd astrocytes and SK-N-MC ceUs with rabbit sera against GalC. SK-N-MC celis 

which express GalC on their d a c e  (Bhat et al. 1991) were used as a positive control. SK- 

N-MC showed membrane staining with anti-GalC (Fig. 9C), while astrocytes showed only 

background levels of fluorescence (Fig. 9D), indicating that GaiC was not detectable on 

human fetal astnx:ytes. 

To fhher detemiine if rgp 120 binding on the sucface of astrocytes was mediated by 

GaIC, we pretreated the astrocytes with anti-GalC (1:320 to 1:10 dilution) followed by 

incubation with 1 nM IZS1-rgp 120. '2S~-rgp 120 binding withouî anti-GalC was considered to 

be 100% binding. SK-N-MC ceiis were used as a positive control. Inhibition of rgpl20 

binding to the SK-N-MC ceUs was inhibited by anti-GalC. A maximal inhibition of 70% 

'25~-rgp120 binding on SK-N-MC celis was seen with anti-GaiC at a dilution of 1 :?O (Fig. 

II) .  However, anti-GalC, even with the highest concentration, had no effect on '25~-rgp120 

bindirig to astrocytes. Thus, we conclude that rgpl20 binding on astrocytes is GalC- 

independent. 

5. Immunoprecipitation of rgpl20 binding proteins 

To identi@ the gp120 binding molecule on the astrocyte membrane, we radio- 

labelled d a c e  proteins on astmcytes with '% The labelled astrocytes were incubated with 

rgp120 (1 pg) or L2S~-rgp12~ (0.1 pg) followed by lysing the cells. Protein A-agarose bound 

with either HIV-1 positive sera or nomial sera (selected for high titer antibody to gp120) 

was added into the ce11 lysates to coimmunoprecipitate the rgpl2O binding protein. A 260 
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Figure 11. EKwt of anti-GaiC on the binding of 'f5I-rgp120 to astrocytes and SK-N- 

MC ceils. Ceiis were preincubated for 60 min at 4'C with various dilutions of anti-GalC. 

Following removal of unbound antibody by two washes, 1 nM of 12*1-rgp 120 was added for 

5 hours at 4OC. Anti-GalC antibody did not inhibit L2S~-rgp120 binding on astrocytes. nie 

data points represent the mean * standard error of two independent experiments done in 

duplicate. 



kDa protein was identifïed as a putative gp 120 binding protein (fig. 12). This protein could 

not be coimmuaoprecipitated when anti-gpl2O sera were substiîuted with normal sera. It 

was also absent in ceus not treated with rgpl20. Because the binding kinetics were 

1 25 125 detenained with 1-rgpl20, we treated 1-astrocytes with '''~-r@ 120 and 

coixnmunoprecipitated them with anti-al20 sera The same 260-kDa protein was again 

observed, confimiing that iodination of gp120 did not alter its binding properties. 



Figure 12. Immunoprecipitation of gpl20-bindiag protein. Astnx:ytes were surface- 

12s labeiied with IU1 and then incubated with rgpl20 or 1-rgpl2O prior to detergent 

extraction and imrnunoprecipitation with anti-gp 120-protein A agarose. Samples were 

analyzed by SDS-PAGE in 4% to 15% gradient gels foiiowed by autoradiography. Lane 1, 

1 - lLS~-labelled astnx:ytes ody. L a w  2 and Lane 3 %labelkd astrocytes incubated with 

rgpl20 or with '~1-rgp120 respectively. A 260 KDa band is seen in lanes 2 and 3 only 

(arrow). Five fold more protein was added to lane 3 to detect any miwr bands in addition to 

the 260 kDa molecule. 
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Part II Molecular determinants for the ceiiular uptake of Tot 

1. Tatl-72 expressed and purified from E Coli 

Recombinant Tatl-72 was prepared as described as in Materials and Methods. 

P d e d  Tatl-72 was d y z e d  by SDS-PAGE foilowed by Coomassie blue staining (fig. 

13A). A monomeric form of Tat 1-72 (14 kDa) represented >90% of the total proteins. A 

dimeric fonn of Tatl-72 was present as a minor band (28 ma). The enzyme Xa-factor 

which was used to cleave Tatl-72 fiom bund  h i o n  protein was undetectable by 

Coomassie blue staining. Western blot anaiysis with rabbit anti-Tat 1-72 serum confïrmed 

the presence of monomenc and dimeric form of Tatl-72 (fig. 138). 

To confirm that purified Tatl-72 was transactivationally functional, we 

deterrnined its ability to transactivate the HIV-LTR using LTR CAT assay. HL3T1 cells 

with the LTR-CAT construct were mixed with or without Tatl-72 followed by scrape- 

loading. For the specificity of Tatl-72 action, Tatl-72 was also pretreated with 

monoclonal antibody to Tat (kindly provided by Dr. Dawood) for 1 hour at room 

temperature followed by incubation with HL3T1 ceiis. M e r  24 hours incubation, HL3TI 

cetls were harvested for CAT assay. As shown in figure 14, Tatl-72 produced a 22-foId 

increase in LTR transactivation which was blocked by monoclonal antibody to Tat. This 

indicates that the function of recombinant Tat 1-72 purified fiom E. Coli is well retained. 



Figure 13. Purity of recombinant Tatl-72. (A). Punfied recombinant Tatl-72 was 

analyzed by 15% SDS-PAGE followed by Coomassie blue stainuig. Lane 1 is molecular 

weight markers. Lane 2, 3, 4, and 5 were fiactions eluted fiom the affinity column. The 

major bands at 14 kDa represent monomeric form of Tatl-72 and minor bands at 28 kDa 

were dimers of Tatl-72. (B). Western blot analysis of purified Tatl-72. Tatl-72 was 

transferred to a nylon membrane (Bio-Rad) following SDS-PAGE and incubated with 

rabbit anti-Tatl-72 senun (1 :2000) for 90 min. The unbound antibodies were removed by 

three washed in PBS-0.05% tween 20. The goat anti-rabbit IgG conjugated with HRP 

(1: 1000) was added to the membrane followed by development with DAB. Laue 1,2 and 

3 represented 0.5 pg, O. 1 pg and 1 pg of Tat 1 -72 respective1 y. Major bands at 1 4 kDa and 

minor bands at 28 kDa were observed. 
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Figure 14. Tatl-72 transactivation activity. 1 pg Tatl-72 in 1 ml medium was scrape- 

loaded into 1 x 1 O6 HL3T 1 cells with the LTR-CAT constmct and incubated for 24 hours 

at 37°C. The cells were then harvested for the CAT assay as described in Materials and 

Methods. Tatl-72 greatly transactivated the LTR-CAT activity (Tat alone) compared to the 

control group (without Tat 1-72 treatment) (* p < 0.005, paired Student's t test ). Mer Tat 1 - 
72 (1 pg) was preincubated with monoclonal antibody to Tat (1 : IO), transactivation activity 

of Tatl-72 was blocked completely. The values represent the mean k standard error of two 

experiments done in triplicate. 



2. Uptake of Tatl-86 and Tatl-72 

125 To compare the cellular uptake of Tat 1-86 and Tat 1-72 by astrocytes, 1-Tat 1-86 

or 125~-~atl-72 was added to human fetal astrocyte cultures and incubated for 5 min to 4 

hours at room temperature. Uptake of both lU1-~atl-86 and IZ1-~atl-72 was thne and 

dose dependent. However, the uptake of 1 2 5 ~ - ~ a t  1-72 was much lower than that of l Z S ~ -  

Tatl-86 (0.02 * 0.003 ng versus 0.12 * 0.001 ng at 4 hours; p<0.01) (fig. 15). At 

maximal concentration (64 nM) of lZS1-~atl -86 or '=1-~at 1-72 tested, the uptake of the 

Tat could not be saturated (fig. 16). Further, > 90% of internalized 12'1-~atl-86 or IZ51- 

Tatl-72 was localized in the nucleus while the cytoplasmic fiaction represented only 

4 0 %  in the astrocytes (fig. 17). To M e r  confirm the nuclear localization and the fate 

of Tat within the nucleus, nuclear fiactions were prepared fiom ' 2 5 ~ - ~ a t  1 -86 or I2'1-~at 1 - 
125 72 treated astrocytes and analyzed by SDS-PAGE followed by autoradiography. I- 

Tatl-86 or '251-~atl-72 could be localized as a prominent 15 kDa or 14 kDa band 

respectively as shown in figure 18A and 18C. By 2 hows, a prominent band for both 

Tat 1-86 and Tatl-72 were detected (fig. 18B and 18D). Bands of smaller molecular 

weights representing breakdown products of Tat were also noted (fig. 18). Similar results 

were observed in neurons, NB41 cells and SupT-1 cells (data not shown). Al1 subsequent 

experiments were done with astrocytes only. 

When the ' 2 S ~ - ~ a t  containing solution was pre-absorbed with polyclonal Tat 

antisera and conjugated with protein A sepharose, cellular uptake of 12'1-~atl-86 and '**I- 

Tat 1-72 decreased by 79 l 1% and 78 * 3% respectively (fig. 19), dernonstrating that 

the uptake of Tat was specific. 
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Figure 15. Kinetics of Tatl-86 and Tatl-72 uptake by astrocytcs. 10 nM 12'1-~atl- 

86 or 12'1-~at 1-72 in 0.2 ml binding medium was incubated with 5 x 1 O' astrocytes for 5 

min to 4 hours. The cells were then washed to remove free 125~-~atl-86 or '25~-~atl-72. 

Nuclear fiactions were isolated as described in Materials and Methods. Both ' 2 5 ~ - ~ a t  1 -86 

and 12?-~at 1-72 were internalized by astrocytes. Uptake of Tat 1-86 was much more rapid 

and occurred in larger arnounts as compared to Tat 1-72 (*p < 0.0 1, unpaired Student's t 

test). Each value represents the mean + standard error of two experiments, each done in 

triplkate. 



Figure 16. Dose dependency of Tatl-86 and Tatl-72 uptake into astrocytes. The 

cells were incubated with increasing concentrations of 1 2 S ~ - ~ a t  1-86 or 12'1-~at 1-72 for 2 

hours. The cells were then washed to rernove fiee 12'1-~atl-86 or 12'1-~atl-72. Nuclear 

125 fractions were isolated as described as Materiais and Methods. 1-Tat 1-86 and 1 2 5 ~ - ~ a t  1 - 
72 were internalized dose dependently. Uptake of Tatl-86 was more efficient (at 64 nM, 

*p < 0.01). Each value represents the mean f standard error of two experiments. each 

done in triplkate. 



nucleus cytoplasm 

Figure 17. Nuclear locaiization of internalized Tatf-86. Cells were incubated with 10 

nM 1 2 k a t  1-86 for 2 hours. Cells were washed to remove fiee 12'1-~at 1-86. Nuclear and 

cytoplasmic fiactions were isoIated as described as Materials and Methods. lnternaiized 

'2S~-~at l -86  was predorninantiy present in the nuclear fiaction o f  astrocytes (*p < 0.005, 

unpaired Student's I test). Each vaiue represents the mean t standard e m r  of two 

experirnents, each done in triplicate. 



Figure 18. Nuclear friction following Tatl-86 or Tatl-72 uptake analyzed by SDS- 

PAGE. Astrocytes (5 x 10' celis) were incubated with 1 n M  '%~atl-86 or 12'1-~at 1-72 

for 2 hours at room temperature. Celis were washed to remove fiee '2'~-~atl-86 or 12'1- 

Tat 1 -72. Nuclear hctions were isolated and resolved by 1 5% SDS-PAGE as descnbed in 

Materials and Methods and analyzed by autoradiography. A and C represent lZ51-~atl-86 

and '2S~-labelled Tat 1-72, respectively. B and D show intemalized I2'1-~at 1-86 (1 5 kDa) 

and 12*1-~at 1-72 (14 kDa) in the nuclear fiaction of astrocytes, respectively. Bands of 

breakdown products of I2'1-~atl -86 or '* '~-~at  1-72 were also observed (B or D). Lane 1, 

2,3 indicate Tat uptake at 0.5 hours, 2 hours and 4 hours respectively. 





3. Cornpetition of Tatl-86 and Tatl-72 uptake by unlabeiied Tat and dexttan suifate 

Astrocytes were treated with 10 nM lZ1-~atl-72 in the presence of increasing 

concentrations of unlabeiied Tatl-72 ranging fkom 200 to 1000 nM. Uptake of 1 2 5 ~ - ~ a t  1 - 

72 was inhibited dose-dependently with maximal Uihibition (60%) achieved in the 

presence of 800 nM unlabeiled Tatl-72 (fig. 20). To determine if Tat uptake was charge 

dependent, human fetai astrocytes were treated with ' 25~-~a t l  -86 and 12'1-~at 1-72 in the 

presence of increasing concentrations of de- sulfate (0.25 p M  to 3.2 PM). Dexüan 

sulfate inhibited 1 2 5 ~ - ~ a t  1-86 or I2'1-~at 1-72 uptake dose-dependently (fig. 2 1 ). 80% of 

inhibition of 12'1-~at 1-86 and 75% of inhibition of lZSI-~at 1-72 uptake was noted in the 

presence of 0.4 p M  and 1.5 pM dextran sulfate, respectively (fig. 2 1). 

4. Role of integrins cxr& and a$, or a,B3 on uptake of Tatl-86 

To determine if the basic region of the Tat49-57 or the RGD sequence in the Tat 

C-terminai region (72-86), previously shown to bind to integins a,B5 and ajPi or 

mediate cellular uptake of Tat, we treated astrocytes with 10 n M  ' 2 5 ~ - ~ a t l  -86 in the 

presence of 600-fold higher concentrations of either Tat48-86 containing the RGD 

sequence, or Tat3 1-72 containing the basic region. Both peptides failed to inhibit 

125 1-Tat 1-86 intemakation in astrocytes (fig. 22). 

Conversely, when astrocytes were treated with '2S~-~atl-72 in the presence of Tat 

peptide3 1-72, a 5-fold enhancement of Tat uptake was observed @<0.01) while Tat 

peptide48-86 had no effect on ' 2 S ~ - ~ a t  1-72 uptake by astrocytes (fig. 23). 
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Figure 19. Specificity of Tatl-86 and Tatl-72 uptake by astrocytes. Rabbit anti-Tat 

sera (1 : 1 0) was conjugated to protein A sepharose. After removal of unbound materiiils, 

the conjugated beads were then incubated with 10 n M  '2S~-~atl-86 or %~at1-72 in 

binding medium for 60 min. Control groups used normal sera Uistead. Supernatants were 

then used for Tat uptake assay as described in Materials and Methods. Uptake of both of 

125 1-Tat 1-86 and lZS1-~at 1-72 was abolished following preabsorption of Tat with 

polyclonal Tat aatisera compared to control (*p 4 0.005, unpaired Student's r test). Each 

value represents the mean & standard error of mean of two experiments, each done in 

triplicate. 
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Figure 20. Cornpetition of lZI-Tatl-72 uptake by unlabeiied Tatl-72 on astrocytes. 

Astrocytes (5 x 10') were incubated with 10 nM ' 2 5 ~ - ~ a t  1-72 in the presence of increasing 

concentrations of unlabelled Tat 1-72 (O to IO00 nM) for 2 hom. Celis were washed to 

remove fiee L25~-~atl-72.  Nuclear fiactions were isolated as described in Materiais and 

Methods. 125~-~a t  1-72 uptake was inhibited dosedependently with maximal inhibition 

(60%) achieved in the presence of 800 nM dabelled Tatl-72. Each value represents the 

mean k standard error of two experiments, each done in triplkate. 
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Figure 21. Enect of dextran suifate on uptake of Tatl-86 and Tatl-72. Astrocytes (5 

x 10' cells/well) were incubated with 10 nM '%~at  1-72 in the presence of increasing 

concentrations of dextran sulfate (0.2 to 3.2 PM) for 2 hours at room temperature. The 

125 cells were then washed to remove fiee 1-Tatl-72. Nuclear fractions were isolated as 

described in Materials and Methods. Each value represents the mean t standard error of 

two experiments, each done in triplicate. Dextran sulfate inhibited '25~-~atl-86 or 12'1- 

Tat 1-72 uptake dose-dependently. 



5. Effect of 15 mer Tat peptides on Tatl-72 uptake 

To M e r  determine the region responsible for the enhancement of Tatl-72 

uptake, we incubated I2'1-~atl-72 with astrocytes in the presence of 600-fold excess 

concentrations of various 15 mer Tat peptides. The peptides, completely spannuig the 86 

amino acid sequence of Tat were iisted in Table 2. A 30-fold enhancement of Tatl-72 

uptake was observed by Tat28-42 @ c 0.005). Tatî3-37 and Tat18-32 also produced a 

IO-fold @ < 0.005) and a 2-fold (p < 0.01) enhancement of 125~-~atl-72 uptake, 

respectively while the remaining 15 mer peptides had no signincant effect (fig. 24). 

Similarly, Tat72-86, which supplements the deleted region of the second exon, had no 

effect on 1251-~at 1-72 uptake (fig. 24). 

To determine if the internalized Tatl-72 r e m  its functional properties, 

transactivation of HIV-LTR was detexmined in HL3TI cells containing the LTR-CAT 

construct treated with 0.5 p M  Tatl -72 without scmpe-loading in the presence or absence 

of 6 p M  Tatl-15, Tat28-42 or Tat72-86. As shown in figure 25, compared to Tatl-72 

alone, tramactivation of Tatl-72 was enhanced by 9-fold in the presence of Tat.28-42 (p < 

0.005). Compared to the control (without Tat 1 -Tl), Tat 1-72 significandy transactivated 

LTR @ < 0.05, paired Student's t test). Tatl-15 or Tat72-86, when CO-incubated with Tatl- 

72, did not affect transactivation by Tatl-72. Tat28-42 did not have any transactivation 

activity. 



140 , II control Tat48-86 

Figure 22. Effects of Tat31-72 and Tat4886 on internaikation of Tatl-86 into 

astrocytes. Asttocytes (5 x IO5 cells/well) were incubated with 10 nM '*'1-~at 1-86 in the 

presence of 6 pM Tat31-72 or Tat48-86 for 2 hours. The cells were then washed to 

remove fkee ' 2 S ~ ~ a t l - 7 2 .  Nuclear hctions were isolated as described in Materials and 

Methods. Uptake of 12'1-~atl-86 was not affécted by these peptides. Each value represents 

the mean f standard error of two experiments, each done in üiplicate. 
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Figure 23. Effects of Tat31-72 and Tat4886 on interailkation of Tatl-72 into 

astrocytes. Astrocytes (5 x 105 cells/well) were incubated with 10 nM 12'1-~atl-72 in the 

presence of 6 FM Tat3 1-72 and Tat48-86 for 2 hours. The cells were then washed to 

125 remove fiee 1-Tatl-72. Nuclear hctions were isolated as descnbed in Materials and 

Methods. Uptake of 125i-~atl-72 (10 nM) in astrocytes was enhanced 5-fold (*p<O.01, 

unpaired Student's t test) by Tat3 1-72 (6 pM) while Tat49-86 had no effect. Each value 

represents the mean f standard emr of two experiments, each done in triplicate. 



Figure 24. Effcet of 15 mer Tat peptides on Tatl-72 uptake. Astrocytes were treated 

with 12S~-~atl-72 (10 nM) in the presence of various 15 mer peptides (6 p M  each). The 

unbound 1251-~atl-72 was removed by three washes. Nuclear fiactions were isolated as 

described as Materials and Methods. '2S~-~atl-72 uptake was enhanced by 30-fold (**p < 

0.005), 10-fold (**p < 0.005) or 2-fold (*p < 0.05) in the presence of Tat peptides 28-42, 

23-37 or 18-32, respectively while the other 15 mer peptides had no effect. Each value 

represents the mean f standard error of two experiments, each done in tripiicate. 
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Figure 25. Effects of 15 mer Tat peptides on Tatl-72 transactivation. The HL3Tl 

cells were treated with 0.5 pM Tatl-72 and 100 p M  chloroquine without scrape-loading in 

the presence or absence of 6 p M  Tatl-15, Tat28-42 or Tat72-86. Compared to Tat 1-72 

alone transactivation of Tatl-72 was enhanced by 9-fold in the presence of Tatî8-42 (**p < 

0.005). Compared to the control (without Tat 1 -7î), Tat 1-72 also significantly transactivated 

LTR (*p < 0.05). Tatl-15 or Tat72-86, when CO-incubated with Tatl-72, did not affect 

transactivation by Tatl-72. Tat28-42 did not have any transactivation activity by itself. 

Each value represents the mean f standard error of mean fiom two experiments, each done 

in triplicate. 
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Part iII Identifcation of Tat bindhg proteins 

1. Membrane binding of Tatl-72 on U373 ceils 

To initially examine the membrane binding of Tatl-72, U373 cells on coverslips 

were treated with Tatl-72 for 2 hours. Unbound protein was removed by repeated 

washing. The bound Tatl-72 was detected by immunostaining with anti-Tat antibody. 

Tata-72 treated U373 ceiis showed an intensive cell-surface staiaing (fig. 26A) which 

was completely absent iu cells treated with normal serum instead (26B). The cells did not 

show any staining if treated with anti-Tat antibody followed by secondary antibody (fig. 

26C) or secondary antibody alone (fig. 26D). 

2. Kinetics and Concentration dependency of Tatl-72 binding on astrocytes 

To determine the time course of Tat binding on human fetal astrocytes and U373 

cells, these cells were incubated with 4 nM 12S~-~atl-72 for 30 min to 5 hours at room 

temperature. Maximum binding of Tat to both human fetal astrocytes and U373 cells was 

reached by 2 hours (fig. 27). Similarly, we carried out a dose saturation study in which 

human fetal astrocytes and U373 cells were incubated with increasing concentrations of 

I2?-~atl-72 up to 64 nM for two hours. The binâing of L2S~-~at l -72 to human fetal 

astrocytes and U373 cells was saturated at 24 nM (fig. 28). 

3. Specifk biading of Tatl-72 on astrocytes 

To determine the specificity of Tat binding to the ce11 membrane, both ce11 types 

were incubated at room temperature for 2 hours with 4 nM 12'1-~atl-72 in the presence of 



Figure 26. ImmunocytochemKnl detection of Tatl-72 binding to the eeU membrane. 

U373 celis on glas coverslips were treated with 5 pg Tatl-72. Mer removal of unbound 

Tatl-72, the celis were fixed with 2% parafoddehyde and incubated with anti-Tat sera 

(1 : 1000) (a) or normai rabbit sera (1 :1000) (b) for 90 min. After removal of unbound 

antibodies by three washes in PBS, goat anti-rabbit IgG conjugated with HRP was added. 

DAB was used as chromogen. The cells were viewed under a microscope with 400 x 

magnification. Celis without Tat 1-72 treatrnent were incubated with anti-Tat sera foiiowed 

by secondary mtibody (c) or the secondary antibody alone (d). Only ceiis treated with Tat- 

anti-Tat serum (a) showed prominent membrane staining. 
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Figure 27. Kinetics of Tatl-72 binding. 5 x LOS ceils/weli were incubated with 4 nM 

125 1-Tatl-72 for 30 min to 5 hours. Mer removal of unbound '"L~atl-72 by three 

washes in ice-cold DMEM, membrane-bound 12'1-~atl-72 was obtained by incubation of 

the cells with trypsin-EDTA for 10 min at 3 7 T  and measured in a gamma counter. The 

bùiding on both types of cells was saturated by 2 hours. Each value represents the rnean k 

standard error of two experiments, each done in triplicate. 



Figure 28. Dose of Tatl-72 binding. 5 x 10' celis/well were incubated with increasing 

concentrations of 12S~-~atl-72 (2 to 64 nM) for 2 hours. M e r  removal of the unbound 

12'1-~at 1-72 by three washes in ice-cold DMEM, the membrane-bound lZS1-~at 1-72 was 

obtained by incubation of the cells with trypsin-EDTA for 10 min at 37°C and measured 

in a gamma counter. Tat binding was dose d ependent on both human fetal astrocytes and 

U373 ceiis and saturated at 24 nM. Each value represents the mean t standard error of 

two experiments, each done in triplicate. 



increasing concentrations of unlabelled Tatl-72 (O to 400 nM). In the absence of 

unlabelled Tatl-72, '"1-~at 1-72 binciing was considered to be 100%. Inhibition of Tat 1- 

72 binding on both types of cells was dosedependent. 75% of 12?-~atl-72 binding on 

human fetal astrocytes was blocked by 400 nM uniabeiled Tatl-72 (fig. 29) while 50% of 

I25 1-Tatl-72 binding on U373 celis was competed by 400 nM unlabelled Tatl-72 (fig. 

29). Thus, the nonspecific binding component on astrocytes was 25% and on U373 cells 

was 50%. Scatchard analysis of these data reveaied that there were >106 binding sites per 

ce11 on astrocytes and U373 cells. 

To m e r  confirm that the specific binding of 12%~atl-72 on human fetal 

astrocytes and U373 cells, anti-sera to Tat was pretreated with 4 nM 12'1-~at for 60 min at 

room temperature. Normal sera were used as a negative control. The mixture of 12?-~at 1- 

72 and antibodies was then added to the cells for 2 hours. M e r  removal of the unbowid 

"'L~at 1-72 by three washes in ice-cold DMEM, the membrane-bound 12'1-~at 1-72 was 

obtained and measured as described in Materials and Methods. As shown in figure 30, 

-60% of 12'1-~at 1-72 binding on human fetal astroyctes and U373 cells was blocked by 

Tat antibody (1 :200) compared to 12*1-~atl-72 binding in cells treated with normal sera @ 

< 0.005). 

4. Tatl-72 binding is integrins av$3, a5p1 and avpS independent 

Integrins avp3, aSpl and avpS are well-knoW Tat binding proteins. By 

immunoprecipitation of 125~-surface-labelled human fetal astrocytes and 1251-surface- 

labelled U373 cells with polyclonal antibodies to avB3, a5p1 and p5, we detected 



Figure 29. Cornpetition of Tatl-72 binding. Cells were incubated with 4 nM lZS1- 

Tatl-72 in the presence of increasing concentrations of unlabelled Tatl-72 (O to 400 nM). 

M e r  removal of unbound lZcl-~atl-72 by three washes in ice-cold DMEM, membrane- 

bound lZ51-~atl -72 was obtained by incubation of the cells with trypsin-EDTA for 10 min 

at 3 7'C and measured in a gamma counter. 75% of 125~-~at1-72 binding on human fetal 

astrocytes was inhibited by 400 nM unlabelled Tatl-72 while 50% of '"L~at 1-72 

binding on U373 ceiis was competed by 400 nM unlabeiled Tatl-72. Each value 

represents the mean + standard error of two experiments. each done in triplicate. 
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Figure 30. S pecificity of Tatl-72 binding. ' = ~ - ~ a t  1 -72 (4 nM) was preincubated with 

polyclonal antibodies (1:200) or nomial rabbit sera (1:200) for 90 min. The mixture of 

"1-Tat 1-72 and antibodies was then added to cells for 2 hours. After removai of unbound 

'"L~at 1-72 by three washes in ice-cold DMEM, membrane-bound 12*1-~atl -72 was 

obtained by incubation of cells with trypsin-EDTA for 10 min at 37T and measured in a 

gamma counter as descnbed in Materials and Methods. Anti-Tat antibodies inhibited 

-60% of 12%-~atl-72 binding on both astrocytes and U373 cells compared to normal 

senim-treated groups (*p < 0.05, unpaired Student's t test). Each value represents the 

mean f standard error of two experiments, each done in triplicate. 
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crvp3, a5Pl inteprins on U373 cells (fig. 31A, table 3) and avp3 on human fetal 

astrocytes (fig. 3 18, table 3). However, P5 integrin could wt be detected on either human 

fetal astrocytes and U373 cells. ave3 is a heterodimer 1651105 kDa. av  subunit has 

disulphide-linked heavy chah and light chah uni& with mass of 125 kDa and 24 kDa. 

a5pl is a heterodimer with a mass of 160/130 kDa in which the a5 subunit has 

disulphide-linked heavy and light chahs of 135 kDa and 25 Da, respectively (table 3). 

Under reducing conditions of SDS-PAGE, the disulphide Iinkages were broken and no 

light chah 25 kDa subunits were observed in SDS-PAGE gel because of their molecular 

m a s .  Only single bands were observed when U373 cells were immunoprecipitated with 

ant-a5pl due to similar molecular masses of two subunits (a5 135/pl 130 kDa) (fig. 

3 1 A, table 3). avB3 could be observed in bands of 125 kDa and 105 kDa from 

immunoprecipitation of both U373 cells and human fetal astrocytes (fig. 3 1, table 3). 

Table 3 Tat binding to integrins 

Integrins M. W.(kDa) U3 73 Astrocyte Tat 1-72 @GD) 

av93 1651105 + + - + 

a5p1 160(135+25)/130 + - - + 

avpS 1251105 - - + - 

It has been shown that the RGD sequence in the C-terminal region of Tat binds to 

integrins avP3 and a5p  1. Although we used Tatl-72 for our binding studies which does 

not contain the RGD sequence, we conducted m e r  s u e s  by pretreating the cells with 



antisera to avp3, a5pl  and avp5 integrins followed by incubation with '3[-Tatl-72. As 

expected, none of the antibodies inhibited Tat binding on human fetal astrocytes and 

U373 cells (fig. 32). 

5. Enhancement of Tat binding by Tatl-72 peptides 

In an attempt to determine the epitope of Tat involved in binding to astrocytes we 

used 15 mer peptides overlapping by 10 amino acids each and spanning the entire 

sequence of Tat (1-86 amino acids, table 2) to block the binding of Tatl-72. None of the 

peptides were able to inhibit Tatl-72 binding even at 600-fold excess concentrations of 

the peptides. However, ' 25~-~a t  binding on human fetal astrocytes was enhanced up to 4- 

times @ < 0.005) in the presence of Tat28-42 or three-times @ < 0.005) in the presence of 

Tat23-3 7 (Fig. 33). Tat 18-32 and Tat38-52 both produced 2-fold (P < 0.05) enhancement 

of '''1-~at binding on human fetal astrocytes, while the remaining 15 mer peptides had no 

significant effect (fig. 3 3). 

6. Immunoprecipitation of Tatl-72 binding proteins 

U373 cells were used to isolate the Tat binding protein since the properties of Tat 

binding on U373 cells were similar to that on human fetal astrocytes. To determine if 

there were Tat binding proteins on ce11 surface, U373 cells were surface-labelled with 12? 

and extracted with ce11 lysing buffer. The extracts containing labelled surface-proteins 

were incubated with Tat and immuuoprecipitated with anti-Tat sera bound to protein-A 

agarose and were analyzed by SDS-PAGE. 43 and 35 kDa proteins were detected (fig. 



Figure 31. Immuwprecipitatioa of integrins avp3, aSB1 and avp5. U373 cells or 

astrocytes were labeiled with 12'1 and immunoprecipitated with antiirvS3 a5B1 or avB5 

as described in Materials and Methods. Normal rabbit sera was used as a control. (A). 

Entegrins on membranes of U373 cells. a 5  p 1 (lane 1) and avB3 (lane 2) were detected on 

U373 cells while P5 (Lane 3) was not detected. Lane 4 represented normal rabbit senun 

used as a control. (B). integrins on membranes of hurnan fetal astrocytes. Only avp3 

(lane 3) was precipitated while aSB1 (lane 2) and PS (lane 4) were not detected. Lane 1 

represented normal rabbit serum control. The numbers indicate molecular weight 

markers. 
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Figure 32. Effeets of anti-ave3, aSp1, avp5 on ' 9 - ~ a t l - 7 2  bindiag. Human fetal 

astrocytes (5 x los cells/well) were incubated with 4 nM lZ51-~at in the presence of ami- 

avB3, a5P 1, avpS oc n o d  sera (1 :200). Afkr removal of the unbound I2'1-~at 1-72 by 

three washes in ice-cold DMEM, membrane-bound 125~-~atl-72 was obtained by 

incubation of the cells with üypsin-EDTA for 10 min at 37°C and measured in a gamma 

counter. None of these antibodies significdy inhibited IZS1-~at 1-72 binding. Each value 

represents the mean i standard error of two experiments, each done in triplkate. 



Figure 33. Effécts of 15 mer Tat peptides on Tatl-72 binding. Human fetal astrocytes 

(5 x 1 O' cells/well) were incubated with 4 nM 'U~-~at l -72 in the presence of various 15 

mer peptides (6 p M  each) for 2 hours. Mer removal of the unbound lZS1-~at 1-72 by three 

washes in ice-cold DMEM, membrane-bound lZS1-~at 1-72 was obtained by incubation of 

the cells with trypsin-EDTA for 10 min at 37OC and measured in a gamma counter. 

Tat28-42 and Tat 23-37 significantly enhanced the lZ51-~atl-72 binding (**p < 0.005) 

while Tat38-52 and Tat 1 8-32 only slightiy enhanced the lZS1-~at 1-72 binding (*p < 0.05). 

Each value represents the mean k standard emr of two experiments, each done in 

triplicate. 
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34A). Control samples of the radioiodinated extracts Mmunoprecipitated with protein A 

sepharose alone or with protein-A sepharose conjugated to either Tat antisera or normal 

rabbit sera did not show the above two protein bands. Tne proteins other than 43 and 35 

kDa proteins were also seen in the precipitaat with Tathti-Tat sera. However, these 

proteins also appeared on the control groups in the absence of Tat, which were unlikely 

Tat binding proteins (fig. 34A). To m e r  confirm these two Lat binding protehs, 

protein extracts of U373 cells were passed over a Tat affinity column. The bound proteins 

were eluted, lyophilized and radioiodinated with '7. From lUI-eluted proteins, the 43 and 

35 kDa proteins could also be detected by immunoprecipitation with Tat while protein A 

sepharose done, Tat/normal sera as controls were not able to detect these two proteins 

(fig. 34B). 



Figure 34. Immunoprecipitation of Tatl-72 binding proteins from U373 ceus. The 

nurnbers on the left represent molecular mass markers. 

(A) imunoprecipitation of Tat binding protein on surface of U373 cells. The ceIIs were 

surface-labelled with lXI and iysed with the extraction buffer. The extract was incubated 

with Tatl-72 followed by addition of anti-Tat antibody (lane 1) or normal rabbit sera 

(lane 3) pre-conjugated with protein A sepharose beads. The extract was also incubated 

with protein A sepharose alone in the presence of Tatl-72 (lane 2) or anti-Tat sera 

conjugated with protein A sepharose beads in the presence of Tatl-72 (lane 4). Lane 5 

represents labelled proteins of the extract. Tatl-72 specifically precipitated the 43 and 35 

kDa proteins (arrows) (lane 1) which did not appear in the controls (lane 2-4). 

(B) iinmunoprecipitation of Tat binding protein from the extract of U373 cells. The ce11 

extract fiom U373 cells was passed through a Tatl-72 column followed by washing the 

unbound proteins. The bound proteins were eluted, labelled with I3I. The bound proteins 

were then precipitated with Tatl-72 foliowed by addition of protein A sepharose beads 

alone (lane l), anti-Tat sera (lane 2) or normal rabbit sera (lane 3) conjugated with protein 

A sepharose beads. The 43 and 35 kDa proteins (arrows) were detected in lane 2. 
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V. DISCUSSION 

We have studied the interactions of two HIV proteins (gpl20 and Tat) with 

unuifected astrocytes. Both of these proteins are potentiaiiy avaiiable in the extracellular 

environment, upon release nom infected ceiis. As discussed earlier, these proteins have 

been shown in several studies to produce a number of biological effects on brain-derived 

cells. We have now characterized the membrane interactions of both gp120 and Tat with 

astrocytes and have shown that they have specific, but distinct mechanisms of 

interactions with this ce11 type. 

Man is the only naîurai host for HIV. Hence, the study of interactions of HIV with 

human astrocytes would be the most applicable to understanding the pathogenesis of HIV 

encephalopathy. Reliable sources of brain tissue for tissue culture purposes consist of 

either human fetal brain obtained fiom therapeutic abortion or adult brain tissue fkom 

patients undergoing surgery for epilepsy. However, pure astrocyte culture (> 90%) are 

best obtained fiom fetal tissues while adult brain tissues, the source of which is relatively 

limited, are better used for microglia and oligodendrocyte culture. (Nath and Ma, 1995). 

Human fetal astrocytes are similar to adult astrocytes in many aspects such as GFAP 

expression and immune regulation (Furer et al. 1993). To exclude the possibility that the 

small numbers of non-astrocytic cells in our cultures may effect our resulr, we also used 

a huma. astrocytoma ceIl line for isolated experiments. The observations for both ce11 

types were compared as discussed below. 

1. Membrane binding properties of gp120 on astrocytes 



1. Recombinant gpl2O binds to CD4 

The gp120 used in our experiments was expressed and purified fiom CHO cells. It 

is important to determine if the moleniles were firnctional prior to bhding assay on 

astrocytes. The best way to do so is to measure the gp120 binding activity to CD4 molecule, 

since the initial step for W - 1  iafection is gpl2O binding to a specifïc receptor and CD4 is 

the best characterized receptor for gp120. We employed the two types of ceils: SupT cells 

grown in suspension and HeLa-CD4 ceUs grown in adhesion, and two different techniques: 

gp 120 binding assay on SupT cens and chernicd cross-linking of gp 120 to CD4 on HeLa- 

CD4 ceiis. The experiments have successfuly shown that the gp120 obtauied interacted 

with CD4 molecde expressed on both SupT ceiis and HeLa-CD4 ceiis, which indicated that 

function of gp 120 was weii retained. However, the ability of gp 120 interaction with fusin, a 

coreceptor for HTV, has not been determined. 

2. Gp120 binding specifically on human fetd astrocytes 

We have shown that the gp120 binding on astrocytes was both time and dose 

dependent. To M e r  characterize the gp 120 binding site on astrocytes, we used '%gp 120 

to directiy measure the affinity and specifi.city of binding sites on human fetal astrocytes. 

Mass law analyses revealed that there was a singie hi& aflinity binding site for gp120 on 

astrocytes with values for the dissociation constant of this binding (Kd) of 26 nM. This Kd 

of 26 nM is greater than that of gp120-CD4 interaction (2 to 5 nM) (Lasky et 01. 1987) and 

g p  1 20-GalC interaction (12 nM) (Hatouse et al- 1991). These fïndings suggest that the 

aflbity of gp120 for astrocytes is slightly lower than that for lymphocytes or GalC 



expressing celis. Nevertheless, gp120 at nM concentrations has been shown to produce 

biochemical and morphological changes in astrocytes (Pulliam et al. 1993) and at pM 

concentration causes in intraceiiular calcium in astnx:ytes (Nath et al. 1996a). Our fïnding 

of 4 3  10' binding sites on each astrocyte compares favorably to 0.5 to 1 x 104 CD4 

receptors per Iymphoid celi (Finbloom et al. 1991) when taken into account that astrocytes 

are typically 10-20 times larger than lymphoid celis. 

3. GplZO binding on astrocytes is CD4 independent 

The primary receptor for HN- 1 is CD4 (Sattentau and Weiss, 1988). CD4 molecule 

is expressed on T lymphocytes, monocytes, and macrophages, which serve as targets for 

W- 1 infection. Binding of the envelope glycoproteh, gp120 of HIV- 1 to CD4 on target 

ce11 with sûikïngly high affinity initiates the cascade of events for viral entry. In brain, 

infection of microglia has been shown to be mediateâ by CD4 (Watkins et al. 1990; Jordan 

et al. 1991). Chemokine receptors have been discavered as corecepton of HIV on CD4+ 

ceiis. However, the eqression and the role of these coreceptors for viral entry in astrocytes 

have not yet been detemiined. Nevertheless, HIV-1 infection of astrocytes and other 

nervous system derived ce11 lines may proceed via an entry mechanism independent of CD4 

(Nath et al. 1995; Cao et al. 1990; Harouse et al. 1989). Several investigators have show 

that HIV-1 infection of human glial (Cheng Mayer et al. 1987; Bhat et al. 1991) and 

neuronal (Cao et al. 1990) ce11 lines is not blocked by treatment with OKT4a nor is 

infection blocked by freatment with rsCD4. Thus it now appears unlikely that CD4 antigen 

is involved in the infèction of brain-derived ceils except mimglia and it has been suggested 



that additionai HIV-1 receptors are present on neural ceiis (Lipton, 199 1; Kozlowski et al. 

199 1). in the present study using human fetal astn>cytes, we were unable to demonstrate the 

presence of CD4 on human fetai astrocytes by either immunocytochemistry or flow 

cytometry. Considering the possibility thaî CD4 rnay be expressed in levels below the 

sensitivity of the above techniques, we trïed to inhibit the binding of '251-rgp120 to the 

astrocyte membrane with OKT4a or rsCD4. In these instances, we were unable to inhibit 

gp120 binding to astrocytes. We conclude that the CD4 molecule may not be expressed on 

the ceii membrane of human fetd astrocytes and that gpI20 binding to astrocytes is not 

mediated by CD4 

4. Gp120 binding on astrocytes is GaiC independent 

GalC has been identified as an alternative molecule for gp120 binding. It is 

expressed on many braindenved ceiis such as neurons and oligodendrocytes. HIV-1 

infection of a human neuroectodermal tumor derived ceii line, SK-N-MC celIs, has k e n  

shown to occur foiiowing bhding of gp 120 to GalC (Harouse et al. 1989; Bhat et al. 199 1). 

Here, we were unatble to detect GalC on the surface of astrocytes by immunocytochemistry 

and anti-GalC sera did not inhibit gp120 binding to astrocytes. Further, GalC could not be 

detected in iipid extracts of human fetal astrocytes by hi&-performance thin-layer 

chromatography (Gonzales-Scarano-F, personal communication). These data suggest for the 

first tune that human fetai astrocytes do not express the GalC and the gp120 binding site on 

astrocytes is not GalC. Therefore, the infection of human fetal astrocytes is most iikely 

mediated by the molecules other than GalC or CD4 



5. Identification of gpl20 binding sites on astioeytes 

We have show that the gp120 binding protein on astrocytes has a moIecular mass 

of 260 kDa as opposed to CD4 (58 kDa). In another study, using a glioma ceIl line, 

Schneider-Schaulies et al. reported a 180 kDa protein that bound to gp120 (Schneider 

Schadies et al. 1992). However, the possibility that this protein may have represented a 

gp120 and CD4 complex (120 + 58 kDa) can not be excluded since glioma celi h e s  due to 

malignant transformation may express CD4 

It is generally accepted that a receptor should be saturable and hctional. in this 

study, identification of gp 120 bindiig protein is the initial step to understand the virai entry 

to astrocytes and gp120 associated alteration of astrocyte fuoctions. However, it was critical 

to M e r  characterize the 260 kDa protein on astrocytes since exploration of this proteh 

function would strengthen the importance of the hdings in this study. In order to do so, 

generation of antibody to 260 kDa protein or production of recombinant 260 kDa protein 

would be a key approach. Prelimioary data showed that the mouse sera against human fetal 

astrocytes could inhibit Ca2' i dux  mediated by gp120 (Nath et al. 1996a). However, 

specificity of the inhibition can not be cornfimieci until specific antibody to 260 kDa proteh 

is purified. Further, inhibition of HIV-1 infection by this antibody would conclusively 

indicate 260 kDa protein on astrocytes as a receptor for gpl20. We have thus demonstrated 

a novel gp120 binding protein on astmcytes which is distinct fiom previously reported 

receptors of HN gp120 (table 3). However, the role of the protein in viral entry into 

astrocyte needs to be M e r  elucidated. It rem& to be determined if there is an 



invoIvement of coreceptor(s). Additionally, since extracellular gp120 has k e n  shown to 

alter ion transport (Bubien et al. 1995; Benos et al. 1994; Benos et 01. 1994), cause an 

influx of extrace11dar cdcium (J. Geiger, persona1 communication) and decrease GFAP 

expression (Pulliam et al. 1993), it is possible that some of these effects may be mediated 

via the 260 kDa molecules identified above. 

Table 3 Receptors/coreceptors for gp 1 20 

CeIl type Recep tor Dissociation References 
Koreceptor Cons tant (Kd) 

Lymphocyte CD4 (58 kDa) 2 -5 x M Sattentau and Weiss 1 988 
/CXCR4 (46 kDa) /unlcnown / Feng et al- 1996 

Macrophage CD4 (58 m a )  2 -5x lu9  M Sattentau and Weiss 1988 
/ C m  (41 kDa) funlaiown 1 Cocchi et al. 1996 

SK-M-NC GalC (lipid) 11.6 x M Harouse et al. 199 1 
/unknown 

Astrocyte Protein (260 ma)* 26 x 10'~ M Ma et al. 1994 
/unknown 
* gp 120 bind'ig protein 

II. Tat can be taken up by astrocytes 

1. Recombinant Tatl-72 retains its funetional properties 

Tat protein purification is difficult because of the unusual features of the protein, 

it contains a basic region with two lysines and six arginines in a span of 9 amino acids, 

and seven cystehes within 16 amino acids (fig. 2). The cysteines bind zinc and cadmium 

ions and may a i s 0  form disulfide bridges. Purification under reducing conditions prevents 

oligomers due to disulfide bond formation, but rnay also prevent metal ion interactions 

with the cysteine residues. Fuaher, non-specific interaction with the maûix due to the 

basic properties of Tat also enhances the protein purification difliculty. We have now 



developed a purification technique that provides a highly pure f a t  protein predorninantly 

in monomenc form as determined by protein electrophoresis and western blot assay. In 

our purification procedure, DTT was used as a reducing reagent to prevent Tat 

oxidization. Thus, it is important to determine if Tat purified fkom E coli. remains 

functional. We employed the HIV-LTR-CAT assay to measure the Tat biologicai 

hct ion.  The assay showed the purified Tat cm efficiently tramactivate the integrated 

HIV-LTR-CAT plasmid in HeLa cells, indicating the Tat is biologically fùnctional. 

We chose to synthesize recombinant Tat protein containhg only the first exon 

since we had previously detemiined that the neurotoxic domain of Tat is contained in this 

region (Tat31-61) (Nath et al. 1996a). Further, the frrst exon is relatively conserved 

between different strains of W ,  while the second exon is highly variable in sequence 

and length (Myen et al. 1996). We thus compared the properties of Tat 1-72 and Tatl -86 

for interaction with astrocytes as discussed below. 

2. Tatl-72 uptake is likeiy receptor mediated 

Understanding the precise mechanisms underlying the internalization of 

extracellular Tat is not only important in determinhg its role in regulating viral and host 

function, but this phenornenon could also be potentially exploited to deliver heterologous 

proteins or drugs into cells. We dernonstrate here that both full length Tat (1-86) and to a 

lesser degree Tatl-72 are internalized by brain cells and following entry, are 

predominantly localized in the nucleus where they get degraded. The rnechanism and 

significance of this degradation remains to be determined. Consistent with previous 



observations that Tat uptake in lymphoid and monocytoid cells could be inhibited by 

polyanions such as h e p a ~  or dextran d a t e  (Mann and Frankel, 1991), we found that 

Tatl-72 uptake in astrocytes couid also be blocked by dextran suggesting that 

intemakation of Tat is charge dependent. However, Mann et al. also detenniwd that Tat 

binds to severai ceil types with NO' sitedceil, leading to the conclusion that Tat uptake 

occurred via a non-specific pathway (Mann and Frankel, 1991). We now demonstrate that 

uptake of 12'1-~atl-86 and lZS1-~atl-72 by human fetal astrocytes was competitively 

inhibited by excess of unlabelled Tatl-72 dose dependently, suggesting that uptake of 

I2'1-~at 1-72 may be receptor mediated. 

3. Tat uptake is C-terminal region dependent 

The tut gene has two exons encoding proteins of 72 amino acids and 86 amino 

acids (Sodroski et al. 1 985; Arya et al. 1 985). Tramactivation of HIV-2 Tat requires full 

length protein (Pagtakhan and Tong Starksen, 1995) while the HIV-1 Tatl-72 has the 

sarne efficiency for transactivation as HIV-1 Tatl-86 (Green and Loewenstein, 1988). 

The role of the C-terminal region formed by the second exon of tat gene in W - 1  

infection had not been determined. We observed that even though both Tatl-86 and Tatl- 

72 could be internalized by several ce11 types, Tatl-86 intemalization was up to 10 times 

more efficient than that of Tatl-72, suggesting that the region encoded by the second 

exon is important in mediating Tat intemalization. However, Tatl-72 uptake was not 

affected by CO-incubating in the peptides derived fiom the second exon (Tat72-86 or 

Tat48-86). Thus, peptide bond linkage of the peptides encoded by the two exons is 



essential for efficient uptake of Tat. This !idcage most likely influences the tertiary 

configuration of the molecule. The importance of the tertiary coafiguration for Tat uptake 

is M e r  supported by the observation that Tatl-86 lost most of its uptake ability 

following heat treatment. Further, Bonifaci et al- have shown that the Tat molecule 

unfolds before entering the cells (Bonifaci et al. 1995). However, the peptide encoded by 

the second exon is not exclusively involved in Tat uptake since significant uptake of 

Tat 1-72 was also observed. Previous studies have also suggested that the basic region of 

Tat may play a role in its internaiization (Mann and Frankel, 1991). However, we 

observed that Tat peptides containhg the basic region couid not block Tat 1-72 or Tatl-86 

uptake. Hence, the precise role of this region of Tat remains unclear. 

Tatl-72 is highly conserved between different strains of HIV-1. However, the 

second exon shows heterogeneity in the amino acid sequence and is of variable length. 

Since this region is a major d e t e d a n t  of Tat uptake into the cell, it may play an 

important role in regulating the strain to strain variability of the intra- versus extracellular 

action of Tat on the host ce11 and hence eifect virulence. We have previously shown that 

extracellular Tat causes neurotoxicity by acting on ce11 surface excitatory arnino acid 

receptors (Magnuson et al. 1995) and the neurotoxic epitope of Tat resides in the first 

exon (Nath, et al., 1996a). It is thus possible that Tat molecules with low cellular uptake 

as determiaed by their second exon might be more neurotoxic since higher Ievels will be 

achieved extracellularly. 

4. Tatl-72 uptake is independent of integrin aspi, or a,Ps binding 



Tatl-86 has an RGD sequence located in the second exon (Barillari et al. 1993). 

Integrins, ajPi and a&, function as receptoa for Tat and mediate Tat effects on Kaposi 

sarcoma cells or cytokine-activated endotheliai ceils (Ensoli et al. 1994) by binding to the 

RGD sequence of the protein. Further, 12 mer peptides containhg the basic region of Tat 

have been shown to bind to another integrin molecuie (Vogel et al. 1993). However, 

it is unlikely that binding of Tat to these integrin receptors influences Tat uptake suice 

Tat49-86 containing the RGD sequence, Tat3 1-62 containing basic domain or antisera to 

integrins a,P,, qh or a& could not inhibit Tat uptake. 

5. Enhancement of Tatl-72 uptake by Tat28-42 

Tat38-58 and other basic peptides have been shown to significantly enhance Tat 

uptake and transactivation (Mann and Frankel, 1991). The mechanism of the 

enhancement has not been understood yet. It was believed that these basic peptides allow 

Tat to enter cells via unknown pathways. However, our results have shown that Tat28-42 

also greatly increased Tatl-72 uptake and transactivation. This peptide contains only four 

basic amino acids and increased Tat uptake by 35 fold, while Tat38-52 containing five 

basic amino acids had no significant effect on Tat uptake. This indicates a mechanism of 

the enhancement other than positive charge dependence might also be involved. The 

phenomenon by which one protein facilitates internalization of the another protein h a  

also been observed in anthrax toxins. The protective antigen of anthrax toxin can form 

ion-conductive channels in biological membranes and convey the edema factor and lethal 

factor of the toxin into the cytoplasm by inducing changes in the membrane permeability 



(Milne et al. 1994). Presumably, the Tat peptides may use a similar mechanism to 

facilitate internalization of Tat protein. 

One of the unique features of Tat is that Tat can be taken up by many types of 

cells. This led us to exploit the potential application for Tat-drug delivery into cells 

(Miyazaki et al. 2992; Fawell et al. 1994; Frankel et al. 1988). Tat1-72 was s h o w  to 

deliver big proteins such as P-galactosidase, RNAse into cells when chemically 

conjugated with each other Fawell et al. 1994). However, Tat has a cytotoxic effect to 

lymphocytes (Benjouad et al. 1993) as well as neurotoxicity (Sabatier et al. 1991, Nath et 

al. 1996a). These toxic effects will defhitely limit the Tat application for dmg delivery. 

We have previously show that the 15 mer Tat peptides were not neurotoxic (Nath et aï. 

1996a). Much lower amounts of Tat may be used in the presence of Tat28-42, which can 

enhance Tat uptake 30 fold, to achieve the similar effects on dmg-delivery. Subsequently 

toxicity of Tat may be reduced. Furthemore, Our results have shown that Tatl-86 uptake 

was not aBected by Tat28-42. Tatl-72 uptake into cells, however, could be regulated by 

Tat peptide (Tat28-42), thus if Tat 1-72 were to be used for h g  delivery its uptake could 

be modulated by the presence of peptide 28-42, which make Tatl-72 more favorable for 

this application. Further studies are required to confirm this hypothesis in vitro and in 

vivo since enhancement of Tat uptake may also increase the toxic effects of Tat on cells. 

Tat c m  be released from HIV-1 infected cells. Subsequently the extracellular Tat 

cm  be taken up by non-infècted celis and localized mainly in nuclei. Some effects of Tat 

on cellular functions might be mediated by this process. It is important to study the 

mechanism(s) of Tat uptake which may help in understanding the role of Tat in 



pathogenesis of HIV-1 dementia Previous study has shown that Tat intemalization was 

mediated by endocytosis (Mann and Frankel, 1991). Here, we M e r  conclude that the 

cellular uptake of Tat is determined by the tertiary configuration of the molecule and is 

dependent upon the C-terminal region and the basic region of Tat and may be 

independent of integrin binding. Moreover, Tat uptake may be enhanced by an 

autologous peptide through yet unknown rnechanisms. 

III Tat binding to astrocyte surface 

1. Specific binding of Tatl-72 on astmcytes 

It was found that extracellular Tat released fkom HIV-1 infected cells specifically 

affects severai fuoctions of astrocytes such as increases in NF-kB binding and protein 

kinase C activity (Conant et al. 1996, Taylor et al. 1995), stimulation of transforming 

growth factor P-1 (Cupp et al. 1993), aiteration of normal organization (Koken et al. 

1994) and stimulation of pro-inflammatory cytokines such as IL-1 /3, IL-6 and TNF-a 

(Chen et al. 1997). It is thus important to understand the mechanism of Tat interaction 

with astrocytes because of their possible relevance to neurological disorders associated 

with HIV-1 infection. Naturaily, two forms of Tat are produced: major form, Tat 1-86 and 

minor fom, Tatl-72. In this study, Tatl-72 was used due to following reasons: f ~ s t ,  

Tatl-72 is conserved fiom strain to strain while the second exon of Tatl-86 is variable. 

So study of Tatl-72 fiom one strain rnay help us understand entire picture of Tat fiom 

most strauis. Second, Tatl-72 has a number of effects on astrocytes by acting on the ceil 



membrane such as increases in both NF-kB binding and protein kinase C activity, 

changes in intracellular calcium and stimulation of 1L- 1 B expression in astrocytes. Third, 

in contrast to Tat 1-86 which is predominantly taken up by ceus, Tat 1-72 is predominantly 

localized outside cells, which may favor for Tatl-72 action on astrocyte membrane (Ma 

and Nath 1997). The findings reported here ident* a novel interaction between HIV-I 

Tat and the astrocyte membrane. We have shown that Tat binding to both human fetai 

astrocytes and U373 celis is saturable and tirne dependent. We have also show that Tat 

c m  bind specifically to astrocyte and U373 membranes by immunocytochemistry 

staining and 12'1-~at 1-72 binding assay although there are > 1 o6 binding sites per huma. 

fetal astrocyte or U373 ceIl. Based on our binding data and Scatchard plot analysis, it 

would seem that these large number of binding sites would suggest that Tat binds 

"nonspecifïcally" to the ce11 membrane. This is predictable due to the positive charge of 

Tat as reported previously (Mann and Frankel, 1991). The negative charged 

polysaccharide on the ce11 surface is not uncommon to serve as receptor for microbiai 

pathogens. For example, heparan sulfate serves as the binding site for Herpes Simplex 

virus (Wudunn and Spear, 1989, J.V), Bordetella pertussis (Menozzi et al 1991), 

Chlamydia Trachomatis (Zhang, et al ceil 1992) and Leishmania (Mukhopadhyay et ai 

1989, Butcher et al 1990). Trypanosoma cruzi also express a 60 kDa protein that binds 

heparan sulfate (Ortega-Barria and Pereira, 1991). We undertook M e r  shidies to 

determine if there rnight be other molecules on the cell membrane of astrocytes that may 

interact with Tat. 



2. Binding of Tatl-72 on astrocytes is integrins independent 

Integrins are a family of cell d a c e  receptors that exist as heterodimers 

composed of non-covaientiy associated a and f3 subunits. Integrins are expressed by a 

wide variety of celis and bind to a variety of extraceUular matrix proteins (eg, collagen, 

laminin, fibronectin) and 0 t h  proteins (KIV-I Tat). Following interaction with a ligand, 

integrins translate signals outside the cell to alter cellular fimction. Tat binds to integrin 

a5B1 and avp3 via the RGD sequence and to ave5 by its basic region (Vogel et al. 1993; 

Ensoli et al. 1990). Interaction between Tat and these integrins may explain some of Tat 

effects on celis such as enhancement of celi attachmeot (Vogel et al. 1993) and growth of 

Kaposi's sarcoma ceils (Barillari et al. 1993; Ensoli et al. 1994). We have show that 

integrùis a5B1 and avB3 are expressed on U373 ce11 surface while avB3 is also present 

on human fetal astrocytes. avp5 could not be detected on either fetd astrocytes or U373 

cells. These hding clearly indicate that interactions between Tat and astrocytes is not 

rnediated via integrins avp5, a5p 1 and avB3 since the Tat 1-72 used in the present study 

does not have the RGD sequence and integrin B5 is not present on astrocytes. That Tatl- 

72 bincüng to astrocyte surface independent on integrins was further confirmed by anti- 

avp5, a5B1 and avB3 antibodies. Thus, we conclude that Tatl-72 binding to human 

astrocytes and U373 cells is integrins independent. 

3. Enhancement of Tatl-72 binding by Tat2û-42 and 23-37 

A previous report suggested a role for the basic amino acids in enhancing Tat 

transactivation of lymphoid cells (Mann and Frankel, 199 1). However, in our study, 



Tat28-42 (KKCCFHCQVCFTTKA) and Tat23-37 (TNCYCKKCCFHCQVC) which 

contained only four and three basic amino acids respectively, signincantly enhanced Tat 

protein uptake and tramactivation of IW-LTR. This effect was much greater than that of 

Table 4 Tat binding proteins 

Names Location Molecular References 
Mass (kDa) 

TBP 1 Nucleus 45 Nelbock et al. 1990 
26s TBP7 Nucleus 47 Ohana et ai. 1993 
protease SUGl Nucieus 44 Swaffield et al. 1992 

MSS 1 Nucleus 45 Shibuya et al. 1992 
avf33 Membrane 165/105 Viscidi et al. 1989 

Integrins a5B1 Membrane 160/130 Ensoli et al. 1994 
avp5 Membrane 1291 05 Vogel et al. 1993 

Tat t -72 43 kDa Membrane 43 
binding Present Study 
~roteins 35 kDa Membrane 35 

Tat3 8-52 which contained five basic amino acids. However, since Tat28-42 and Tat23 -3 7 

also have four and six cysteine residues respectively, it may be possible that oxidization 

of these peptides facilitates the conjugation of Tat protein to the ce11 surface. The 

enhancement of Tat binding by Tat28-42 and Tat23-37 is consistent with our previous 

observations whereby these peptides also increased Tat uptake by astrocytes. 

4. Detection of the novel Tatl-72 bindhg proteins 

Major portion of Tatl-72 binding on astrocytes seems to be mediated by charge- 

dependent interaction. However, the possibility of a low abundant and high affinity Tat 

binding protein couid not be excludeci. Usiag immunoprecipitation by Tat we were able 

to detect 43 and 35 kDa proteins on the ce11 membrane of astrocytes that bound 



specificaily to Tat These proteins could also be detected by re-immunoprecipitation with 

Tat fiom the eluted proteins of cell extracts bound to Tat affiaity column. Since they 

could be lyophilized and re-immunoprecipitated with Tat, it suggested that the 

interactions between Tat and these proteins are stable and specific. By the nature of their 

molecular mass and location in the ceiis these proteins are distinct fiom any other Tat 

binding protein previously reported (table 4). However, the physiological significance of 

the Tat binding protein remains to be elucidated. 

W .  Summary 

In these studies, we have characterized kineticaiiy and biochemically binding sites 

for M ~ O  HIV-1 proteins gp120 and Tat in primary cultures of human fetal astrocytes. We 

demonsûated that gp120 binds to a unique 260 kDa protein with moderate affinity. In 

contrat the binding of Tat to astrocytes was more complex. Tat bound to astrocytes by 

charge interactions with > 1 O6 sites per cell. However, it also bound specifically with low 

abundant, probably high mty proteins of 43 and 35 kDa in size. 

Tat could also be intemalized by astrocytes and localized in the nucleus. Its 

internalization was confirmation dependent and required the presence of the entire Tat 

sequence composed of the first and the second exons. 

Interestingly, both Tat binding and Tat uptake could be greatly enhanced by Tat 

peptides containing polycysteine residues. Further characterization of the gp120 and Tat 

binding proteins on astrocytes will have important implications Ui our understanding of 



the pathogenesis of HIV-associated dementia and wiii advance our understanding of 

astrocyte function. 
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We measured the cetlular uptake of '%labeled full-length Tat (amino acids 1 to 86) ( ' - I -~at  ,a and 
"%Tat,, (first exon) in human fetal astrocytes, neurobCastoma cells, and human fetal neurons and dem- 
onstrateci that the uptake of "1-~at,, without the second exon was much lower than that of Is1-~at,, (P < 
0.01). This suggests an important role for the C-terminal region of Tat for its cellular uptake. '"1-Tat uptake 
could be inhibited by dextran sulfate and competitively inhibited by unlabeled Tat but not by overlapping 
15-mer peptides, suggesting that Tat internalization i s  charge and conforrnationally dependent. hterestingly, 
one of 15-mer peptides, Tat-, greatly enhanced 'ZSI-Tat u ptake. These findings are important for under- 
standing the neumpathogenesis of human immunodeficiency virus type 1 infection and in the potential 
appiication of Tai for dmg delivery to cells. 

The Tat protein of human immunodeficiency virus type 1 
(HIV-1) is a regulatory protein which transactivates HIV-1 
expression (7). However, Tat can be released €rom produc- 
tively infected cells (8, 9). Earacellular Tat is intemalized by 
cells and localized in the nucleus ( 14. 16). where it can affect a 
vatiety of cellular functions (3. 10. 13, 17. 18. 27. 31. 33). For 
e-rample. Tat can aIso act on neuronal cefl membranes to 
produce neuronal excitation. elevation of intracellular calcium. 
and toxicity (20. 21.28). It also causes aggregation of neurons 
(25). In astrocytes. extracellular Tat increases both NF-KB 
binding and protein kinase C activicy (6). Tat also transacti- 
vates JC virus T antigen expression in astrocytes (5) .  However, 
it rernains to be determined if these actions are due to effects of 
Tat on the cell membrane or following internalization of Tat. 

The ability of exogenous Tat to be taken up by cells has 
generated considerable interest due to the potential biotech- 
nologicat applications whereby Tat can be used as a vehicle for 
delivering heterogeneous proteins and dmgs chat would oth- 
erwise not have access to the intracellular environment (11, 
23). In fact, substances conjugated to Tat have been shown to 
be localized in the nucleus (11). Hence, it is important to 
determine the regions of Tat that are responsible for its uptake 
versus those that are responsible for its functional activities 
following internaluation. 

Tat is formed from two exons. The tirst exon encodes amino 
acids 1 to 72 (rat,-,), and the second is of variable length, 
encoding another 14 to 32 amino acids. Tat ,-, is sufficient for 
transactivation. which is regulated by the basic region of Tat 
between amino acid residues 49 and 57 (1, 15. 16, 30). The 
biological function of the C-terminal region encoded by the 
second exon is still unclear. However, the C-terminal region 
has an integrin receptor binding sequence (kg-Gly-Asp) (3, 
32). In this study, we define the regions of Tat that regulate its 
uptake into brain cells. 

Uptake of Tac,, and Totl,,,. Human fetal brain tissue 
(gestational age, 13 to 16 weeks) was obtained with written 
consent from women undergoing elective termination of preg- 

' Corresponding author. Mailing address: 523-730 William Ave.. 
Departrnent of Medical Microbiology. University of Manitoba. Win- 
nipeg, Manitoba. Canada R3E OW3. Phone: (?OS) 789-3273. Fax: (IN) 
753-5255. E-mail: Nath@ bldghsc.lnn 1 .umanitoha.ca. 

nancy and with approval of the University of Manitoba Human 
Ethics Committee. Human fetal astrocyte and neuron cultures 
were prepared as described previously (19. 20). Purity of as- 
troqtes (>95%) and neurons (>705) was determined by irn- 
munostaining for glial fibrillary acidic protein and microtu- 
bule-associated protein 2, respectively. Prior to the binding 
assay. th2 cells were plated into 24-well plates and grown to 
100% confluence (5 X 11S cells per well). 

The Tat gene encoding the tint 72 amino acids (first exon) 
was insened into an Eschericfzia coli vector. PinPoint Xa-2 
(Promega), cxpressed as a fusion protein. Tat,-, waç e V -  
matically cleaved from the fusion protein and purified as de- 
scribed previously (6). The Tat protein was >95% pure as 
detenined by sodium dodeqï sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) followed by Coomassie blue stain- 
ing. The punfied product was further canfirmed by Western 
blot analysis using polyclonal antisera to Tac (AIDS repository. 
National Institutes of Health). Recombinant HIV-L,,, 
Tat,, was obtained from Repligen and was 598% pure. 
Purified Tat,, o r  Tat,_,' was label4  with Nal-'I by using 
Iodo-deads (Pierce). The labeled protein was separated from 
free IJ1 with a PD-10 column (Pharmacia). The specific activ- 
ity of 131-Tat was 2.4 x IO-' cpm~ng. 

Cellular uptake rtssays of 'L'l--Tat wcre pcrforrned as previ- 
ously descnbed (14. 20). Bririly. cdls wcrr incubated with 
various concentrations of l - I -~at  ,-, or 131-Tat,-?2 (2 to 64 
nM) in 0.2 ml of binding medium (Dulbecco's modified Eagk 
medium [DMEM] and 0.13 bovine serum rilbumin) at room 
temperature for 30 min CO 4 h. The crlls were washed in 
ice-cold DMEM and treated with 0.3 ml of rrypsin-EDTA 
(GIBCO BRL) for 10 min at 3PC. The cells were centrifuged. 
and supernatant was removed as a membrane fraction. The ce11 
pellet was washed twice in DMEM with LOG fetal bovine 
serum. The nuclear and cytoplasrnic fractions were isolated by 
lysis in 0.2 ml of 0.5% Nonidet P-lO (voi/vol) as described 
previously (2). The fractions were counted in a gamma 
counter. Uptake of both '"l-~at,-, and 'xl-Tat,,, wâs t h e  
and dose dependent (Fig. 1). Howevcr. the uptake of 131- 
Tat,-, was much lower than chat of l"~-~at, , ,  (0.08 s 0.01 
nM versus 0.42 -c 0.009 nM at 1 h: P < [).O 1 ) { Fig. 1A). At the 
maximal concentration (64 nM) of '"1-Tat , -,, or ' > l - ~ a t  ,-72 

tested. the uptake of Tat could not hr: saturated (Fig. IB). 
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Time (min) 

FIG. 1. Uptake of Tat by astrqtcs. (A) A s t r q e s  were incubated with 10 
nM '"1-Tât,,,or '"1-'fat,-', in 0.2 ml of binding medium at room temperature 
for 30 min to 4 h. The cells were washed in icr-cold DMEM and treated with 0.1 
ml of trypsin-EDTA for 10 min at 3PC. The crlls wert ccntrifuged. and super- 
natant wlls removed as 3 membrane fraction. The cell p l l e i  was washcd wicr  in 
DhlEh.1 with 10% fetal bovine xrum. The nuclear and cytoplasmic fractions 
were isutated by lysis in 0.2 ml of 0.55 Nonidet PJO (voüvoi). The fnctions were 
countrd in a gamma counter. Both '"1-Tat,, and LsI-Tat1-52 were intcrnal- 
izrd by astrqes.  Uptake of Trir,, was much more np id  and occurred in larger 
amounls (9. P < 0.05; -9. P < 0.01). (8) Astrqtes wrre incubated with various 
concentrations of %Tat,, or '"i-Tat,_,T (2 to 64 nM) in 0.2 ml of binding 
medium at r w m  temperature for 2 h and harvcsird as described a h c .  131- 
Tat,, and werc intemalizrd dose drpendcntly in sstrocytes. Up 
take of Tac,., was more efficient ( '. P < 0.05: ". P c 0.01). (C)  Intemalued 
'qat,., was prrdominantly prexnt in the nuclear fraction of astrocytes (*. 
P < 0.005). Values in al! panels represent the mcans = standard ermrs (error 
bars) of  two experiments. each donc in triplicatc. 

Further. XW% of internalized I3I-Tact, was localized in the 
nucleus while the cytopiasmic fraction represented only < 10% 
in the astrocytes (Fig. LC). To further confirm the nuclear 
localization and the fate of Tat within the nucleus. nuclear 
fractions were prepared frorn '2S1-Tat,d- or "'1-~at,-,,- 
treated astrocytes and analyzed by SDS-PAGE followed by 
autoradiography. By 2 h. prominent bands for both Tat,,, and 

FIG. 2. halysis of nucirar fractions. Nucicar hctiima ucrc p r rp r rd  [rom 
"1-Tat,,- or '31-Tat,-,2-trcatcd astr-trs and ;inaI?xd hy SDS-PAGE and 
autondiography. The numkrs to the lrft sidr of cach gel indicare the positiims 
LIF molecu!ar rniiss markers (in kilodaltons). (A) Puntied '-1-Tat,, alone shows 
a single band at 15 kDa. (6) Lnes 1. 2. and 3 rcprcxnr inrrrnalizrd "1-Tacl,, 
in nuclear fncrions OC ZtrOqWS dl  0.5. 2. and 4 h. rcspcctively. which show 
increasing amounh of Ta ,, dcpndation pr1)duca. IC)  Purifird '" [-Ta[, 
~ l o n e  shows a sin& hand at 14 kDü. (D )  hncs  1.2. and 3 reprrsent internali~rd 
"1-Tacl-- in nuclcar fnctions of astrocytesrit 0.5.2. and 4 h. rcspectivcly. which 
5how the prescncc of degradation products. 

Tati-, were detected (Fig. ZB and D). Bands with lower mo- 
lecular weights were also noted (Fig. ZB and D). and thsse 
represent brevkclown products since the purified '31-Tatt-,, 
or '31-Tatl-r_ prior to treatment with astrocytes showed a 
single band in Fig. 2A and C. Similar results were observed in 
neurons. Ni341 cclls. and SupT-1 cells (data not shown). A1 
subsequent experiments were done with astrocytes only. 

To funher determine the specificity of T3t uptake. immu- 
noabsorption of Tat was performed as dcscribcd previously 
(20). Eriefiy. a 1:100 dilution of tribbit anti-Tat ssrurn or nor- 
mal rabbit serum was bound to protcin .+Sr:pharose (Pharma- 
cia) and incubated with l31-Tat for I h at room temperature 
followed by centrifugation. The supernatants were collected 
and used for Tat uptake assays. The uptaks of 'LI-TatI,, or 
' " I - ~ a t , , ~  treated with normal rribhit sera wasnormalized to 
100%. As shown in Fig. 3. cellular uptakr: of  '"1-Tat,,, and 
Ls~-~at,-, treated with anii-Tat sera was decreased by 79% r 
11% and 78% i 3%. respt.ctivcly. demonstrating that the 
uptake of Tat was specitic. 

Cornpetition of Tat,, and Tût,-,, uptake by unlabeled Tat 
and dextraa sulfate. Astrocytes were trcatcd with 10 nM I3I- 
Tat,-, in the presence of increasing concentrations of unla- 
beled Tati-,. ranging from 200 to 1.000 nM. for Z h at room 
temperature. Binding of '5-SI-Tat ,-,2 was inhibited dose depen- 
dently with maximal t31-Tat,-72 inhibition (605) richieved 
with 800 nM uniabeled (Fig. 4A). To determine if Tat 
uptake was charge dependcnt. human fetal astrocytes wsre 
treated with ' % ~ a t  ,, and "'1-Tat, -,' in the presence of 
increasing concentrations of drxtran sulfate (0.5 tc3.2 PM) 
(Sigma). Dextran sulfate inhibited '"1-~at , _,, or '-'1-Tat ,-,! 



F1G. 3. Spccificicy of L'f-Tat,, and L'I-Tat,--2 uptakr by astroqws. Rab- 
bit anti-Tat x r u m  or nomai nbb i t  srmm was bound ro protein A-Sepharose 
and incubatcd with L"l-Tat for 1 h al r w m  temperature followcd by crntnfu- 
gation. The supernawnts were collcctcd and usrd for the Tat uptake assay. The 
uprakc of '"1-ntI, or lsl-Tat,-E treatrd with normal nbbit x r u m  w x i  
considered to bc 100%. Uprake of buth of L"~-f;it,, and 13~-Tat,-7 is abol- 
rshrd fotlowing prcabsorption of Tût with polyclonal Tat antisrn conjugatrd 
with pmtein A-&phsrose (0 .  P < 0.005). &ch value reprcscnts ihe mean r 
standard crror (crror bar) of two experimcnts. rach donc in triplicatr. 

uptake dose dependen. (Fig. 4B). Inhibition of ' % ~ a t  ,, and 
'-%Tatt-r_ uptake (80 and 75%. respectively) was noted in the 
presence of 0.4 and 15  p M  deman sulfate, respectively (Fïg. 4B). 

Role of integrin binding on uptake of Tat,,. To determine 
if the basic region of Tat (Tat,,,,) or the RGD sequence in 

Molar excess of unlabeled Tatl.n 

the C-terminal region of Tat previously shown to bind to in- 
tegrins q p, and aJ3, or a, P3 (3.33) mediates cellular uptake 
of Tat. we treated astrocytes with 10 nM '21-Tatl,, in the 
presence of a 6ûû-fold concentration of either Tat,,-, con- 
taining the basic region or Tat,,, containing the basic region 
and the RGD sequence (AIDS Reagent Program of the Med- 
ical Research Council of the United Kingdom) (Table 1). Both 
peptides failed to inhibit '"1-Tat,,, internalization in astro- 
q t e s  (Fig. 4C). Conversely, when astrocytes were treated sim- 
ilarly with i"I-Tat,-7- in the presence of Tat,,-,. a fivefold 
enhancement of Tat uptake was observed (P < 0.01) while 
Tat- had no effect on '"1-Tati-, uptake by astrocytes (Fig. 
4D). The cells were also pretreated with polyclonal antisera to 
4 . B 5 ,  (kindly provided by J. Wilkins) and a#, (Chemi- 
con) at 1: 100 and 1200 dilutions (voi/vol) for 90 min followed 
by "SI-Tatt-, uptake assay. None of above-rnentioned anti- 
bodies blocked the uptake of Ta[,-, (data not shown). 

Ellect of 15-mer Tat peptides on Tat,, uptake. To further 
determine the region responsible for Tati-, uptake, we syn- 
thesized and purified 15-mer Tat peptides completely spanning 
the 86-amino-acid sequence of Tat HIV,,. (Table 1) (14). 
Astrocytes were incubated with l"I-Tat,-, in the presence of 
various 15-mer Tat peptides (500 M excess) for 2 h at room 
temperature. None of the peptides blacked Ta(,-, uptake. 
Instead a 35-fold enhancement of Tati-, uptake by Tat,,, 
(KKCCFHCQVCFITKA) was observed, rat*,, and -fat,,,- 
also produced a 10-fold and a 2-fold enhancernent of '"1-Tat ,_, 
uptake, respectively, while the remaining 15-mer peptides had 
no significant effect (Fig. SA). Similarly. Tattt-,,. which sup- 
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FIG. 4. (A) Cornpetition of 'sl-Tatt-, upiekr by unlaklcd Tati-, in a s t r q t ~ s  Incrcasing conccntntiom (fold) of unlabelcd T;it,_-: inhibited '"~-Tat,-~ ( 10 
nM) uptake dose dependent&. (B) Effect of  dextrm sulfate on uptake of "1-XI[,, and '3~-~at,-77. Incrcasing concentritions of d c ~ r r i n  sulfrrtr (0.2 to 3.1 ~ b f )  
blocked '"1-Tat,, (10 nM) or "1-~at,--. 110 n M )  upiake dose drpendrntly. (C) Intrmaliz3tion of L"I-Titt,,, (10 nX1) by astrocTtcs mas riot  dfectcd by Trit.t,-:: 
(6 FM) or Tai,, (6 +hi). (D) Uptakc of ' % - ~ a t , - ~  ( IO nh!) in astroqtes w s  cnhanccd fivefold ( 0 .  P < 0.01 ) by Ta,,,--: (b &SI). whi l r  T.tt,,,., h;id no rffect. Values 
in al1 panels rrprssrnt the mcans = .srandard mors icrror bars) of wo expnmcnts. each donc in tripliate. 



TABLE 1. HIV-1 Tar peptides derivcd h m  T;itHRc 
used in this studv 

Tat 
pcptide 

plernents the deleted region of the second exon. had no effect 
on I3I-Tat 1-72 uptake (Fig. 5A). 

To determine if internalized retains its functionrtl 
properties. transactivation of the HIV long terminal repeat 
(LTR) was determined in HWTl cells containing the LTR- 
chIorarnphenicol acetyltransferase (CAT) (AIDS Repository. 
National Institutes of Health) treated with 0.5 p M  Ta[,-,? 
without scrape-loading in the presence or absence of 6 FM 
TatI-15. Tat2.w2. or The Tat transactivation assay was 
perforrned as previously described (12. 14). and CAT activity 
was measured by a simple phase extraction assay (29). As 
s h o w  in Fig. SB, Tas2 produced a ninefold increûse in 
Tat ,-,,-induced LTR transactivation while Tat ,-,, or Tat,, 
had no effect. TatLW2 alone did not show any transactivation 
activity. 

Not only is understanding the precise mechanisms underly- 
ing the internalization of extracellular Tat important in deter- 
rnining its role in regulating viral and host function, but this 
phenornenon could also potentialIy be exploited to deliver 
heterologous proteins or drug into cells. We demonstrate here 
that both full-length Tat ,, and to a lesser degree Tati-, are 
internalized by brain cells and that following entry, they are 
predominantiy localized in the nucleus. Consistent with previ- 
ous observations that Tat,, uptake in lymphoid and mono- 
cytoid cells could be inhibited by polyanions such as heparin or 
deman sulfate (21). we found that Tatl-,2 uptake in astrocytes 
could also be blocked by dextran sulfate. suggesting that inter- 
nalization of Tat is charge dependent. We demonstrate that 
uptake of "1-~at,, and r31-Tatl-, by human fetal astro- 
cytes was cornpetitively inhibited dose dependently by an ex- 
cess of unlabeled Tati-,, suggesting that uptake of '"1-rat,-, 
is receptor mediated. 

Transactivation of HIV-2 Tat requires futl-length protein 
(36). white the HIV-1 rat,-, has the same eficiency for trans- 
activation as HIV-1 Tat,, (16). The role of the C-terminal 
region formed by the second exon of the rat gene in HIV-1 
infection was not previously determined. We observed that 
even though both Tat,, and Tati-,2 could be intemalized by 
several cell types. Tat,,, internalization was up to 10 times 
more efficient than that by Tatt-,,. suggesting that the region 
encoded by the second exon is important in mediating Tat 
internalization. However. Tati-?: uptake was not affected by 

Uptake of 1251-~at, -n (fold) 

LTR transactivation (fold) 

coincubating with peptides including the sccond mon (Tat,,, 
or Tat-). Thus. peptide bond linkagc of the peptides en- 
coded by the two rsons is essentiril for the cAicisnt uptake of 
Tat. This Linkage most likely infiurnccs the tertirin, configura- 
tion of the molecule. The importance uf the tertiary contigu- 
ration for Tat uptake is further supportcd hy the results of 
Bonifaci et al., which dernonstrate thrit the Trit molecule un- 
fol& before entering the cells (4). However. the peptide en- 
coded by the second exon is not cxclusivsly involved in Tat 
uptake since significant uptake of -': wüs also observed. 

Tati-, is highly conserved henveen different strains of 
HIV-1. However. the second exon shows hcterogeneity in the 
amino acid sequence and is of variable Icngth. Since this region 
is a major determinant of F i t  uptrike into the cell. it could play 
rin important role in regulating strain-cc)-htrain vririability of 



the intra- versus t.xtrriceIluIar action of Tat on thc host cc11 and 
hence effect virulence. We have previously shown chat extra- 
cellular Tat causes neuroto'cicity by acting on  cc11 surface ex- 
citatory amino acid receptors (20) and chat the neurotoxic 
epitope of Tat resides in the first cxon (2-1). It is thus Iikely chat 
Tat molecules with low cellular uptake as dstermined by their 
second exon might be more neurotoxic since higher lsvels will 
be achieved rxtncellularIy. 

Inregrins a&, and a,P, function as receptors for Tat and 
mrdiate Tat effects on Kaposi's sarcorna ceils or cytokine- 
activated endothelial cells [ 1 I )  by binding to the RGD se- 
quence of the Tac protein. Further. L'-mer peptides containing 
the basic region of Tat have been s h o w  to bind to another 
integrin molecule. a, B, (32). However. it is uniikely chat bind- 
ing of Tat to these integrin receptors influences Tat uptake 
since Tat,,, containing the RGD sequence. T ~ c , , , ~  contain- 
ing the basic domain. o r  antisera to integrins asPt. a,&. or  
a,B, could not inhibit Tat uptake, 

Our results show that Tac,,' also greatly increased Tac,-,, 
uptake and transactivation. This peptide contains only four 
basic amino acids and increased Tar uptake by 35-fold. while 

which contains five basic amino acids had no signifi- 
cant effect on Tat uptake. indicating that a mechanism of 
enhancement other than positive charge dependence rnight 
also be involved. 

The phenornenon by which one protcin facilitates the inter- 
nalization of another protein has also been observed in anthrax 
toxins. The protective antigen of an rh ru  toxin can form ion- 
conductive channels in biological membranes and convey the 
edema factor and lethal factor of the toxin into the cytoplasm 
by inducing changes in the membrane permeability (22). Pre- 
surnably, the Tat peptides can use a similar mechanism to 
facilitate the internalization of Tat protein. 

We thus conclude that the cellular uptake o f  Tat (i) is de- 
termined by the tertiary configuration of the molecule, ( i i )  is 
dependent upon the C-terminal region and the basic reyion of 
Tat. and (iii) is perhaps independent of integrin binding. Fur- 
cher, Tac uptake can perhaps be enhanced by an autologous 
peptide through yet-unknown mechanisms. 
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FIG. 1. Binding of '3~-r_epl10 to ri'itrocytes. Human fetal astro- 
-tes (4  x l(S cells per well) were incubated with 1 n M  '"1-rgplYi 
alone or with increasing concrntntions of unIabeled rgpl20 riingins 
from O to 110 nM for 5 h rit PC. The unbound rddiortctivhy was 
rrmoved by three washes in icr-cold PBS with 11.5C.; BSA The 
cell-associated ndioactivity wris merisured in a gamma counter aftrr 
solubilization of the crlls in 0.1 N NaOH. The values represent the 
metin r standard error of two experiments. each done in triplicxte. 
The insrrt prrsçnts a saturation isotherm plot of the data from tibuw. 
h single binding site was revealed ~ i t h  k;, of $h nM and miuimal 
number of binding sites of 29 fmol. BIF. bound/free ratio. 

any rfect on the binding of '3[-rgpl10 to ristrocytes (data oot 
shown ). 

The presrncr of CD4 molecules on the cell surface was 
determined by irnrnunofluorescence How cytometry ( I l ) .  The 
astrocytcs were trypsinized briefly (30 s) and rernoved from the 
rnonolayer prirnarily by mechanical force. Crlls were incubatrd 
with a monoclonal antibody ( 1  pg/ml) against CD4 molecule 

FIG. 3. E~prmsion o f  surface molecules determined by îiow -tom- 
et-. (A) r-\s a positive contrc:. CD4 wtis detected on HrL-T-l cells by 
Row qfometry with DAKO-T+FITC. (B) Background levcl of duci- 
rrscence on Heh-T4 cells with goüt anti-mouse tgG conjugated wirh 
FtTC alune. (C) CD4 could not bc dctected on astruqtes by dow 
cytometq with DAKO-T-bFITC. (D) Background Ievd of duorrs- 
cencr on astroptes with goat anti-moue IgG conjupted witt CITC 
alone. 

conjugated to fluorescein isothiocyanrite ( FITC) ( DAKO-T1- 
FITC) (Dakopatts). To ensure that tcvpsinizrition did not alter 
the epitope defined by DAKO-T4. Heb -TJ  crlls. which aiso 
Corn adherent rnonolayers. were used as ri positive çontrol. 
HeLa-T-! cells exhibited strongly positive staining (Fig. 3.4). 
Background levels of Huorescenci: wcrr determined by using 
goat anti-mousc irnmunoglobulin G ( IgG) conjugated to FITC 
(Boehnnger Mannheim) (Fig. 3B and Dl. CD4 could not be 
drtected on the cell surface of astrocytes (Fig. 3C). We 
simultaneously plated cells on glas coverslips. tived them in 
1% parafomaldehyde in phosphate-buffered saline (PBS) for 
30 min. and stained thern by rtn imrnunotfuorescence technique 
( 1 i ) with OKTta (0.5 @ml) and DAKO-T1  ( 1 ~ g m l ) .  Gorit 
anti-mouse IgG conjugated with rhodrirnint. ( 150) (Chernicon) 

\v-s., + SK-N-MC OJI 

FIG. 2. (A) Effrct of OKT4a on the binding of '31-rgp12[) to astruqtrs (D) and HeLri-T4 crlls (Al.  The cells w r e  prcincubütcd with various 
concentritions of OKT4a for M) min at 4°C. .-!€ter rernovril of unbound antibody by two washes. 1 nM '"1-rgpl20 w;i> iiddcd for 5 h at PC. OKT4ri 
was unable to block '31-r~p17~ hinding to üvitruqtcs. The data represent the mean r standard error clf indepcndcnt apcrimcnts done in 
duplicite. (B) Effect of anti-Gril C rintihody on the hinding of 'yI-r_rp121) tu ri'itroqtrs ( A )  and SK-N-MC cells (ml. Thc cclk wrrr preincubatcd 
for 60 min at 4°C with vnrious dilutions of rcnti-Gal C antibody. Xfter rcmoval of unbound iintibody hy wi i  wrcshrs. 1 n%l "-1-rgp120 wtls ridded 
and incubritrd for 5 h rit CC. The data represent the mean z \tandard error of two independent rxperiments &)nc in Juplicate. 



FIG. 4. Immunocytochrmistry. (A) HeLa-T4 cr l l s  show stüining for  CD3 on cell rnctrnbnnr. (6) Astrocytes coulci not be stained with OKT-ia. 
(Cl Gai C w-as detectcd on SK-N-MC crl ls by strtining with anti-Gd C antibody. (D) Astrocyfcri were Ga1 C nrgritivr. 

was used as a secondary antibody. Secondas, antibody alone 
without incubation in primriry antibody was used as a negative 
control. Hch-T4 celIs were uscd as a positive control. The 
CD4 moleculr was present on the cell membrane of HeLa-T4 
cclls (Fig. SA). However. no specitic staining on astrocytrs was 
obsçrved compared with that on controls (Fig. 4B). Similady. 
ristroqtrs and SK-N-MC cells wrre stainrd with ami-Ga1 C 
antibody ( 1: 100) by uing goat-ami-rübbit IgG conjugated with 
rhodamine (150) (Chemicon) as a stlcondriry antibody. SK- 
N-MC crIls showed crll membrine staining with anti-Ga1 C 
cintibody (Fig. JC). while üstroqtcs showed only background 
Ievrls of ffuorcscence (Fig. JD). 

Immunoprecipitation of tgplZO binding molecules. Astro- 
-tes were surface radioiodinatrd by the lactoperoxidase tech- 
nique ( 1). BrirHy. 3 x 10' cells wcre suspendeci in L ml of PBS 
containing 1 mCi of Na"I and 20 pg of lactoperoxidase. and 
aftrr O. 1. 5. and LU min. 10 pl of 0.03cir H202 was added. 
Rractions were stopped by üdJing 5 ml of PBS conraining 10 
m M  Nal. Labeled crlls were incubated with '3~-rgp120 (0.1 
pg) or rgg 110 ( 1 pg) for 3 h at 4°C. The labeled cells without 
rgp170 were used as a negative control. The cell pelIets were 
iysed by adding detergent lysing buffer. and the nuclei were 
rçmoved by centrifugation (14). Antiserum from an HIV-1- 
infected patient predetennined to have ri high titcr of antibody 
rigainst gpl20 or normal human s r r i  were rach bound to 
protein A-agarose. 41 lysates were absorbcd with the beads for 
2 h at room tempetüture. washed. wlubiliztrd. and resolvsd by 
4 to 15% polyacrylamidr gradient sodium dodecyl sulfate gel 
elcctrophorcsis (SDS-PAGE). Dried were sxposcd to 
X-ray film (Kodak. Rochesrt.r. N.Y. for 5 co 7 d-s. 

A single distinct band at 760 kDa wris identiticd as rt putative 
igl2O binding protrin. This protein could not br immunopre- 
cipitated when normal serurn was substitutrd for anti-_rplX 
serum. it was also absent in cetls not trratcd with rgpl20 (Fig. 
5X). Because the binding kinetics wcre Jctermined with 
'LS~-rgp120. we treated '"1-laheled astrtiqtcs with 13i-rgp12~ 
and immunoprecipitated them with anti-gp1IO scra. The sarnr: 
760-kDo protein was again ohsrined. contirming that iodina- 
tion of gpLZO did not alter its trinding propcrties. When 
i 25 i-rgpl-0 wzis incubated with the anti-spi 20-protrin ;\-aga- 
rose conjugate and analyzed hy SDS-PAGE. a single major 
band of 1ZO kDa was serin (Fis. 5 6 ) .  

The primary receptor for HIV-1 is CD4 (19. 31). In the 
brain, the infection of microgliti h s  becn shown to be mrdi- 
ated by CD3 ( 16. 37). However. HIV-l infection of astrocytes 
and other nervous system-drrived ccll linris mriy procetxi via an 
ents, mechanism indeprndcnt «f CD3 (3. 4. 7. S. 14. 18. 15). 
Furthemore. gpllO clin bind to CDJ-nqririvc glial ceils to 
activate tyrosine kinase ( 3 O )  and to human tistroqtes. altering 
ion exchange (2). Thus. it has been suigc'rtcd thrit additional 
HIV-1 receptors are presrnt on neurril tells. We were unrrblr 
to dernonstrate the presence of CD4 or Gal C on human fetal 
atrocytes. and it is doubtful that this wos due to CD3 or Gal 
C expression at levels below the s-nsitiviry of thc techniques 
used. because the binding of lJ1-rgpl20 to the astrocyte 
membrane wris not inhibitrd by OKT4a. rccornbinrint soluble 
CD4 or anti-Gal C antibody. Funhcrmorc. Gril C and sui- 
fatide could not be drtrctrd in lipid txrricts o f  human ktal 
astroqtes by hi@-performance thin-I;iycr chrornritography 
( II). 



FtG. 5. Irnrnunoprecipiration of rpl2O bindins sites. (A). .Uro-  
cvtes wrre surface labcled with "1 and then incubated with rspL20 or  
'L'~-rgp12~ prior to  detergent extraction and imrnunoprrcipitation 
with anri-gpl1O-protein A-agarose. Sarnplrs were analyzed by S D S  
PAGE in 4 to 1 5 9  polyacryiarnide gradient gls followed by autom- 
d iopphy.  h n e  1. l'I-labelrd ristrocytes only. Lmes 2 and 3. '-1- 
labelrd astrocytcs incubated with rgp1IO or  '-1-rep 120. respectively. A 
260-kDa band is seen in lanes 2 and 3 only (arrow). Fivrfold more 
protein was added to Iane 3 to detect any minor bands in  addi. on to 
the 260-kDa moleculc. (B). " I - ra l70 incubated with anti-,?ll& 
protein A-agarose conjueate and anilyzed by SDS-PAGE (6% poly- 
acryiarnide). A sin& prominent band at 110 kDa and two minor bands 
at Y5 and 66 kDa represrnting a brwkdown product of gpllO are 
shown. No polymers o f  2 ~ 1 2 0  could be detrcted. 

The K,, of 'yI-rgp120 binding to human fetal astrocytes (26 
nM) is greater than those of the gplZO-CD4 (2 to 5 nM) (20) 
and gplZO-Ga1 C (12 nM) ( 13) interactions. These findings 
suggest that the affinity of ~ 1 2 0  for astrocytes is slightly lower 
than chat for lymphocytes or Gal C-expressing ceils. Neverthe- 
Iess, gpllO at comparable concentrations has been shown to 
produce biochernical and rno~hological changes in astroqtes 
(26). Our tinding of 4.5 x 10- binding sites on each astrocyte 
compares favonbty to 0 5  x 10' to 1 X 104 CD4 receptors per 
lymphoid ce11 (7) whrn the fact that astrocytes are typically 10 
to 20 cimes larger than lymphoid cells is taken into account. 
The size of the gpl2O binding site on the astrocytes with an 
observed molecular mass of 260 kDa was much greatcr than 
that of the gp120 binding site to the CD4 molecule. which is a 
58-kDa protein. Thus. srveral lines of evidencc su_egrst chat the 
rgplZO binding site on hurnan feta1 astrocytes is distinct frorn 
the CD4 rnolecule and Gal C. However, it remains to be 
determinrd if the binding site of HlV-1 gpl20 on hurnan 
astrocytes can act as a rrceptor for HIV-1.  
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J)rnc niisturc wxs rlicn adckd ro 6.1 ml of MEhl and placcd <in :t ntltiirc &\I  ltl' 
;&.. Culiuro wcrc Lcpt ar ZfCC fair 5 h. Tlic inmfccti<rn uiluiiain u;i> ihcn 
_~-i.iir.J witl i MEM sii:ii;iining 1ct:ii w l f  wrum. ~-giutxmiw. and pxt l in i i in .S. 
,I*IVC pSL1-3 W:LS tbhi:iincd f r m ~  thc AlDS Rc'fcrern'r' and Kc:igcni C;it.il~p.. 

tli\'-l : -* !:-.r?imIiiruni 1-S( w:is prcparcd as Jclicrilwd hch~rc (49).  Iiric:i>. 
[hc. rar gcnc cncinling aminii .acid\ 1 to ï 2  (first son) frwn I4lV-l,,,,,, \\;:\ 

Immunaibsurption af Tat. Antiscrurn IO Tac was m d c  fdlouing immunizi- 
tion of rshhiis witli rccomhinani Tai fMon proicin (473). Immuncutncirpii~tn a t i  

Tat w s  pcrformcd a.. dc~rihcd prcviaudy (49). Bricfly. Tai aniacntm wm 
bound to proicin A-!kpharosc ( P h a d ) .  washed, and thcn incubaicd wiih 
Tat for M min at room iempcmturc. fo lbwd byccntrifugation Thc supcmatmt 
was uscd in cxperimcnu t b i  comprcd Tatconlaining solution with wlutian 
h m  which Tai hüd hccn immunoahsorkd 

Nuclar extnas For cadi cxpcrimcnt depietcd in a sin& figure. cc1L1 ucrc 
-icri\ed from ~ h c  u n x  iiuue spcrimen and wcrc nianipuhicd similririy priair III 
ireatmcntr Et ra ts  wcrc ma& from cclb trcatçd with cithcr rncdium altrnc. 
medium wiih 2 Tat. indium from whKh ihcTat had bccn immunuohsurixd. 
or medium contüining7 pM Tar in combinaiion wiih polydunal Tai muir~lizing 
anribody (kindly prwided by Barhua Ensoli). The neuinlaing antibody h;id 
k e n  in combirdon uith Tat fur 15 min prior io administration. Othcr cclb w: 
kst vcatcd with either 
n-tayl-L-phenylaianinc 
the addition of Tat SUty niinut& laiking the dilion d Tacontainmg 
medium, conirol medium, or medium donc, nudcv a t m a s  mc prcpad by 
:ire method of Andrews and h l k r  (4). This mcrhod aIlom the simulmncou~ 
;reparacion d ad- from multipk sjmptcs. Pmtein conccnlratiom wcrc dc- 
termincd by ihe m c W  of Bradford (13). 

Nucleü &d pmks. DNA pmks WC prepred as dcsaikd prcvioudy (7). 
The s~qucnccs n r c  as folkm: NF*%, CAA GGG A m  TTC CGC T; and 
M-B,. CAA Gïï ACT TTA CGC T. 

Elaraphoretic mobility shiR assays- Tbc cloarophorctic mobility shift a.* 
was perfomaed as dcscrihcd prcviously (ï). Binding reactions inciudcd 10 pg of 
nudear protcim and 1 ng of labckd pmbe, I n  campetition cxperimenk a 
100-fold QUI. of unhbeicd wild-iypc or mutant eompctitor -s addcd to the 
reaaion rnkurc. Suyicnhifr studia with anti-pSO (kindly pNvidcd by Kciih 
Braun). inti-p(rt (!bois Cmz Bioicchnology, Santa Cnit. Catif.). or control 
.milumm (DAKO Corp.. Carpintcrir Citif.) w r c  ai.. pcrformed as dneribrd 
,irCviaM (7). 

Pmparalion of a tmas  for PKC -3.2. For cadi apcrimcnt ihat compred 
unireaicd with Tat- or cuntrol-trcaicd asrotycs. œlls w r c  prcparcd from th< 
m e  tiaw: q>càmca. Fulknvinp 24 h ofculiurc in m m - C m  medium. d i s  werc 
iwbatcd for M min in thc prescncc or absnac of 8 p.M Tai m =mm-frcc 
medium. Thc czlls wre t h  w h c d  quidrly in  akium-fret phosphate-bufcred 
saline (PBS) containhg a mM EDTA and 25 m M  EGfA (eihyicnc &co l  
tecnacetic a). G l l s  uwc sukqucnt[y scrapcd, ccnirifugcd, and rcsuspcndcd 
in homopizaiion hufkr. coniaining 25 mM T&HQ 4 mM EGTk 2 mM 
EDTA. 2% mM glucase. 5 mM DKT. and 1 mM phenytmcthylsuifonyl fluoride 
(PMSF). Cells werc homogenid by 10 m o k a  in a Douncc homogenizcr and 
:hcn centrifugeci at Iüû.000 x g for 30 min. The uipematuit was savcd as ihc 
-??opiasmic fraction. Homogcnirÿtion buffcr containing OS% f i i o n  X-l(KI ~ 3 %  

ihcn adhd IO thc @let. Following rcsuspcnsion by srnication, the suspcnuon 
WK auiuifugcd at 100.000 X g for 30 m i n  The supernatant was ~avcd a% the 
dtiefgcnt-40lubk membrane or paniaikie f r a c t h  using thu fnctiarution 
W h &  WC wcrc abk 10 &tac a dccrasc in cyiapiamic and an inaease in 
mentbaneusiociatd PKC followiag nimuhiion olas~rocyies wiih pliorbol my- 
d a t e  =<lte (PMA). 
PKC m. The PKC lory was pcrfonncd with I)ic PKC tay kit (Pmmqa). 

fbe p d u r c  and the akuhtion of PKC &ty WCYC puCamrd aamrding to 
manuOaUICI's inntuuiom. This rary immiws a Omplr-substnte r a d o n  

:y:-:. aifüch is dq>cndent upon the &CI d a rdiohbelcd phospbrk io che PKC- 
-fw subrurie n c u r o g r u i i ~ ,  (18,U). M d i t ï a d y ,  UK shçtrate u bioci- 
Suc4 so thrt fouowing its trader <O r scrrpcsnridill(01t~d d i  rdhb~opc  
t h  O no1 subnnic associaicd can k washed from the diçlr The amount of 

Astfocyw Astroc te 
ns;:ocyte 2 Dayr G Days &?si 

Posr- Transf ect~on 
Transfecrioo 

RESULTS 
Transfkction of'astrocytes with HIV-1 proviral DNA is as- 

sociatcd with an increase in NF-KB binding- WC have prwi- 
ously dcmonstrated that stimuli such as tumor necrosis factor 
alpha (TNFst) and PMA are associated with an increase in 
HIV-1 expression in latently infected astrocytes as wcll as with 
an incrcase in p50/p(i5 NF-& binding (7.21). Figure 1 shows 
an electrophoretic mobility shifi assay which demonsirates an 
increase in NF-KB binding following transfection of astroq~c.. 
wÎth pNL4-3, an infectious rnolecular clone of HIV-1 (71). 
b n e  1 representq frec probe, which has migrated off the gcl. 
Othcr lanes compare nucIcar proteins from astrocytes that 
were either not iransfectcd (lanes 2 to 4), at 2 days posttrans- 
fcction (Iancs 5 to 7). or at 6 days posttransfcction (lanes 8 io 
10) for their ability to retard the migration of the radiolabded 
KB probe, The band noted by the anow rcprcscnts proicin 
bound specifically Io Ihc KB consensus site, since it is cornpcicd 
away by excess unlabeled KB mmpctitor (lancs 6 and 9) but not 
by excess mutant KB cornpetitor (lanes 7 and 10). This band is 
noiably larger when nudear extracts arc made from ccIls at 2 
days pusttransfecti~n. By 6 days following transfection, virus 
production is significantly diminished (71) and so too is NF-US 
binding. NF-KB binding was not signifimntfy increased nt  2 
days after mock transfection (not show). 

Treatment of astmcges with exogenous Tai pmtein is as- 
sociated wïth an increase in NF-UB binding. Because is 
released from HIV-1-infected cells (27) and has been dernon- 
srrated to have effects which could result from the activation of 
specific transcription factors, we exarnined the effed of Tai 
protein on NF-KB binding in astrocytcs. Figure 2A demon- 
strates that NF-KB bindirig is inaeased following stimulation 
of astrocytes with 2 PM Tat protein for 60 min. Lane 1 repre- 
sen& frce probe, w h k  in other lanes, nuclear urtracts from 
untreated m a  (lanes 2 to 4) are cornparcd with nuclear 
uctracU from T a t - m t d  astrocytes (lanes 5 to  7). Again, the 
anow denotes the ~B-specitic band, since it is diminished by 
excess unlabeled cornpetitor flanes 3 and 6) but not by U [ ~ ~ S S  





activity (man  values 2 standard crror, 254.S .t 67.9 and 592.8 
+. 1 5 2  prnol of [v-"P]~TP/min/rng of protcin, rcspectively)- 
Irnmunoabsorption of significantly inhibitcd thc incra-sc 
(not show). 

DISCUSSION 

In the prcscnr study, we denionsiratc thar in culiurcs of 
primary human feial astrocytcs, mraccllular Tac is aswciated 
witli a procein synihesis-independcm incrcase in tlic binding 
activity of NF-&. While thc rncchrinism is unknown, possibil- 
ities includc receptor-mediatcd kinase activation as d l  as 
Tat-associated oxidative stress (31, 65, 6G)- WC also dcmon- 
strate a Tat-rclated increase in cytopIasmic PKC aaivity. WC 
vere not able to demonstrate an inacase in membrane-am- 
ciated PKC activicy (not shown), Whilc cenain stimuli are 
zssocïated with an increase in mernbrane-asociated PKC ac- 
uvity, depending on the ce11 type, the stimulus, and the isozyme 
examined, an increax in cytoplasmic or nudear PKC activity 
rnay aiso oGcur (10. 34, 35, 62, 77). Additionally, wc dcmon- 
strate that transfection olastrocytes 1114th HIV-1 proviral DNA 
is associated with an increase in NF-KB binding. Whik our 
studies support the possibiliiy that ilie tmnnsfcction-associaicd 
increase in NF-KB bindingcould bc rctated to Tat proicin, rhcy 
do not fonnally demonstrate this In fact, Tat rnay not bc the 
only HIV-1-associated protein thai can lead to an incrcase in 
NF-& binding andlor thc activation of ccrtain kinases. For 
example, the HIV-1 envelope protein gpl20 has bccn associ- 
ateâ with changes in ion conductance in astrocyics (1 1) as well 
as  with the activation of cenain kinases in other ceIl types (20). 

Funhennore, by having demonstrated a protein syntliesis- 
independent increax in NF-KB binding, WC do not rule out an 
effect of Ta; at other levcls. Tat may also direuly activaie thc 
prornoter of cellular genes (17). Indeed, orher stimuli, such as 
the human T a I l  leukemia virus type 1 Tax protcin, have bccn 
demonstrated to increase NF-& binding by scvcral mccha- 
nisrns (5,41, 45.69)- 

Of additional note is thai while we demonstratc a Tat-asso- 
ciated increase in PKC activity, we do not demonstrate that 
incrcased PKC activiy is rtsponsible for the increase in NF-uB 
binding. In fact, we were not able to block the Tat-associated 
increase in NF43 binding with the PKC inhibitors H7 (39) 
and bisiadolylmaleimide 1 (72). The requisite kinase rnay bc 
activatcd pnor to PKC or via an aItcrnative pathway. Alterna- 
.::.--lly, it rnay be that a PKC isozyme which is relativdy l e s  

sirive to inhibition by thesc compounds, such as P K q ,  may 
be involved in the NF-& translocation (23,24). However, we 

citinoi conctudc [rom rhe prcseiit s1ud' \ii~crhcr ihc tictivicy (if 

this particular isoform \\*as incrraszd. A PKC-indcpendent in- 
crcasc in NF-KB binding has hccn dcscribed for TNF-a, ni is  
cytokine is asmiated with an incrcasc in PKC :icrivity but a n .  
ris a rcsult of irs activation of an additionai kinasc(s) (25, ~ f ) ,  
incrcasc NF-KB binding in a PKC-indepcndcni mrinncr (53). 
Thc dcnionstrarion tlirit cstracttllulrir f i r  is iissoci;ired wirli 

3n incrcasc in hoih NF-KB hinding and PKC aciivity fias scv- 
crai implicariotis. Inrcrcstingly. ?ai-dcpcncfcni [{IV-I tran- 
scripiion ma' dcpcnd an ihc binding of NF-KU fo its LTR 
consensus sequencc (2, 46). Additionally, W ~ I C  of Tai's prcvi- 
ously dcscribcd cffccis rnay bc in somc pari rclatcd w incrcascs 
in thc rtctivity of NF-KB and/or PKC- Tac has hcen associaicd 
wiih TAR-indcpcndcnr activarion of rhc LTR (S) .  Tat also 
riikcrs neuron funciion (49, 61), qtokinc production (17, 28. 
53). ccLI growth (9,29,47,54j, and ceIl dlzath (44.79). NF-KB 
is known to increasc thc expression of a numbcr of cytokines 
(36,69), while PKC acts as a çrowth factor in ccrtain situations 
(37, 56, 73, 78). Additionally, bofh NF-KB (12) and PKC (42, 
51.52,57) may havc a rolc in apoptosis. Somc sludics suggest 
that PKC ha. a protcctivc role, so that an incrcau: in its activity 
could reprcsent a protcciive rcsponse to an apoptotic signal. 

Of note is that the effet% that we have obscrvcd are depen- 
dent on the firsr 72 amino acids (cncodcd by the first exon) of 
the S6-amino-acid full-lengh Tac protcin. This protcin in- 
cludcs the domains which arc imporrant for HIV-1 replication 
(32). I r  dots not incjudc tlic Arg-GIy-A9p (RGD) scqucncc 
that m q  bc important for Tat's interaction wirh certain intc- 
grin rcceptors, such as a, 0, and q, p, (9.14). 1i does, howcver, 
include the basic domain which may mcdiatc Tar's binding to 
the a,, Qs integrin (74). The basic domain has bccn determincd 
to be responsible for many of Tat's effccrs, including chondro- 
cyte prolifcration and synthesis of transforrning growth factor 
f3 (47) as well as rcceplor-mediated ncurotoxicity (49.61). Tat 
may also entcr cells in a reccptor-indcpendcnt manncr (50). 
Whether Our observations are rccepior dependent is unknown. 

ln summary, we have dcmonstrated some previously unrc- 
pofled eKects of e..traccllularTat protein, dcfined by the prod- 
ucc of the first exon- Indirect cKcas of H1V-1 infcaion in ~ h c  
nervous V e m  rnay bc in pan related to the action of viral 
gcnc producls such as Tat on astrocytes. Additionally, ihc 
cxrcnsion of these okrvations to other ceil types and tlic 
study of whethcr such findings are relevant in vivo nlay utti- 
matcly irnprovc our undcrstanding of HIV-1 prithogcncsis. 
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Abstract 

The neuropathogenetis of human irnmunodeficiency virus type 1 (HIV-1) infection may 

result in neuronal loss in the cortex and subcortical gray regions. The mechanisms for neuronal 

loss remain a mystery since HIV- 1 productively infects macrophage and microglia but does not 

infect neurons in the centra1 nervous system (CNS). Apoptosis is one mechanism that has been 

suggested for the loss of neurons in HIV-1 infected brain. Putative toxic factors that result in 

neuronal ce11 death in HIV-1 infection include the regulatory protein Tat, since this protein is 

known to be released frorn H IV- I infected cells. Fat is neurotoxic in in vivo rodent models as 

well as in human and rodent NI virro models, but the mechanism of Tat-induced neurotoxicity 

remains to be detemined. Here we show thrt Tat induces ce11 death by apoptosis in cultured 

h u m  fetal neurons producing characteristic rnorphological and biochemical features asçociated 

with apoptosis. Apoptotic ce11 death was dose-dependent in cultured human fetai neurons, with 

an LDso of approximately 0Sw. These findings suggest that Tat rnay play an important role as 

a secreted, soluble neurotoxin in HIV-1 associated dementia. 



Introduction 

Neurodegeneration associated with infection of the central nervous system (CNS) by .. 

HIV-1 results in a CNS dysfunction termed HIV-1 associated dementia (Navia et al.. 1986). The 

pathogenesis of HIV-1 associated dementia is not clear, but it is unlikely that productive 

infection of neurons with HIV-1 is responsible. In fact, HIV-1 infected neurons have rarely been 

demonstrated in post-monem tissue, while macrophages and microglia are pnmady found to be 

productively infected with the virus (Takahashi et al.. 1996; Bemton et al., 1992; Wiley et al., 

1991; Watkins et al.. 1990, Wiley et al., 1986). HIV-1 infection in the brain results in widespread 

myelin pallor, reac tive astrogliosi s, alterations of neocortical dendritic processes and neuronal 

loss without necrosis (Epstein et al.. 1993; Sharer, 1992; Wiley et al., 1991). Several studies have 

demonstrated that HIV-1 infection of macrophages and microglia release soluble toxic factors 

that mediate neuronal death in in vitro models of HIV-1 neurotoxicity (Gelbard et al., 1994; 

Genis et al., 1992; Merrill et al., 1991; Giulian et al., 1990). 

Recent evidence in post-mortem AJDS brain tissue indicates that neuronal apoptosis was 

present in cases with productive HIV-I infection (Adle-Biassette et al., 1995; Gelbard et al., 

1995; Petito et al., 1995), but the cause of this pathological finding remains to be d e t d n e d .  

Several authors have cited indirect mechanisms of neurotoxicity via macrophage-asnoglial 

interactions mediated by r number of soluble factors including the cytokine tumor necrosis 

factor-alpha, and the phospholipid mediator platelet-activating factor (Gelbard et al.. 1994; Genis 

et al., 1992: Memll et al., 1991). Also in vitro studies indicate that the HW-1 regulatory protein 

known as Tat, is released fiom infected cells (Ensoli et al., 1992). Several studies have shown 

that Tai is neurotoxic (Nath et al., 1996; Magniison et al., 1995; Philippon et al.. 1994; Hayman 

et al., 1993; Sabatier et al.. 199 1). Tat is a viral trans-activator, and is expressed early in the viral 

life cycle (Sodroski et al., 1985). It activates transcription directed by the HIV-1 long terminal 

repeat (LTR), which in turn leads to increased expression of al1 vinil genes, (Arya et al.. 1985; 

Sodroski et al., 1985) and some cellular genes (Ensoli et al., 1992; Buonaguro et al., 1992; 

Helland et al., 199 1; Vogel et al., 1 988). Neurotoxicity by Tat has been shown in vivo (Philippon 



et al., 1994; Hayman et al., 1993) as well as in vitro (Nath et al., 1996; Magnuson et al., 1995; 

Sabatier et ai., 1991). This protein has k e n  shown to induce neurotoxicity in human fetal neuron 

cultures which is rnediated via excitatory amino acid receptors (Nath et al., 1996; Magnuson et 

ai.. 1995). The Tat protein has also k e n  linked to apoptotic ce11 death in cultured peripheral 

blood mononuclear cells as well as a CD4-positive (CD4+) T ce11 line (Li et al., 1995; Purvis et 

al., 1995; Westendorp et al., 199% & 1995b). In  this study, we demonsuate that recombinant-Tat 

induces apoptosis in cultured hurnan fetal cortical neurons in a dose dependent fashion. 

Results 

In situ detection of Tat induced apoptosis in human fetûl neurons. Second trimester 

human cortical neuronal cultures, 2 to 3 weeks post-explantation, were treated with recomb'ïant 

Tat,-86 protein at a concentration of 0 S p M  for 18 hours. Utilizing the in situ TUbJEL stain as 

described in Methods, neurons undergoing apoptosis were immunocytochemically stained for the 

fra Y-OH ends of cleaved DNA (Figure 1). 50% or greater TONEL staining of neurons were 

consistently noted. Positively stained neurons were observed with chromatin aggregation, 

nuclear condensation, and apoptotic bodies, features consistent with apoptosis. Neuron cultures 

were also treated with the vehicle control, wi th only rare TUNEL staining obsemed (Figure 1). 

Electron microscopy nnalysis of Tat treated neurons. Morphological indicators of 

apoptosis in the human fetal neurons treated with recombinant Tatl-72 were analyzed by 

transmission electron microscopy (Figure 2). A number of changes consistent with apoptosis 

were observed in a subpopulation of cells. Most commonly, condensation of the nuclear 

chromatin with relative preservation of the cytoplasmic structures, and the nuclear and ce11 

membranes was noted. Blebbing of the cell membrane was seen in some cells. These cells 

showed only minimal changes in the nucleus and hence ce11 membrane blebbing was recognized 

as an early morphological change. Other cells showed partitioning and condensation of 

cytoplasm and nuclear material in to membrane bound apoptotic bodies demonstrating end stage 

apoptotic changes. No phrgocytic cells were seen in these sections. The above morphological 
C 



changes were absent in the untreated cultures or in cultures ueated with solutions h m  which Tat 

had been irnmunoabsorbed. 

Cellular DNA analysis for Tat induced apoptosis. DNA was extracted from Tat,=12 

treated neurons and analyzed by rgarose gel electrophoresis. A characteristic 180 base pair DNA 

cleavage ladder pattern specific for apoptosis was observed (Figure 3). No laddering was 

observed in the untreated cdtures. 

Dose response of Tot induced apoptosis. Tai-induced apoptosis was found to be dose 

dependent and was detectable at doses as low as 0.125pM and as high as 0.5pM (Figure 4). 

Doses of 1pM or greater resulted in cytotoxicity of such magnitude that few cells remained 

attached by 18 hours of trertment (data not shown). The dose response curve generated h m  our 

data indicates an L&o for neuronal apoptosis of OSpM. 

Discussion 

The phenornenon of apoptosis is usually associated with development, homeostasis, and 

aging processes. In HIV-1 infection apoptosis occurs in the CD4+ subpopulation of lymphocytes 

in the penpherai blood as a consequence of the infection (Meyaard et al., 1992). The protein Tat 

also induces apoptosis in CD4+ lympnocytes (Ehm et al.. 1996; Westendorp et al., 1995a & 

1995b). In the CNS it has been suggested that pathological apoptosis OCCUIS resulting in the loss 

of neurons 

focused on 

apoptosis. 

/ 

(Adle-Biassette et al., 1995; Gelbard et al.. 1995; Petito et al., 1995). This study 

whether the HIV-1 regulatory protein Tat may play a role in mediating neuronal 

HIV-1 infection of the bmin primarily involves direct infection of macrophage and 

microglia cells (Takahashi et al., 1996; Bernton et al.. 1992; Wiley et al.. 1991; Watkins et al.. 

1990; Wiley et ai., 1986). Neuronal loss in HIV-1 infection is not directly due to the virus but 

may be due to toxic viral products that are secreted from infected cells. Tat expression has been 

observed in HIV-1 infected individiials, therefore Tat is released extracellularly at sometime 

dunng HIV-1 infection, but to date the amount of Tat in the CNS has not k e n  determined 
* 

(Ranki et al., 1995). The H N - 1  regulatory protein Tat is one of many viral and cellular products 



secreted from HIV-1 infected cells. It has been suggested that Tat may be transported 

transcellularly from either infected or transfected cells via direct ce11 to ce11 contact in amounts 

sufficient to iransactivate Tat-responsive promoter elements (HelIand et al., 1991; Marcuzzi et 

al., 1992a & 1992b). This suggesrs that exogenous Tat may affect uninfected cells during ch-? 

course of HIV- 1 infection, 

Tat-induced neurotoxicity has been demonstrated in b t h  in vivo as weIl as in vitro 

studies (Nath et al., 1996; Magnuson et al., 1995; Philippon et al., 1994; Dawson et al., 1991; 

Sabatier et al., 1991). Here we show convincing evidence that the HIV-1 protein Tat induced the 

morphological and biochemical features of apoptosis in cultured human neurons. Tat-induced 

apoptosis was dernonstrated by several assays. First, we detected the presence of apoptotic 

neurons by demonsmting chromûtin condensation and the formation of apoptotic bodies by in 

situ nick end labeling. We also demonstnted chromatin condensation and aggregation that abun 

the inner surface of the nuclear membrane. and blebbing of the cytoplasmic cell membrane dong 

with complete preservation of the integrity of the cytopIasmic organelles in the electron 

micrographs. Finally we demonstrated the typical DNA fragmentation ladder characteristic of 

apoptosis in the neuron cultures treated with Tat. 
' The Tat protein contains a basic region in the first exon which, when infuse. into the 

murine lateral ventricle, hippocampiis or thalamus produced an inflammatory reaction 

characterized by macrophage recruitment and astmgliosis, accompanied by loss of neurons in the 

grey matter (Philippon et al., 1994). Rit-injected brain regions expressed elevated levels of TNF- 

a, IL-18, IL-6, and inducible nitric oxide synthase (iNOS). This suggests that Tat mediated 

toxicity rnay involve the cytokine TNF-a whiçh can induce neuronal apoptosis (Talley et al., 

1995). Blockade of TNF-a by pentoxifylline treütment led to the decrease of IL- l$ and NOS 

expression accompanied by a reduction of the volume of the lesions indicating that the  Fit- 

induced lesions might be mediated by TNF production (Philippon et al., 1994). Tat-induced 

toxicity was also arginine-dependent, suggesting involvement of nitric oxide (NO), in NMDA- 

mediated neurotoxicity (Dawson et al., 199 1). 



Recently, Tat was shown to activate non-NMDA excitatory amino acid (EAA) receptors 

and cause neurotoxicity in cultured neurons leûding to increases in intracellular calcium and ce11 

death (Nath et al., 1996; Magnuson et al.. 1995). The neurotoxic domain resides within a 

conforrnationally dependent epitope within the first exon of Tat between residues 31 to 61 (Nath 

et al., 1996). These increases in intrûcelIular calcium may induce apoptosis by activation of 

cellular enzymes (Conant et al., 1996). 

The full length Tat protein hns been shown to suppress the expression of manganese 

superoxide dismutase (Mn-SOD) and enhance apoptosis in CD4+ T cells (FIores et al., 1993; 

Westendorp et al., 1995a & 1995b). This is significant because reduced Mn-SOD expression 

may result in dysfunction of rnitochondrial activity and oxidative stress. Oxidative stress bas also 

been shown to induce apoptosis in cultured embryonic cortical neurons (Ratan et al.. 1994). 

Thus, Tat and basic domain Tat peptides induce death in a subpopulation of cultured 

human fetal comcal neurons wi th the characteristic morphological and biochernical fûanirrs of 

apoptosis Tat-induced necrosis of neurons was not observed at the light or electron micro~~ope 

level. Our studies indicate that the first exon of Tati*72 is sufficient to cause cell death. Tat- 

induced apoptosis was only observed in comcal neurons and not in astmcytes (New, Angel, 

unpublished observations). We speculate chat Tat-induced apoptosis cm occur by more than one 

pathway, including glutamate receptor activation, oxidative stress and signaling via the pro- 

inflammatory cytokine TNF-a. The finding that Tat is a potent HN-1-induced neurotoxin with 

an LDso of O.%M suggests that it may play a highly significant role in mediating neuronal 

apoptosis. 

Materials And Methods 

Primary human neuron cultures. Hiiman fetnl brain tissue between gestationai ages of 

13 to 15 weeks were obtained, with consent, from women undergoing elective termination of 

pngnancy, under the guidelines of the National Institutes of Health, the University of Rochester 

Human Subjects Review Board, and the Human Ethics Cornmittee at the University of Manitoba. 

Adherent blood vessels and rneninges were removed and the brain tissue was washed in cold 



Hanks balanced salt solution (containing C$+, Mg2+, HEPES and 50 pg of gentamian per ml). 

Brain tissue was cut into ?-mm3 pieces with scissors then forced thmugh a 230-pm Nitex bag -. 

(Tetko, Inc., Elmsford, NY). The ceIls were centrifuged at 100 x g for 5 min. at 4OC and 

resuspended in MEM-hipp (2 m M  D-glucose, 10 rr.7~1 HEPES, 1 rnM sodium pyruvate, 20 mM - 
KCL) containing N1 cornponents (insulin ât 5 mg/liter, transfemn at 5 mgniter, selenite at 5 

paiter, progesterone at 20 nM, and putrescine at 100 PM), as well as 5% heat-inactivated fetal 

bovine serum, PSN antibiotic rnix (penicillin at 50 moiter, sueptomycin at 50 maiter, and 

neomycin at 100 maiter), and amphotericin B (Fungizone; 2.5 mgniter). Cells were plated at a 

density of l@/ml on 12 mm-diameter glass coverslips precoated with poly-L-lysine (70K-150K 

MW; Sigma). and placed in 24-well culture dishes. Ceils were cultureci 14 to 28 days at 37OC in a 

humidified atmosphere of 5% CO2-%% air, and the medium was changed every 3 days. SampIe 

cultures were stained for the neuroendocrine specific protein, PGP 9.5. a major protein 

component of neüronal cytoplasm, and glial fibriliary astrocyte protein (GFAP), under these 

culme conditions neuronal cultures were >70% homogenous for neurons. The remaining ceils 

were predominantly asvocytes and 4% w e n  microglia-macrophages, as detemineci by RCA-1 

lectin and CD68 staining. 

H N - 1  Tat. Recombinant HIV- I Tati was expressed and purified as a glutathione S- 

transferase fusion protein. The Escherichin coli (E. co1i) suain BL21 harbonng the GST-Tatla6 

expression plasmid is grown to log phase in Luna Broth containing 50pglml ampicillin at 37 OC 

(Hemnann et al., 1993). This clone contains a thrombin proteolytic site between the Schirtosomu 

japonicwn glutathione S-tnnsferase (GST) sequence and the rat insert encoding both the k t  

and second exons (amino acids L co 86). The HIV-1 (HXB2) tut clone was provided in an 

ampicillin resistant, tnnsformed BL21 E. coli bacteria by Dr. Andrew Rice (AIDS research and 

derence reagent program, NIAID, NIH; Hemnann et al., 1993). Expression of the fusion 

protein was induced with Isopropylthio-O-galactoside. Following lysis and sonicarion of the 

bacteria, the crude GST-Tatl.s6 extract was isolated by centrifugation then bound to equilibrated 
L 

glutathione-sepharose beads (Pharmücia). A thrombin proteolytic digestion procedure was donc 



to cornplete the purification of the Trtti.86 from the GST bound to the glutathione coated beads. 

The preparations were stored at -70°C until use. Purifieci Tatla6 was further characterized and 

quantified by Lowry, SDS-PAGE, and Westem Blot with a polyclonal antibody (AIDS Research 

and Reference Reagent Propm, NIAID, NIH; Hauber et al., 1987). 

To control for the expression of bacterid proteins which could give false positive 

neurotoxicity, an E. d i  strain containing a GST expression plasmid without the Tatis6 sequence 

was also expressed and purifed. The sham purified Tat from the GST expression plasmid was 

used as a vehicle control. 

The tat gene encoding amino acids 1 to 72 (fiat exon) from HN- BRU was expressed as 

a fusion protein with a naturally biotinylated protein at the N-terminus in E. coli DHSaFIQ 

(Gibco BRL). The biotin portion of the fusion protein was first bound to ~oftlinkTM soft-release 

avidin resin (Promega). Tat protein was rhen cleaved from the resin with factor Xa, a serik 

endopeptidase (Boehringer Mannheim). Dithiothrei tol (DIT) was added in each step of the 

purification. Finally. Tat protein was suspended in a buffer containing 50mM Tris (pH 8.0). 

lOOmM NaCI, ImM CaC12 and 0.5mM Dm. The Tat protein was 95% pure by gel 

electrophoresis. The purifieâ product was further analyzed by Westem immunoblot analysis. Its 

biological activity was measured by its ability to activate the O-galactosidase (8-gal) gene in an 

HIV-1 long terminal repeat (LTR)-û-gal plasrnid which had been transfected into HeLa cells 

(AIDS Repsitory, NIH) (Conant et al., 1996). 

In  situ detection of apoptotic neurons by TUNEL stain. Human fetal neurons cultured 

on 12 mm poly-L-lysine coated coverslips were tnated with Tat at doses ranging frorn 0.125pM 

to lpM for 18 houa. The Tatias protein ût 0SpM (as detennined from dose response c w e )  was 

used as a standard dose for expressing apoptosis following 18 hours of Tat exposure. nie 

cultures were assessed for apoptotic expression and apoptotic neurons were counted from 16 

randomiy selected fields. Each field of rt least 100 cells was counted for positively stained versus 

negarively stained cells. The apoptotic cells were stained with an in situ terminal 

deoxynucleotidyl transferase-mediated digoxigenin-dUTP nick end labeling (TUNEL) assay 



which was supplied as a kit (Oncor, Gûithersburg, MD). Neurons stained by the TUNEL assay 

were first rinsed in phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde. The -- 

paraforma1dehyde was removed and the neurons were rinsed again with PBS then post-fixed 

with 100% ethano!- acetic acid solution (2: 1) and rinsed with PBS. Neurons were preawed with 

2% &O2 ta qucnch endogenous peroxidase prior to the addiaon of the terknal 

deoxynucleotidy1 tnnsferase (TdT), an enzyme which catalyzes a template independent addition 

of deoxyribonucleotide triphosphate to the 3'-OH ends of double- or single-stranded DNA. 

Following the addition of TdT and the resulting incorporation of nucleotides rhat fom 

heteropolyrnen of digoxigeni n- 1 1 -dUTP and dATP, an tidigoxigenin-peroxidase is added which 

binds to the heteropolymers. The peroxidiise on the anti-digoxigenin-peroxidase antibody was 

then catalytically rercted with 0.05% diûrninobenzidine ( ' A B )  in phosphate buffered saline, the 

result was an intense precipitate signal that was visible by Light microscopy. 

Electron microscopy analysis of neurons. Human fetal brain cultures wen treated with 

1pM Tat for 18 hrs. The cells were scraped and fixed in 2% glutaraldehyde for 60 min. at room 

temperature. A 0.1M sodium cacodylate solution was used betwten each step for washing. The 

cells were suspended in agarose at 40'C for 5 min. The gel was cut into l rnd  blocks and fixed 

. in 1% osmium tetroxide for 1 hour on ice. The cells were then dehydrated in successively 

increasing concentrations of acetone followed by propylene oxide and then embedded in Epon 

812/ araldite 502 (Marivac, Halifax, NS). Sections were made with an ultra-microtome and 

placed on nickel grids. The cells were stained with Reynolds Iead citrate and viewed on a 

transmission electron microscope (Hayat 198 1). Control cultures which had been treated with 

solution following immunoabsorbtion of Tat as previously described or untreated cultures were 

similady processed for elecuon rnicroscopy. 

DNA extraction and electrophoresis. Human fetal neuronal cultures (4 x IO6 cells) were 

treated with 2.4pM Tacl-72 for 18 hrs. The neurons were separated by vigorous shaking and 

harvested by centrifugation at 400 g for 5 min. The ce11 pellet was lysed in 0.5 ml lysis buffer 
î. 

(20mM Tris-HCl pH 7.5.4mM EDTA, 3 W SDS, 0.5 mg proteinnse K per ml) at W C  for 1 hour. 



RNase H (20g/ml, Boehringer Mannheim) was then added and the incubation continued for 

another 1 hour. The lysste was centrifuged at 12,000 x g for 10 min. and the supernatant was .- 
extracted with phenol followed by chlcrroform-isoamyl alcohol (24:l) and precipitated with 

ethanol at -70'C. n - c  DNA pellet was dned and resuspended in TE buffer (10 mM Tris-HC1 pH 
- 

8.0, 1mM EDTA). The DNA was analyzed by 1.8% agarose gel electrophonsis. 

Computerised morphometry and statistical annlysis. Digitized images of TUNEL 

stained neurons in 16 or greater microscopie fields were analyzed for numbers of positively 

stained neuronal nuclei divided by total numbers of neurons per 50x field using computerized 

morphometry (Imaging Research Inc., Ontario, Canada). Data were expresseci as means + SEM, 
wit h significance determined by one-way ANOVA. 
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Figure 1: Primary hurnan fetal neurons cultured for 4 weeks were treated with vehicle (A) or 
O.%M of Tat (B) for 18 hours. Neurons were subsequently fixed and stained in situ for new 3'- 
OH DNA ends generated by DNA fragmentation that results in chromatin condensation. a 
morphologie feature of apoptosis. The TUNEL assay or active labeling of cells by end labeling 
utilizing the "Apoptag kit" (Oncor. Gaithersburg, MD) is indicated by the black precipitate seen 
as chromatin condensation (srnall m ws). and apoptotic bodies (large arrows). 



Figure 2: Morphologic;il ch;iinctcristics ol'*ktt-induced apoptosis. (A) Two neurons are seen in 
close proxiniity. Tlis orle on ttie riglit sliows riornial niorpliological features while the other 
neuron shows degrad:ition niid coiitlens:iiioii of the niiclenr clirornntin with preservation of the 
niicle:~ niid cell membrriiiz. (B) Condciis:trioii of nicleor chroni:~tin with relative preservation of 
the cytopllsniic striicriires. lnscrt sho\vs riorni:il riiitochondria and golgi appnniriis. ( C )  Arrows 
show typicnl blebbiiig of die cytopl:isiiiic cc11 rileni brme. (D) A iiother cell wirh dumping of the 
chrom:itiri, dcgrsdntiori of cyroplrisiiiic sri-iictiires, biir relarive preservetion of the niiclear and ce11 
nienibranes. 



Figure 3: Tac induçed DNA Iiiddering. Lme 1 .  Molecular weight markers (Ikb) Lane 2. DNA 
extracts froni Tat treated hunian fetd neurons rnalyzed by agarose gel electrophoresis show a 
180 base pair lridder. Lane 3. Untrented neurons show absence of laddering. 
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Figure 4: Primary human fetal neuron cultures were prepared as described in Methods. Neuron 
cultures were treated with Tat at the following doses; 0, 0.125, 0.25 and 0.5 p M  for 18 hours. 
Cultures were fixed and TUNEL stained as described in  Methods, the positive apoptosis 
immunostained neurons were analyzed in 16 raiidom fields of each treamient by computerized 
morphomeay. The histogram bars represent the average percent of TUNEL-positive apoptotic 
cells per total neurons per 50x field, SEM is shown by vertical lines (* = p~0.001 vs. control). 
This initial dose response curve at 18 hours indicates an LDw at OSpM, a higher dose at 1p.M 
was also analyzed, but the toxic response resulted in detachad cells. 




