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In countries infected with HIV clade B, some patients develop a rapidly progressive dementia that if untreated results in death. In regions
of the world infected with HIV clade C, only milder forms of cognitive impairment have been recognized. HIV-infected macrophages are
the principal mediators of dementia. HIV clade C, however, efficiently infects macrophages and HIV-infected macrophages are found in
the brains of clade C-infected patients. HIV-infected macrophages release Tat protein, which may act directly on neurons to cause
toxicity. We found that Tat released from Tat-expressing cells was at least 1000-fold more toxic than recombinant Tat protein. We
determined whether Tat could interact with NMDA receptors and whether these interactions are clade dependent. It is demonstrated that
Tatbinds directly to the NMDA receptor leading to excitotoxicity. The Cys 30-Cys 31 motifin Tat is critical for exciting the NMDA receptor
and the Cys31Ser mutation found in clade C Tat has a significantly attenuated neurotoxic response. Through molecular modeling and
site-directed mutagenesis, we predict that Cys 31 disrupts the disulfide bond between Cys 744 and Cys 798 on the NR1 subunit of the
NMDA receptor by directly interacting with Cys 744 leading to a free thiol group on Cys 798 and subsequent persistent activation of the

NMDA receptor.
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Introduction

It has been recognized since the beginning of the pandemic that
some patients with HIV infection develop a dementing illness. If
left untreated, the dementia may rapidly progress and result in
death (Navia et al., 1986). This pattern of dementia has been
recognized in North America, Western Europe, and Australia,
which are also the regions infected with HIV clade B, and contin-
ues to have vast socioeconomic consequences in these regions. As
the virus has evolved and spread to different regions of the world,
it has become apparent that there may be geographical differ-
ences in the neurological manifestations of HIV infection. In
regions of the world infected with HIV clade C, only milder forms
of cognitive impairment have been recognized, even in patients
with advanced immune suppression in the absence of antiretro-
viral therapy (Riedel et al., 2006; Gupta et al., 2007). Although it is
possible that this may be a result of selection bias in these studies,
itis also important to determine whether these clades may vary in
their neurovirulent properties and to identify the molecular de-
terminants for such differences.
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HIV-infected macrophages are considered to be the principal
mediators of neuronal injury and subsequent development of
dementia (Gonzalez-Scarano and Martin-Garcia, 2005). HIV
clade C however, efficiently infects macrophages. Further, HIV-
infected macrophages are found in the brains of clade C-infected
patients (Mahadevan et al., 2007). One of the mechanisms by
which HIV-infected macrophages cause neuronal injury involves
the extracellular release of Tat protein, which may then act di-
rectly on neurons to cause toxicity (Mattson et al., 2005). Previ-
ous studies have shown that HIV clade B-derived Tat protein can
cause excitotoxicity, which involves the activation of the NMDA
receptors (Song et al., 2003), however, it remains unknown
whether Tat can directly bind to the NMDA receptor. In this
study, we compared the neurotoxic potential of clade B and C Tat
protein. We also determined whether Tat could interact with
NMDA receptors and whether these interactions were clade de-
pendent. We also identified the molecular determinants for Tat-
NMDA receptor binding.

Materials and Methods

Construction of plasmids. Plasmid pTat72 that encodes Tat1-72 protein
of HIV-1 strain HXBII was obtained from the NIH AIDS repository and
pTatl01 encodes Tat1-101 protein from the same virus was gifted by Dr.
Ashok Chauhan (University of South Carolina, Columbia, SC). Plasmid
pGST-Tat72 was constructed by cutting Tat72 gene from pTat72 and
inserting it into pGEX-4T2 vector (GE Healthcare). Plasmids pNR1,
PNR2A, pNR2B, pNR2C, and pNR2D encode rat NMDAR subunits
NRI, NR2A, NR2B, NR2C, and NR2D, respectively, which were gifted by
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Figure 1. Quantitation and comparison of different types of Tat secreted from transfected
cells. A, Ten nanograms of recombinant clade B or clade C (A68-01) Tat proteins were analyzed
in triplicate by Western blot using TR-1 antibody. TR-1 antibody shows similar affinity for both
clade Band clade CTat. B, Semiquantitative measurement of secreted Tat. Different Tat proteins
as shown were immunoprecipitated from 10 ml of culture medium and analyzed by comparison
with serial dilution of recombinant Tat by Western blot. Secreted Tat over 24 his ~1.1ng/10°
cells in conditioned medium. C, Similar amount of Tat was secreted from SVGA cells, which was
transfected with different types of Tat constructs. Conditioned culture medium (2.5 ml) was
immunoprecipitated with Tat antibody and analyzed by Western blot.

Dr. Richard O’Brien at Johns Hopkins University (Baltimore, MD).
Glu-R1 plasmid (pRK5-gluR1-GFP) was gifted by Dr. Richard Huganir
at Johns Hopkins University. Plasmid pVenus encodes a brighter variant
of green fluorescent protein and was gifted by Dr. Atsushi Miyawaki at
RIKEN Brain Science Institute (Wako, Japan). Plasmid pLTR-Venus was
constructed by replacing CAT gene in pLTR-CAT (NIH AIDS Reagent
Repository) with the Venus gene.

Cloning of clade C HIV-1 Tat cDNA. DNA was extracted from the
frontal lobe of the brain obtained at autopsy from three HIV-infected
patients (A68-01, A89-02, and A69-03) from the National Institute of
Mental Health and Neurosciences (Bangalore, India). A68-01 and
A89-02 died of cerebral toxoplasmosis and A69-03 from cerebral ma-
laria. HIV was detected in infiltrating macrophages by immunostaining
for p24 in each of these patients. The neuropathological findings of the
first two patients have been previously reported (Mahadevan et al.,
2007). A small piece of the tissue was placed in 700 ul of Tris buffer (50
mu Tris pH 8.0, 100 mm EDTA, 100 mm NaCl, 1% SDS) and 20 ul of
proteinase K (20 mg/ml). This was allowed to incubate overnight at 55°C.
The next day, 350 ul of 6 M NaCl was added to each tube and gently
vortexed. Samples were place on ice for 5 min, then centrifuged at 4° for
10 min at 13,200 rpm. The supernatant was transferred to a 2 ml tube,
mixed with 900 ul of isopropanol, and then centrifuged at 13,200 rpm for
15 min to pellet the DNA. The DNA pellets were washed with 70%
ethanol, allowed to air dry, and redissolved in 8 mm NaOH. Five hundred
nanograms of DNA were used for the initial step of the nested PCR. The
primers used were 5'-ACC ATG GCT TCA TGG CTT AG-3’ (forward)
and 5'-TCA TTG CCA CTG TCT TCT GC-3' (backward). The second
step of the nested PCR used 5 ul from the previous step as starting
material with the following primers: 5'-ATG GGG ATA CTT GGA CAG
GA-3’ (forward) and 5'-TGC TAC TAT CAA TGC CCC T-3' (back-
ward). The region amplified represents the first exon of Tat that encodes
for the first 72 aa. The PCR products were subcloned into pcDNA3 vector
and sequenced. They were designated pTatagg o, Platagegr and
pTatyeo o3

Cell culture and DNA transfection. HEK 293 and SVGA cells were
maintained in DMEM supplemented with 10% fetal bovine serum (FBS)
and antibiotics (100 U/ml penicillin and 100 ug/ml streptomycin). For
transfection, cells were seeded into six-well plates at a density of 1 X 10°
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cells/cm?. After 24 h, SVGA cells were transfected with 5 ug of pTat72,
pTatl01, pTat,eg_ o> PTatagg g2 OF pTat, g o3 using Lipofectamine 2000
(Invitrogen). The culture media from these SVGA-Tat cells were col-
lected 24 h after transfection and used as a source of secreted Tat. The
amount of Tat released was estimated by measuring the optical density of
the bands on an autoradiograph after Western blot analysis using TR-1
antibody. A standard curve was generated by using recombinant Tat
protein. The amount of Tat released was 1.1 ng/10° cells over 24 h after
transfection. For NMDA receptor expression, HEK 293 cells were co-
transfected with 2.5 pg of pNR1 and 2.5 ug of pNR2A/well. These cells
were designated HEK-NMDAR cells. For cell viability assay, additional
0.5 ug of pVenus was used together with pNR1 and pNR2A. Three hours
after transfection, NMDA receptor antagonist, APV (0.05 mm) was
added to the HEK-NMDAR cells to inhibit excitotoxicity through
NMDA receptors.

Toxicity assay. HEK 293 cells were transfected with 2.5 ug of pNR1, 2.5
g of pNR2A, and 0.5 ug of pVenus. After 24 h, the cells were treated with
either NMDA for another 6 h or culture media from SVGA-Tat cells for
24 h. The numbers of cells expressing Venus were counted using a flo-
rescent microscope, which represented the numbers of viable cells. Cul-
ture media from empty vector-transfected cells was used as a control.

Primary rat hippocampal neuronal cultures were prepared from E18
embryos as previously described (Kruman et al., 1998) and were seeded
in 96-well plate at 1 X 10° cells/cm?. After 7 d in culture, the neurons
were treated with recombinant Tat protein in Opti-MEM media for 18 h.
Neuronal cell viability was assessed with an MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. This as-
say is based on the ability of a mitochondrial dehydrogenase enzyme
from viable cells to cleave the tetrazolium rings of the pale yellow MTT
and form dark blue formazan crystals. These crystals are largely imper-
meable to cell membranes, and thus accumulate within healthy cells. The
resultant formazan precipitates are solubilized with dimethyl sulfoxide
and read on a multiwell scanning spectrophotometer. The number of
surviving cells is directly proportional to the level of the formazan prod-
uct created (Mosmann, 1983). All recombinant Tat proteins used in this
manuscript were produced in our laboratory as previously described
(Hollman et al., 2005).

S-nitrosylation of Tat with nitric oxide donor. Recombinant Tat72 was
dissolved in HEN buffer (250 mm HEPES, 1 mm EDTA, 0.1 mM neocu-
proine, pH 7.7) to 1 ug/ul. S-nitrosyl glutathione (GSNO) was then
added to the clade B Tat72 solution to a final concentration of 100 um.
The reaction was protected from light and allowed to take place at room
temperature for 30 min. All the following steps involving GSNO and
reaction product were performed in the dark. After the reaction finished,
the remaining GSNO was removed by Micro Bio-Spin P6 column pre-
equilibrated with PBS. S-nitrosylation of Tat was then detected by a
biotin-switch assay (Jaffrey et al., 2001). For assess the effect of secreted
clade B Tat72, culture medium from SVGA-Tat cells was treated with 100
M GSNO for 30 min at room temperature. The remaining GSNO was
removed by Bio-Spin column preequilibrated with fresh culture media.
For negative control, glutathione (GSH) was used in the place of GSNO.
Cellular proteins modified by S-nitrosylation were then subjected to
biotin-switching and immunoprecipitated with anti-biotin agarose
beads (Sigma-Aldrich). The precipitated proteins were separated by
SDS-PAGE and probed with an anti-Tat monoclonal antibody (NIH
AIDS Reagent Repository).

Binding of NMDA receptor to GST-Tat. Recombinant fusion protein
GST-Tat72 was bound to glutathione-agarose beads. Cell lysate from
HEK293 cells transfected with pNR1 and pNR2A were incubated with
GST-Tat72/glutathione agarose beads for 1 h at room temperature. The
agarose beads were extensively washed with lysis buffer (50 mm Tris-HCI,
pH 7.4, 150 mm NaCl, 1% Triton X-100) and then boiled with 1X SDS
loading buffer (50 mm Tris-HCI, pH 6.8, 100 mm DTT, 2% SDS, 0.1%
bromophenol blue, 12.5% glycerol). The eluted proteins were subjected
to immunoblotting with anti-NR1 (Invitrogen) or anti-NR2A antibodies
(BD Biosciences).

Coimmunoprecipitation of NMDA receptor or LRP and Tat. After 24 h
of transfection with NMDA receptor subunits, NR1 and NR2A, the HEK
293 cells were washed with fresh medium and then incubated with se-
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creted clade B Tat72 at room temperature. After A
30 min of incubation, the cells were washed
with PBS, pH 7.4, and lysed with 1% Triton
X-100 in PBS. The lysate was precleared by
protein-G-coupled agarose beads and then in-
cubated with TR-1 antibody (1 pg/ml) for 60
min. Protein-G-coupled agarose beads were
added into the lysate and incubated for another
60 min. The precipitated complex was then
washed and lysed with protein sample buffer.
The coprecipitated NMDA receptor was then
detected by Western blot analysis. A similar
protocol was used for detection of LRP using
HEK293 cells. A monoclonal antisera to LPR
(Calbiochem) was used for Western blot
analysis.

DNA mutagenesis. DNA mutagenesis was
performed using GeneEditor in vitro site-
directed mutagenesis system from Promega. To
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generate Cys31Ser mutation in clade B Tat72,
primer GTAAAAAGTGTAGCTTTCATTGC 81
was used. To generate Ser31Cys mutation in I I_ e
clade C Tat72, primer GTAAAAGATGTTGC- -35' g 4
TACCATTG was used. The respective mutation 2 k=
products were named Tat72B/C31S and g.g. '%
Tat72C/S31C. A deletion mutant of Tat72B k= < o
missing amino acids 48-56 (Chauhan et al., S 24 . o
2003) was subcloned into pcDNA3.1(—) (In-
vitrogen) and was named Tat72BA. o 0

Long terminal repeat transactivation assay. . 4 >
The transactivation of long terminal repeat <& «,5(‘
(LTR)-CAT was measured using a CAT ELISA
kit (Roche Applied Science). SVGA LTR-CAT
cells were incubated with secreted Tat for 48 h. 110+ P<0.001
Cells were then harvested, and CAT protein in E
the cell lysate was determined following the 2= 1001 71 :
manufacturer’s instructions. The amount of = - % %
CAT was expressed as picograms per micro- ; - % § !
gram of total protein. 3 8 /; \\\\\

Modeling of Tat-NMDA receptor interactions. 5 ;}/’ §
The modeling was done with Swiss-PdbViewer o 704 é \\\
DeepView available at http://spdbv.vital-it.ch/. "|| /,5 § b
HIV-1 clade B-Tat used was an NMR model 60- % T : e
from protein data bank ID: 1TBC (model 1 of cféo O PSP P ‘:&@a‘,@
ensemble). The model of NR 1 subunit of the
NMDA receptor was protein data bank ID: Clade B Tat CladeCTa
1PB7. Tat was rigidly docked on to NR1 and the (v (™
side chains of Cys 31 of Tat and Cys 744 and Cys Figure2. Extracellularlyreleased Tat causes LTR activation and neurotoxicity. A, SVGA cells were transfected with empty vector

798 of NR1 adjusted to model the change in
disulfides.

Statistical analysis. All data are represented as
mean + SEM and analyzed by one-way ANOVA
and Newman—Keul’s pairwise comparison.

(v), pTat72, or pTat1071 for 24 h. Culture media (i) and cell lysate from transfected cells (i) were immunoblotted with anti-Tat
monoclonal antibody (TR-1). B, Stable SVGA (LTR-Venus) cells were cultured in conditioned media from SVGA cells transfected
with v (i), pTat72 (i), and pTat101 (iii) for 48 h, and the expression of Venus was examined under the fluorescent microscope. C,
D, Stable SVGA (LTR-CAT) cells were cultured in conditioned media from SVGA cells transfected with v, Tat72, and Tat101 () or v,

clade B-Tat72, and clade C-Tat from A68-01, A89-02, or A69-03 (D) for 48 h, and the expression of CAT was determined by ELISA
and presented as picograms of CAT per milligram of total protein. E, Primary rat hippocampal neurons were exposed to recombi-

Results

Clade B and C Tat are released
equally extracellularly

We used a monoclonal antibody to Tat that showed equal affinity
to clade Band C Tat (Fig. 1 A) to detect the amount of Tat released
extracellularly. SVGA cells were transfected with plasmids from
clade B Tat72, clade C Tat72 (A68-01), and their respective mu-
tants Tat72B/C31S and Tat72C/S31C. In each instance equal
amounts of Tat were detected by Western blot analysis. By com-
parison to a known amount of recombinant clade B Tat72 pro-
tein, we estimated that the amount of Tat released extracellularly
was ~0.5 ng of Tat/ml (Fig. 1 B). Similarly, equal amount of Tat
was released from each of the brain-derived clade C Tat proteins

nant clade B-Tat72 or recombinant clade C-Tat from A68-01. Cell viability was assessed by MTT assay. Clade B was at least 15 times
more potent than clade C Tat. *p << 0.05; **p < 0.01.

(Fig. 1C). Thus the release of Tat extracellularly was independent
of the clade from which it was derived.

Clade differences in Tat-induced HIV-LTR activation

and neurotoxicity

Tat protein is encoded by two exons. The first exon forms 72 aa
and most functional properties of Tat are attributed to this re-
gion. The second exon forms the remaining 29 aa. We deter-
mined whether there were any differences in the release of first
exon derived Tat or full-length Tat. When a glial cell line was



Li et al. @ NMDA Receptor Activation by HIV-Tat

A Anti-NR1 - —

Anti-NR2A

— .

-

h
& & &

J. Neurosci., November 19, 2008 - 28(47):12190-12198 « 12193

in nearly 50% cell death, which could be
blocked by NMDA antagonists MK-801
and APV, confirming the functional ex-
pression of the NMDA receptors (Fig. 3C).
We used these cells (HEK-NMDAR) for all
subsequent experiments. When these cells
were treated with clade B-Tat, cell death
was noted at levels comparable to that
caused by NMDA. We compared the effect
of Tat on other NMDA receptor subtypes
by expressing them in HEK293 cells and
treating them with clade B-Tat. The com-
bination of NR1A with either NR2A or
NR2B produced maximal toxicity (Fig.
3D). This toxicity could be blocked by
NMDA receptor antagonists (Fig. 4A).
The toxicity was specific for Tat, because it
could be attenuated by antibody to Tat but
not by an isotype control antibody (Fig.

C D 4A). Similar findings were noted when
primary hippocampal neurons were
110+ P<0 005 T treated with clade B-Tat (Fig. 4 B). To de-
- II—T ? 100+ termine whether Tat could bind to the
=2 —~ % g P<0.05 NMDA receptor, we immunoprecipitated
s 90 > | " the NMDA receptor subunits using either
,_g 804 = et - recombinant GST-Tat or Tat conjugated
2 701 = 704 to a monoclonal antibody. Both subunits,
S 60 © go- % NR1 and NR2A, could be immunoprecipi-
i % tated by Tat (Fig. 4C). We also expressed
50 T T " B ' 4 Glu-R1 in HEK293 cells and repeated the
&0\ ,30" *gt"\ JSQ Qq-"'v Qq-'& eqf."c' immunoprecipitation. No binding of Tat
& ® ‘3@ @0" to Glu-R1 was noted (data not shown). All
@‘9 ® subsequent experiments were conducted
with HEK cells expressing the NRI-NR2A

Figure3.  Expression of functional NR1A and NR2A complex in HEK293 cells. 4, HEK293 cells were transfected with pNR1Aand  complex.

pNR2A, and 24 h later the proteins were extracted and analyzed by Western blots. Vehicle (V) control shows noimmunoreactivity.

Both NRT and NR2A are expressed in these cells. B, HEK293 cells transfected with pNR1 and pNR2A were immunostained with
antisera to the respective subunits. Bi shows immunostaining for NR1, Bii shows immunostaining for NR2A, and Biii shows
overlap of both images. €, HEK293 cells transfected with pNR1and pNR2A show extreme sensitivity to NMDA (300 um NMDA with
50 mm glycine for 6 h) toxicity, which could be blocked by NMDA receptor antagonists MK-801 (10 wum) and APV (500 ). D,
HEK293 cells were transfected with the combination of NR1 and NR2A, NR2B, NR2C, or NR2D. The cells were treated with clade B
Tat72 for 18 h. Equal amount of toxicity was seen with NR2A and NR2B; however, there was significantly less toxicity with NR2C

and NR2D.

transfected with the respective fat plasmids both, first exon Tat
and full-length Tat were equally expressed in the cells and equally
released extracellularly. (Fig. 2A). No differences were found in
the ability of these Tat proteins to transactivate HIV-LTR (Fig.
2B, C). Similarly, there was no significant difference in the ability
of clade B or C Tat to transactivate the HIV-LTR (Fig. 2D). To
determine whether there were any clade-dependent differences
in Tat-induced neurotoxicity, we produced recombinant clade B
and C Tat protein and exposed neuronal cultures to these pro-
teins. Significantly, lower toxicity was seen with clade C Tat (Fig.
2E).

Tat neurotoxicity is mediated via NMDA receptors

To determine whether the differences between the clades were
attributable to differences in their interactions with the NMDA
receptors, we first transfected HEK293 cells with NMDA receptor
subunits NR1 and NR2A and confirmed their expression in cel-
lular extracts by Western blot analysis (Fig. 3A) and by immuno-
staining (Fig. 3B). Treatment of these cells with NMDA resulted

Interactions of Tat with NMDA receptor
are independent of LRP

Tat has been previously shown to bind to
low-density lipoprotein receptor-related
protein (LRP), which forms a complex
with postsynaptic density protein-95
(PSD-95) and NMDA receptors (Eugenin
et al., 2007), hence we compared LRP ex-
pression in the HEK293 cells and neurons and found only small
amounts of LRP expression in the HEK293 cells (Fig. 5A). Tat was
unable to immunoprecipitate LRP from the HEK-NMDAR cells
(Fig. 5B). Further, LRP ligands RAP, o2 macroglobulin, and lac-
toferrin failed to block Tat-induced cell death in the HEK-
NMDAR cells (Fig. 5C). Further, HEK293 cells do not express
PSD-95. These observations suggest that clade B-Tat binds di-
rectly to the NMDA receptor.

Nitrosylation of Tat blocks its neurotoxic potential but not its
binding to NMDA receptor

Tat has a Cys-rich region with 7 Cys in clade B-Tat, whereas there
is a Cys31Ser mutation in clade C-Tat. To determine the role of
the Cys in the interactions with the NMDA receptor, the Cys in
clade B-Tat were nitrosylated using S-nitrosyl-glutathione
(GSNO) and detected by a biotin-switch assay. Nitrosylation of
recombinant Tat was confirmed by Western blot analysis (Fig.
6A). Nitrosylated Tat failed to cause neurotoxicity in hippocam-
pal neurons (Fig. 6 B). This observation was also verified using
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Figure4. Tattoxicity is mediated via NMDA receptors. A, HEK-NMDAR cells were cultured in
conditioned media with Tat72 protein (0.5 ng/ml) for 24 h. Cell survival was determined by
counting cells expressing an indicator protein (Venus). B, Primary rat hippocampal neurons
were incubated with secreted Tat (0.5 ng/ml) for 24 h, and cell viability was assessed by MTT
assay. Tat caused significant neuronal death in both cell types. Afterimmunodepletion of Tat
from the media, the toxicity is significantly diminished. Coincubation with 10 um MK-801 or
500 wum APV also significantly blocked cell death induced by Tat protein. G, Interaction between
Tat and NMDA receptor. Recombinant fusion protein GST-Tat bound to Glutathione Sepharose
4B resin could pull down NR1 and NR2A subunits from HEK-NMDAR cells but GST alone could
not. Similarly, when HEK-NMDAR cells were incubated in conditioned media with Tat protein for
30 min, NR1and NR2A could be coimmunoprecipitated by a monoclonal Tat antibody (TR-1).

secreted Tat from glial cells (Fig. 6C) and the HEK-NMDAR cells
(Fig. 6 D). Immunoprecipitation experiments showed that Tat
was unable to bind to the NMDA receptor subunits after nitrosy-
lation (Fig. 6 E). These experiments suggest that the Cys in clade
B-Tat are critical in mediating interactions with the NMDA
receptor.

Cys31Ser mutation in clade C Tat causes attenuation of
neurotoxicity without affecting NMDA receptor binding

To determine the biological relevance of clade differences in Tat
sequences, we sequenced the tat gene from the brain of several
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Figure5. Tatinteracts with NMDARindependent of LRP. A, Expression of LRP in HEK293 was
compared with that in primary rat hippocampal neurons by Western blot analysis. GAPDH was
used as a control. B, Lane 1 shows expression of LRP and NRT in the HEK293 cells. The top panel
was overexposed to maximize LRP detection. Lane 2 is a vehicle (v) control in which Tat was
omitted from the immunoprecipitation experiment. In lane 3, recombinant clade B-Tat bound
to Tat antibody (TR-1) was able to immunoprecipitate NR1 subunit but not LRP from HEK-
NMDAR cells. €, Clade B Tat-induced toxicity in HEK-NMDAR cells could not be blocked by LRP
ligands RAP (500 nw), lactoferrin (50 units/ml), or ac2-macroglobulin (500 nm), but could be
blocked by NMDA receptor antagonists MK-801 (10 wum) or APV (500 um).

individuals with HIV clade-C infection. We chose three se-
quences to further study their neurotoxic properties. Two of
these patients had a Cys31Ser mutation, whereas patient A89-02
had several of the mutations similar to the other two patients
except that the Cys31 was preserved (Fig. 7A). The neurotoxic
properties of each of these proteins were tested in the HEK-
NMDAR cells. Tat protein from patients A68-01 and A69-03
showed significant attenuation of toxicity compared with clade
B-Tat, whereas Tat protein from A89-02 caused toxicity similar
to that seen with clade B-Tat (Fig. 7B). To further confirm the
role of the Cys31, a Cys31Ser mutation was created in clade B-Tat
and a Ser31Cys mutation in clade C-Tat from A68-01 (Fig. 7C). It
was found that the Cys31Ser mutation attenuated the toxicity of
clade B-Tat and the Ser31Cys mutation resulted in gain of toxic
properties of clade C-Tat (Fig. 7D). Interestingly, however, the
point mutation at Cys31Ser had no effect on its binding to the
NMDA receptor subunits (Fig. 7E). We considered the possibility
that other regions of the Tat may be important in binding to the
cell membrane, whereas the Cys may be critical for NMDA recep-
tor activation.

Deletion of the Arg-rich domain of Tat eliminates binding
and neurotoxicity

Previous studies have suggested that the Arg-rich domain is nec-
essary for membrane binding because of its highly basic charge
(Sabatier et al., 1991; Schwarze et al., 1999). We created a deletion
mutant from which the Arg region (amino acids 48—56) that was
homologous in clade B- and C-Tat, and its neurotoxic properties
and binding potential to NMDA receptor were determined. The
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Discussion

Although recent epidemiological data sug-
gest that the regional differences in HIV
clade infection may parallel the differences
in severity and frequency of cognitive im-
pairment, the host and viral genetic factors
that account for these differences remain
unknown. Numerous studies have shown
that the presence of HIV-infected macro-
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Figure 6.  Nitrosylation of recombinant Tat attenuates its toxic properties. A, Recombinant Tat was treated with 100 pum

T phages in the brain is critical for mediating
Cg,‘?‘ G‘\° the pathophysiological cascade of events
that lead to neuronal injury and cognitive
impairment. Interestingly, however, HIV
clade C infects and replicates in macro-
phages. We further show that there are no
differences in the ability of the Tat protein
of clade B and C viruses in transactivating
the HIV-LTR, which is critical for viral
replication. Because viral evolution may
occur in the brain, we used brain-derived
clade C Tat proteins. Although we identi-
fied several mutations between the two
clades, this lack of differences for LTR
transactivation is likely because the Arg-
rich basic domain of Tat and the Cys in
positions 22, 25, 27, and 37 are conserved
in the two clades (Jeang et al., 1999). Fur-
ther, there were no differences in the extra-
cellular release of clade B and C Tat
proteins.

Most previous studies of Tat neurotox-
icity have been performed using recombi-
nant Tat protein. In this study, we used Tat

S-nitrosyl-glutathione (GSNO) and S-nitrosylation on Tat was detected by biotin-switch labeling and examined by anti-biotin
antibody. Glutathione (GSH; 100 wum) was used as a negative control. B, Rat primary hippocampal neurons were treated with 500
nu Tat (untreated rTat, GSH-treated rTat, or GSNO-treated rTat) for 24 h. Cell viability was determined by MTT assay. Treatment
with GSH had no effect on toxicity of Tat. However, treatment with GSNO completely abolished toxicity of Tat protein. €, SVGA cells
transfected with pTat72 were treated with 100 um GSNO for 30 min. Cell lysate was subjected to biotin-switch labeling, and the
labeled proteins were immunoprecipitated with anti-biotin antisera conjugated to agarose beads. The precipitated proteins were
examined with anti-Tat antibody. Cells treated with GSNO showed S-nitrosylation of Tat. D, The effect of S-nitrosylation of
secreted Tat was examined in HEK-NMDAR cells. Treatment with GSH had no effect on Tat-induced toxicity, but treatment with
GSNO showed asignificant reduction in toxicity of Tat. E, After treatment with GSNO, secreted Tat was incubated with HEK-NMDAR
cells for 30 min, and cell lysate was immunoprecipitated with anti-Tat antibody. The precipitated proteins were analyzed by
Western blot using both anti-NR1 and anti-NR2A antibodies. Treatment of Tat with GSNO completely abolished its binding with

released from cells transfected with the Tat
plasmid. We found this form of Tat to be at
least 1000-fold more toxic than recombi-
nant protein (Nath et al., 2000). This is
likely because Tat may get oxidized or de-
natured during the process of purification.
We have previously shown that extracellu-
lar Tat is excitotoxic to neurons, hence we
compared the ability of both clades to
cause neurotoxicity. We found that clade

NMDA receptor.

deletion mutant failed to bind to the NMDAR subunits (Fig. 8A)
or cause toxicity in HEK-NMDAR cells (Fig. 8 B).

Modeling of Tat-NR1 subunit interactions

We modeled the interactions of Tat with the NR1 subunit be-
cause Tat could cause toxicity when NR1 was expressed in com-
bination with each of the other subunits. In this model, Cys31 of
Tat forms a disulfide with Cys744 of NR1 of NMDA (Fig. 9). The
disulfide 744—798 in NR1 has been proposed to be important for
persistent activation of the NMDA receptor (Choi et al., 2001).
To test this model, we mutated the Cys744 of NRI to Ala and
expressed it in HEK cells with NR2A. Tat neurotoxicity was at-
tenuated in these cells compared with the HEK-NMDAR cells.
Although the expression of NR1 and NR1-Cys744Ala was simi-
lar, significantly less Tat was bound to NR1-Cys744-Ala (Fig. 10).
These findings confirm the interactions of Tat with Cys 744 on
NRI.

C-derived Tat was significantly less toxic

to neurons compared with clade B-derived

Tat. Electrophysiological studies have
shown that clade B Tat causes a train of action potentials in hip-
pocampal neurons in slice cultures, it depolarizes the cell mem-
brane in whole cell patch and outside out patch preparations.
These effects of Tat can be blocked by NMDA receptor blockers
(Cheng et al., 1998; Song et al., 2003). These effects of Tat occur
within milliseconds suggesting a direct interaction between Tat
and the NMDA receptor, however, binding studies require pro-
longed incubation of Tat to the cells which causes interactions of
Tat with other cell surface molecules (Eugenin et al., 2007).
Hence to study direct interactions between Tat and the NMDA
receptor, we used a cell line in which the NMDA receptor sub-
units could be expressed without the other binding molecules. To
determine whether the differences in Tat effects could be caused
by differences in interaction with the NMDA receptor, we ini-
tially characterized the clade B Tat binding properties to the
NMDA receptor. Tat-induced toxicity was most significant when
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NR1 subunit of the NMDA receptor was
expressed with the NR2A or NR2B sub-
unit. The NMDA receptor is a heteromeric
receptor channel that is formed of two
subunits of NR1 and two subunits of either
NR2A or NR2B. Immunoprecipitation ex-
periments showed that Tat could bind to
the NR1-NR2A complex. Tat protein has
been shown to bind to other cell surface
proteins in other cell types this includes
interactions with LRP on neurons (Liu et
al., 2000). We show that when NMDA re-
ceptor complex was expressed in HEK
cells, Tat induced toxicity could not be
blocked by specific blockers of LRP and
Tat did not immunoprecipitate LPR from
these cells. But instead Tat-induced toxic-
ity could be blocked by pharmacological
blockers of NMDA receptor, which also
suggests that the interactions of Tat with
NMDA receptor are specific. These find-
ings are consistent with studies showing
that Tat can be colocalized to the NMDA
receptor by immunostaining on the cell
surface of neurons (Chandra et al., 2005)
and suggest that the binding properties of
Tat are specific for the NMDA receptor.
To determine the regions of Tat that
mediate the interactions with the NMDA
receptor, we initially nitrosylated the cys-
teines and found that this blocked both the
toxicity and the binding to NMDA recep-
tors. Although we did not further pursue
the role of nitrosative stress in the context
of this study, it has been shown that there
is significantly increased nitrosative stress
during HIV infection in the brain and sev-
eral host proteins may be nitrosylated (Ad-
amson et al., 1996). Because nitrosylation
of Tat obliterates its neurotoxicity, it is
possible that nitrosative stress may also be
a host defense mechanism. Further, these
experiments suggest an important role for
the Cys residues in interaction with the
NMDA receptor. Clade B Tat has seven
Cys residues and comparison with the
brain-derived clade C Tat shows that only
one of the Cys residues at position 31 was
mutated to a Ser. Interestingly, in one of
the patients, the Cys residue was preserved
in position 31 but had all the other muta-
tions similar to those seen in the other
clade C Tat sequences. When we com-
pared the neurotoxic potential of each of
these Tat proteins, we found that the presence of Cys in position
31 caused increased toxicity. This was further confirmed by site
specific mutagenesis in which we mutated the Cys31 in clade B
Tat to a Ser and mutated Ser31 to Cys in clade C Tat and then
compared their neurotoxic potential. This is consistent with a
recent study that implicated the role of Cys31 in Tat-mediated
neurotoxicity in primary neurons (Mishra et al., 2008). Interest-
ingly, however, both clade B and C Tat could similarly immuno-
precipitate the NMDA receptor. This suggested that although
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Role of clade C-Tat with Cys31Ser mutation in neurotoxicity and binding to NMDAR. A, Alignment of brain-derived
clade C tat sequences from patients A68-01, A89-01, and A69-03 with HIV clade B Tat from HIV-HXB2 strain. An important
difference is that A68-01 and A69-03 have Cys31Ser point mutation in the Cys-rich domain. B, Expression plasmids were con-
structed from these Tat sequences using pcDNA3 vector. The resulting plasmids were used to transfect SVGA cells under the same
conditions. The culture supernatant containing secreted Tat was harvested, and their toxicity was determined in HEK-NMDAR
cells. A68-01and A69-03 had significantly less toxicity than clade B Tat and A89-02. , Cys31Ser mutation was made in clade B Tat,
and a Ser31Cys mutation was made in clade C Tat from patient A68-01. D, Using HEK-NMDAR cells, the toxicity of each of the
secreted Tat proteins were compared. Proteins with Cys31 were more toxic than proteins with Ser31, indicating the importance of
Cys31in Tat-induced toxicity. £, The secreted Tat protein derived from clade B virus, each of the clade C-infected patients (A68-01,
A89-02, and A69-03), the clade B Tat with Cys31Ser mutation (mClade B), and the clade C with Ser31Cys mutation (mA68-01)
were individually bound to anti-Tat antisera and used for immunoprecipitating the NMDA receptor from HEK-NMDAR cells. The
immunoprecipitates were analyzed by Western blots. The Cys31Ser mutation had no significant effect on the Tat-NMDA receptor

Cys31 may be critical in mediating excitation of the NMDA re-
ceptor, it may not be important in mediating binding to the
receptor or the cell membrane.

The Tat protein has a Zn>* binding site and the possibility
that Tat may chelate Zn>" and thus cause disinhibition of the
NMDA receptor has been proposed. However, previous studies
have shown that Tat can cause persistent activation of the NMDA
receptor in the presence of a Zn>* specific chelator and also after
mutation of the Zn** specific site on NR1 (Cys61Ala), which
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Figure 8.  Arg-rich domain is critical for Tat-NMDAR interaction and Tat-induced toxicity
through NMDAR. 4, Culture media from SVGA cells transfected with vector, pTatA, or pTat72
were incubated with HEK-NMDAR cells for 30 min. The HEK-NMDAR cells were then lysed and
subjected to immunoprecipitation using anti-Tat antibody. The precipitated proteins were ex-
amined by Western blot analysis using anti-NR1A and anti-Tat antibody. Although the Tat
antibody can recognize and precipitate TatA from the culture media, it failed to immunopre-
cipitate NRTA. B, The toxicity of TatA was measured and compared with clade B-Tat using
HEK-NMDAR cells. No significant cell death was induced by TatA.

suggests that Tat may act at another site on the NMDA receptor
(Chandra et al., 2005). In modeling the interactions of Tat with
the NMDA receptor we considered the possibility that a large
ligand such as Tat protein might anchor itself to the cell mem-
brane and then Cys31 might interact with the receptor to activate
it. The Arg-rich region of Tat has been previously shown to be
important for interaction with cell membranes (Schwarze et al.,
1999). We thus deleted this region from Tat and found that Tat
failed to immunoprecipitate the NMDA receptor or cause toxic-
ity. Our model thus proposes that once Tat is anchored to the cell
membrane by the Arg-rich domain, Cys 31 interacts with Cys 744
on NR1 forming a disulfide bond. We tested this model by mu-
tating Cys 744 on NR1 to Ala and found that as a result Tat
neurotoxicity was significantly attenuated. Under physiological
conditions, Cys 744 forms a disulfide bond with Cys 798 on the
NR1 subunit. Reducing agents and hypoxic conditions lead to a
free thiol state at these sites leading to potentiation of NMDA
currents. Conversely, oxidizing agents favor disulfide formation
and inhibit NMDA activity (Takahashi et al., 2007). In our
model, the interaction of the Cys 31 on Tat with Cys 744 on NR1
would lead to a free thiol group on Cys 798 which may cause a
persistent or abnormal activation of the receptor resulting in
neuronal degeneration. These findings have important implica-
tions. Known ligands of NMDA receptors are all small molecules.
Proteins have not been previously shown to bind or activate this
class of receptors. Viruses, however, have evolved to interact with
host receptors. Here, we show that the Tat protein of HIV can act
as an agonist of the NMDA receptor by direct interactions with
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Figure9. Modeling of NR1and Tatinteractions. A, Model of the HIV-1 Tat protein interacting
with the NRT subunit of the NMDA receptor through a disulfide bond between Cys 31 of Tat and
Cys 744 of NR1, which disrupts an existing disulfide bond between Cys 744 and Cys 798 of
NMDA. HIV-1 clade B-Tat (PDB entry 1TBC) was rigidly docked on to NR1 (PDB entry 1PB7) and
the side chains of Cys 31 of Tat and Cys 744 and Cys 798 of NR1 adjusted to model the change in
disulfides. NR1is shown in green and Tat in white, with the Arg-rich region (residues 48 —56) of
Tat shown in blue that binds to the cell membrane. A glycine bound as an agonist to NR1 is
shown in a ball and stick representation. B, Close up of the modeled disulfide between Tat and
NR1 with the Cys 30 and 31 of Clade B-Tat and 744 and 798 of NR1 labeled.

the receptor. Accordingly, interactions of clade B-Tat with NR1
would lead to persistent NMDA receptor activation and a single
amino acid mutation at Cys 31 would alter its excitatory proper-
ties. Interestingly, such a mutation occurs naturally in regions of
the world infected with HIV clade C virus. In these regions, severe
forms of HIV dementia do not occur. Because NMDA receptors
play a critical role in learning and memory and excitotoxicity at
this receptor can lead to cognitive dysfunction, it is possible that
these clade differences in the Tat protein may in part contribute
to the regional differences in HIV dementia. Our observations do
not exclude the role of other host or viral genetic factors that may
also contribute to the regional differences in neurological mani-
festations of HIV infection.
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