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Abstract

Purpose—Human immunodeficiency virus-1 (HIV)-associated neurocognitive disorder (HAND)
is a neurodegenerative disease for which there is no available neuroprotective therapy. Viral
proteins, such as Tat, have been implicated as agents of neurotoxicity via multiple mechanisms,
including effects by directly binding to the NMDA receptor. We evaluated ability of the immune
response against Tat to modulate neurotoxicity at glutamate receptors.

Methods—Neurotoxicity was measured in primary neuronal-glial cultures and in hippocampal
slice cultures. We used immunoprecipitation experiments to demonstrate interaction between Tat,
NMDA receptor, and anti-Tat antibody. Using known structures of Tat and NMDA receptors, we
developed a model of their interactions.

Results—Antibodies to Tat attenuated Tat-mediated neurotoxicity. Interestingly, Tat immune
complexes also blocked neurotoxicity caused by NMDA receptor agonists but not kainate/AMPA
receptor agonists. Neither Tat nor antibody alone blocked the excitotoxic effect, nor did an
unrelated antigen-antibody complex. The protective effect of the Tat immune complexes was also
lost when Tat was modified by nitrosylation or by using a deletion mutant of Tat.
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Conclusions—The ability of viral immune complexes to interact with NMDA receptors and
prevent excitotoxicity represents a novel host defense mechanism. Host immune responses may
influence host susceptibility to various effects of viral proteins, modulating HIVV complications,
such as onset of HAND. These observations provide rationale for development of vaccine
therapies targeting Tat for prevention of HAND.

Keywords
neurotoxicity; neurovirology; dementia; neuroprotection; glutamate; neutralizing antibodies

INTRODUCTION

Highly active antiretroviral therapy (HAART) has significantly reduced the incidence of
severe human immunodeficiency virus (HIV)-associated neurocognitive disorder (HAND).
However, mild forms persist and nearly 50% of patients have neurocognitive dysfunction
despite adequate viral suppression (Heaton et al., 2011). HIV encephalitis is still seen on
autopsy in HAART-treated patients, suggesting that HAART is ineffective in eliminating
central nervous system (CNS) infection (Anthony et al., 2005; Langford et al., 2003).

Viral proteins, such as Tat and gp120, have been implicated in the neurotoxicity of HAND
by multiple mechanisms, prominent among which is production of glutamate excitotoxicity.
Tat’s production is not impacted by available antiretroviral drugs once proviral DNA has
been formed. Tat is a potent excitotoxin and is known to stimulate NMDA receptors via
direct cysteine-cysteine interactions with the extracellular domains of the receptor (Li et al.,
2008; Prendergast et al., 2002). Tat also promotes the phosphorylation of the NMDA
receptor leading to its further stimulation (Haughey et al., 2001). Tat sensitizes neurons so
that normally physiological levels of glutamate cause significant excitotoxicity and massive
derangement in intracellular calcium (Nath et al., 2000) and intra-hippocampal Tat
administration in rats promotes learning deficits following alcohol withdrawal that is
NMDA receptor-dependent (Self et al., 2009).

While investigating the interactions between Tat and the NMDA receptor, we discovered
that some anti-Tat antibodies not only block the neurotoxicity of Tat but also block toxicity
of other excitotoxins.

MATERIALS AND METHODS

Tat

Recombinant Taty_79, Tat;_101, and mutant Tataz_g; Was produced in our laboratory.
Details of Tat production and purification have been published (Ma and Nath, 1997;
Turchan et al., 2001). It was greater than 99% pure as analyzed by HPLC and silver stained
gel electrophoresis. Each batch is monitored for purity by Western blot analysis, for
endotoxin contamination by Litmus amebocyte lysate assay (Associates of Cape Cod, Inc.),
and for bioactivity by LTR-CAT assay. Tat was nitrosylated as described (Jaffrey and
Snyder, 2001).
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Anti-Tat Antibodies

Mouse monoclonal antibody3 against the N-terminal of Tat was obtained from the NIBSC
Centre for AIDS Reagents and also produced in our own laboratory (cat#ARP352,
hybridoma code TR1)(Ruckwardt et al., 2004; Tikhonov et al., 2003). The mAb against the
C-terminal of Tat was produced in our laboratory with a hybridoma obtained from the NIH
AIDS Repository (cat#7383). Affinity-purified rabbit anti-Tat polyclonal antibodies? to the
C-terminus, N-terminus, and whole Tat were generated in our laboratory.

Other Reagents

NMDA, kainate, and kynurenic acid were from Sigma. p24 was obtained from NIH AIDS
Repository. Anti-p24 was from NIBSC Centre for AIDS Reagents. Anti-NR1 was obtained
from BD Biosciences, anti-NR2A from Molecular Probes, anti-NR2B from Upstate, anti-
GluR1-4 from Chemicon or R&D.

Neuronal Cultures

Mixed neuronal-glial cultures were prepared, as described (Magnuson et al., 1995), from
human fetal brain specimens of 12-15 weeks’ gestational age, with consent from women
undergoing elective termination of pregnancy, as approved by Johns Hopkins University
Institutional Review Board. Cells were maintained in tissue culture flasks for at least four
weeks then plated in 96 well plates for 3—7 days before use in neurotoxicity assays. These
cells contained approximately 70% neurons as determined by immunostaining for
microtubule associated protein-2, 30% astrocytes by immunostaining for glial fibrillary
acidic protein, and 1% microglia by immunostaining for CD68.

Cortical neuronal cultures were prepared from embryonic day 17 or 18 Sprague Dawley rats,
as described (Caporello et al., 2006). Immunofluorescent staining for MAP-2 shows that
these cultures are >98% neurons; the remainder of cells are predominantly astrocytes.

Rat hippocampal slice cultures were prepared as described (Stoppini et al., 1991), from
eight-day old male and female Sprague Dawley rat pups (Harlan Laboratories; Indianapolis,
IN). Slices were allowed five days to attach to the insert membrane before any experiments
were conducted.

Care of animals was in accordance with NIH Guide for the Care and Use of Laboratory
Animals, as well as University of Kentucky’s and Johns Hopkins University’s Institutional
Animal Care and Use Committees, and in accordance with EU Directive 2010/63/EU.

Cytotoxicity Assays

Mitochondrial assay—At the time of performing the experiment, culture medium was
replaced by fresh OptiMEM (without phenol red). Mitochondrial potential was monitored in
the cultures by using 5,5’6,6-tetrachloro-1,13,3’-tetraethylbenzimidazole carbocyanide
iodide® dye (Molecular Probes) as we have described(Turchan et al., 2001). We performed
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this assay at 15-18 hours after exposure to experimental agents, a time period we have
found to have optimal kinetics for consistent measurements. Results were normalized so that
control mean values were equal to 100. The means +/- standard error of means were
calculated and data analyzed by one way ANOVA and Neumann-Keuls post-test.

Propidium lodide Staining of Hippocampal Slice Cultures—At 5 days in vitro,
male and female rat hippocampal slice cultures were transferred into new culture plates
containing 1 ml of culture medium on the bottom with the addition of the Tat;_7, (200nM)
or Tat plus the monoclonal antibody against the N-terminal of Tat (1:200 dilution, 5ng/ul) in
culture medium. For experiments using NMDA, cultures were exposed to Tat+anti-Tat for a
30 minute pre-incubation period, after which they were put into fresh media containing Tat
+anti-Tat+20uM NMDA. Additional cultures were exposed only to 20uM NMDA. Culture
medium contained the fluorescent marker propidium iodide®, which binds to nucleic acids
when cell membrane integrity has been compromised. Fluorescent images to visualize cell
death as indicated by PI uptake were taken at 24 hours of exposure to experimental agents.
All experiments were replicated with separate rat litters.

Images were taken using SPOT Advanced version 4.0.2 software for Windows with a 5x
objective on an inverted Leica DMIRB microscope fitted for fluorescence detection
(mercury-arc lamp) and connected to a personal computer via a SPOT 7.2 color mosaic
camera (W. Nuhsbaum Inc., McHenry, IL). Fluorescent intensity was analyzed by
densitometry using Image J software (National Institutes of Health, Bethesda, MD) in the
granule cell layer of DG and the pyramidal cell layers of CA3 and CA1. Background
fluorescent intensity was subtracted prior to statistical analysis. All measurements were
converted to percent control values. One-way analysis of variance’ was conducted within
CA1, CA3, and DG. When appropriate, Fisher’s LSD post-hoc analyses were interpreted
with significance level set at p<0.05.

Anti-Tat antibodies neutralize Tat neurotoxicity

We coincubated Tat with anti-Tat, and exposed neuronal cultures to the immune complexes.
Antibodies against either C- or N-terminal of Tat attenuated neurotoxicity caused by Tat
alone (p<0.05) (figure 1). Other antibodies against Tat, particularly rabbit polyclonal
antibodies made against whole Tat, did not protect. An unrelated antibody (anti-p24) also
showed no protection.

Hippocampal slice cultures have the advantage that the synaptic interactions of neurons and
neuro-glial interactions are intact (Mulholland and Prendergast, 2003; Prendergast et al.,
2004). Thus, to determine if the antibodies have similar protective properties in the setting
of this more intact network, rat hippocampal slice cultures were used. We coincubated slice
cultures with Tat and mAb against N-terminal of Tat, and measured neurotoxicity with PI
staining after 24 hours of exposure. (Figure 2) depicts representative images, while (figure

bpi;
TANOVA:;
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3) quantitates results. In CA1, a main effect of treatment was present [F(2,157)=10.905,
p<0.001]. Specifically, Tat produced 17% greater Pl uptake compared to control cultures
(p<0.001), which was attenuated by co-exposure to Tat and anti-Tat (p<0.05). A main effect
was also present in CA3 [F(2,157)=8.870, p<0.001] and DG [F(2,157)=5.723, p<0.01], such
that Tat produced significant toxicity above control (p<0.01), and co-exposure of Tat with
anti-Tat did not produce PI uptake greater than control (p>0.2). Exposure to antibody alone
produced no significant changes in Pl uptake compared to controls.

It is important to determine if the Tat-immune complexes have the observed functions only
in dissociated neuronal cultures or have the ability to penetrate tight extracellular spaces in
vivo. These experiments thus provide in vivo relevance to these observations. Although the
effect size is small in the hippocampal slice cultures, this is not unexpected because the Tat-
immune complexes are large and would not penetrate the tissue as well as relatively small
molecule toxins like Tat or NMDA. The consistent results with both primary dissociated
neuronal cultures and hippocampal slice cultures supports the biological relevance of the
neuroprotective effect of Tat-immune complexes.

Tat immune complexes attenuate NMDA-excitotoxity

Tat immune

Since peptides from N-terminal of Tat are non-toxic (Nath et al., 1996), and since antibodies
against both N- and C-terminal were protective, we explored a more indirect neuroprotective
function. We found the immune complex formed by Tat and C-terminal anti-Tat attenuated
NMDA mediated excitotoxicity (p<0.01) (figure 4a). The protective effect of the immune
complex was similar to that of kynurenic acid, a glutamate receptor antagonist
(supplementary figure S1). However, the Tat-anti-Tat immune complex did not protect
against excitotoxicity mediated by the AMPA agonist, kainate (figure 4b). Immune
complexes formed by Tat and N-terminal mAb were also protective against NMDA
(p<0.05) (supplementary figure S2). An unrelated immune complex (p24 and anti-p24)
showed no protection (supplementary figure S3). Immune complexes made with rabbit
polyclonal antibodies against whole Tat did not protect. Neither Tat nor antibody alone
blocked NMDA excitotoxicity.

We confirmed these results with slice cultures. (Figure 5) quantitates results from DG, CA1,
and CAS3. In all three areas (DG [F(2, 111)=19.590, p<0.001], CA3 [F(2, 111)=26.870,
p<0.001], CA1 [F(2,110)=120.515, p<0.001]), NMDA produced significant toxicity
compared to control cultures (p<0.001), and 30 minute pre-incubation with Tat+antiTat
significantly attenuated NMDA toxicity (p<0.001). Tat immunocomplex may be less
efficient in reverting NMDA-induced propidium uptake in CA1 when compared to DG or
CA3. This may be due to differences in subtypes of NMDA receptors in these regions.

complexes physically interact with NMDA receptors

Next, we conducted a series of immunoprecipitation experiments (figure 6a). Using antibody
to NR1 subunit of NMDA receptor, we were able to immunoprecipitate the Tat-NMDA
receptor complex. Co-incubation of Tat immune complexes with NMDA receptor
expressing cells also allowed immunoprecipitation of Tat-NMDA receptor complex with
antibody to NR1. The formation of these complexes was not affected by the presence of
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NMDA. In reverse immunoprecipation experiments Tat was incubated with cells expressing
the NMDA receptor and immunoprecipitated with anti-Tat antibody. Complexes were
detected by western blot analysis using antibodies to NR1a (figure 6b). However, cells
expressing AMPA receptors did not bind to Tat when similarly immunoprecipated using Tat
antibody and Western blots probed with GIuR-1 antibody. This is consistent with
experiments above demonstrating that Tat-immune complex did not attenuate kainate-
toxicity.

Amino acids 31-61 of Tat are necessary to cause neurotoxicity (Nath et al., 1996), and
cysteine residues of Tat are critical in direct interactions with the NMDA receptor (Li et al.,
2008). Hence, we used a mutant Tat protein, TatA31-61, made by deleting the domain that
is known to bind to the NMDA receptor and is critical for mediating its neurotoxic
properties. The antibody to Tat binds to the C terminal region hence is capable of binding to
the mutant Tat. We also used Tat in which we had nitrosylated the cysteine residues. When
nitrosylated Tat or TatA31-61 was incubated with NMDA receptor expressing cells, Tat-
NMDA receptor complexes could not be immunoprecipated. The anti-Tat antibodies still
bind the mutant Tat or nitrosylated Tat, but these forms of Tat do not bind to the NMDA
receptor. Immune complexes of this mutant Tat and N-terminal anti-Tat, failed to attenuate
NMDA excitotoxicity (figure 7a). Since the protective effect of the antibody occurred in the
presence of wild-type Tat, but not with this mutant Tat, it suggested that protection requires
interaction of Tat with the NMDA receptor even when the immune complexes are formed.

We further found that immune complexes of nitrosylated Tat with N-terminal mAb failed to
protect against NMDA mediated neurotoxicity (figure 7b). Similar lack of protection was
seen with immune complexes formed with heat denatured Tat and N-terminal mAb (not
shown).

Collectively, these experiments suggested that direct interaction between Tat and NMDA
receptor is necessary for the immune complexes to protect against NMDA agonists. The
observation that immune complexes of the mutant Tat protein and nitrosylated Tat do not
protect against NMDA toxicity, suggests that the domain of Tat that binds to the NMDA
receptor is critical for mediating the protection. Since Tat is known to be an agonist of the
receptor, resulting in excitotoxicity, this also suggests that the antibody must change the
tertiary configuration of the molecule, thus preventing the toxic effects without altering its
NMDA receptor binding properties.

Anti-NR2b antibodies attentuate NMDA-excitotoxity

We wanted to determine if the ability of Tat-immune complexes to block NMDA
excitotoxicity was specific for these antibodies or if other antibodies directed against the
NMDA receptor can also block NMDA effects. This is particularly important since in
patients with NMDA receptor encephalitis, the antibodies against the receptor have agonist
properties. Thus, we coincubated NMDA with an anti-NR2b mAb, and found that the mAb
attenuated neurotoxicity caused by NMDA alone (p<0.05) (figure 6c¢). Protection was not
observed with an anti-NR1a mAb (supplementary figure S4), suggesting that only some
antibody-receptor interactions can block NMDA access to or stimulation of the receptor.
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This experiment clearly shows that blocking antibodies against this receptor can be
generated and the effects are not specific to Tat-immune complexes.

DISCUSSION

The role of anti-Tat antibodies in progression of HAND needs to be determined. In as of yet
unpublished experiments, we have found that antibodies to Tat were present in CSF of HIV-
infected patients. Pending further analysis, these CSF studies are consistent with the in vitro
findings shown in this manuscript, suggesting that anti-Tat antibodies are neuroprotective,
with the highest CSF anti-Tat antibody levels in patients who were cognitively normal.
Though not previously identified in patients with HAND, immune complexes have been
identified in CSF from many neurological diseases and there is clear evidence of intrathecal
synthesis of antibodies in these patients (Cawley et al., 1976; Cojocaru et al., 1992; Rastogi
et al., 1983; Rudick et al., 1985; Wajgt and Gorny, 1983). Additionally, antibodies may
cross the blood brain barrier. For example in paraneoplastic syndromes, antibodies directed
against specific CNS antigens arise in the periphery and easily cross the blood brain barrier
(Toothaker and Rubin, 2009). B cells may be found in the brain of HIV-infected patients and
intrathecal synthesis of antibodies may occur (Anthony et al., 2003; Fainardi et al., 2001).
Similarly, antibodies to gp120 have been demonstrated in the CSF of HIV infected
individuals (Trujillo et al., 1996). Therapeutic strategies using CNS vaccines hold great
promise despite previous controversy, such as with the amyloid vaccine for Alzheimers
disease (Pul et al., 2011).

We observed that antibodies to Tat prevent Tat mediated excitotoxicity, but do not prevent
its binding to NMDA receptor. Interactions between Tat and NMDA receptor are mediated
via the basic domain of Tat and cysteine-cysteine interactions between the two molecules(Li
et al., 2008) (figure 8). The tertiary configuration of Tat is essential to mediate these
interactions. These observations are supported by our findings that heat denaturation or
nitrosylation of cysteine moieties on Tat prevented any direct interactions between Tat and
NMDA receptor. Since antibodies to N- or C-terminal of Tat prevented Tat-mediated
neurotoxicity but did not prevent Tat binding to NMDA receptor, it suggests that these
regions are freely available for binding to antibody. It also suggests that antibody must alter
the tertiary configuration of Tat such that it prevents excitation of the NMDA receptor. This
can only occur if binding properties and excitatory properties of Tat are mediated via
different regions of the molecule. Other anti-Tat antibodies, such as antibodies made against
whole Tat as opposed to mAbs against the N- or C-terminus, did not protect. This supports
the requirement that the antibody binds to Tat at an epitope which is accessible, yet does not
prevent binding of Tat to the NMDA receptor.

Since Tat antibody blocked Tat-mediated excitotoxicity, it could be termed a neutralizing
antibody. Typically, neutralizing antibodies prevent viral entry by interacting with epitopes
on the virus necessary for binding to cell surface receptors. Similarly, sera that neutralize
various toxins, usually do so by preventing binding to receptors by targeting epitopes on the
toxin (Poignard et al., 1996). We observed that Tat immune complexes bound to NMDA
receptor prevented excitation of these receptors by small molecule agonists. This suggests
that the complex produces steric hindrance and prevents access to the active sites on the
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extracellular domain of the receptor. Alternatively, the alteration in tertiary configuration
which prevents Tat from exciting the receptor must make the receptor unexcitable by other
NMDA agonists. This is a novel mechanism by which neutralizing antibodies may develop
broad receptor neutralizing properties by binding to antigen rather than receptor. Typically,
receptor blocking antibodies have been demonstrated in autoimmune diseases such as lupus
and paraneoplastic syndromes (Ardoin and Pisetsky, 2008; Toothaker and Rubin, 2009). We
observed that by binding to viral antigen that in turn binds to receptor, anti-Tat can act as a
receptor antagonist without causing an autoimmune syndrome.

A recent study (Rezza et al., 2005) of 252 HIV-1 positive individuals found that anti-Tat
seropositivity was protective against progression to advanced HIV disease. Our work
suggests one mechanism by which anti-Tat positivity could protect against progression, at
least for progression to HAND.

Previous work has shown the potential for producing neuroprotection by modulating NMDA
excitotoxicity via vaccine strategies. Rats immunized with NR1 subunit of NMDA receptor
showed neuroprotection against effects of seizure and stroke (During et al., 2000). The
ability of viral immune complexes to interact with NMDA receptors and prevent
excitotoxicity represents a novel host defense mechanism. This may have important
implications for our understanding of viral host relationships. These neutralizing antibodies
could potentially be used therapeutically. It is also possible that this phenomenon could be
exploited for development of therapeutic vaccines.

CONCLUSIONS

The ability of viral immune complexes to interact with NMDA receptors and prevent
excitotoxicity represents a novel host defense mechanism. Host immune responses may
influence host susceptibility to various effects of viral proteins, modulating HIV
complications, such as onset of HAND. These observations provide rationale for
development of vaccine therapies targeting Tat for prevention of HAND.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Attenuation of Tat neurotoxicity by a monoclonal antibody
Mixed rat neuronal cultures were exposed to Tat;_7» and/or C-terminal anti-Tat monoclonal

antibody as indicated. Mitochondrial membrane potential was measured 15-18 hours later.
Tat alone caused toxicity versus untreated controls (p<0.001). When the antibody was
incubated with Tat, it provided significant protection versus the toxicity seen with Tat alone
(p<0.05). Anti-p24 provided no neuroprotection. Concentrations: Tat 200nM, antibody
5ng/ul. Data represents mean + SEM of at least six independent experiments, analyzed by
ANOVA with Neumann-Keuls post-test.
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Figure 2. Representative images of propidium iodide uptake in organotypic hippocampal slice
cultures
following 24 hr of exposure to: (A) control cell culture medium; (B) Tat 1-72 (200nM); and

(C) Tat 1-72+anti-Tat antibody (5ng/pul); and (D) anti-Tat antibody (5 ng/ul)
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Figure 3. Twenty-four hours of exposure to Tat 1-72 (200nM) produced significant injury
(increased uptake of propidium iodide) in dentate gyrus granule cells, as well as, pyramidal cells
of the CA3 and CAL regions

Co-exposure of slices to Tat 1-72 with C-terminal anti-Tat monoclonal antibody
significantly attenuated Tat toxicity in the pyramidal cell layer of the CA1 hippocampal
region, and reduced P1 uptake compared to Tat alone in all three regions. All values were
converted to percent control before analysis and graphing, and the dashed line indicates
control values.*p<0.05 vs. control cultures; #p<0.05 vs. 200nM Tat.

Neurobiol Dis. Author manuscript; available in PMC 2014 February 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rumbaugh et al.

Page 15

100 4

90 4

80 1

704

60 4

50 4

Mitochondrial Potentid (% of control)

100+

904

804

Mitochondrial Potential
(% of control)

Figure 4. Modulation of NMDA excitotoxicity by a Tat immune complex
Mixed rat neuronal cultures were exposed to Tat;_7», anti-Tat antibody, NMDA, and/or

kainic acid. Mitochondrial membrane potential was measured 15-18 hours later. (A) NMDA
alone caused toxicity versus untreated controls (p<0.001). Antibody alone demonstrated no
protective effect against NMDA excitotoxicity, but the combination of Tat and anti-Tat
antibody was neuroprotective against NMDA (p<0.01). (B) Kainic acid alone caused
toxicity versus untreated controls (p<0.001), but neither the anti-Tat antibody alone nor the
Tat immune complex demonstrated a protective effect against kainate-mediated
excitotoxicity. Concentrations: Tat 200nM, antibody 5ng/ul, NMDA 125 pM, kainic acid 50
UM. Data represents mean + SEM of at least four independent experiments, analyzed by
ANOVA with Neumann-Keuls post-test.
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Figure 5. The Tat 1-72+anti-Tat antibody complex blocks NMDA toxicity in organotypic
hippocampal cultures
Cultures were pre-incubated for 30 minutes in culture media containing Tat 1-72 (200nM)

+anti-Tat antibody before being transferred into media containing Tat 1-72+anti-Tat
antibody+20uM NMDA. Cultures were imaged 24 hours after the initial exposure to
NMDA. All values were converted to percent control before analysis and graphing, and the
dashed line indicates control values. **p<0.001 vs. 20uM NMDA; *p<0.001 vs. control
cultures.
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Figure 6. Interaction of Tat immune complexes with the NMDA receptor, but not kainate
receptors

(A) Lanes 1-6: Protein G sepharose beads were prepared with a monoclonal anti-NR1
antibody. HEK 293 cells expressing NR1A and NR2A were incubated for 1 hour in
conditioned media with the indicated agent(s): untreated (lane 1), Tat protein (lane 2),
nitrosylated Tat (lane 3), Tata31_67 (lane 4), Tat and anti-Tat antibody (lane 5), Tat and anti-
Tat antibody and NMDA (lane 6). The cells were then harvested for immunoprecipitation
over the anti-NR1 loaded protein G sepharose. Eluted proteins were separated by SDS-
PAGE and immunoblotted with anti-Tat antibody. As controls, NR1 (lane 7) and Tat (lane
8) were run on the gel. (B) Top panel: Tat protein or vehicle was incubated with HEK 293
cells which had been transfected with NMDA receptor proteins, NR1A and NR2A.
Immunoprecipitation was performed with anti-Tat antibody. Eluted proteins were
immunoblotted with anti-NR1A antibody. Bottom panel: Tat protein or vehicle was
incubated with HEK 293 cells which had been transfected with an AMPA receptor-GFP
fusion protein, GIUR1-GFP. Immunoprecipitation was performed with anti-Tat antibody.
Eluted proteins were immunoblotted with an antibody against the GIUR1-GFP. As a control,
the third lane, shows cell lysate from HEK 293 cells transfected with NR1A and NR2A (top
panel) and with GIuR1-GFP (bottom panel). The arrows indicate the monomeric forms of
NR1A (top) and GIuR1 (bottom). (C) Mixed rat neuronal cultures were exposed to NMDA
and/or anti-NR2b antibody. Mitochondrial membrane potential was measured 18 hours later.
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NMDA alone caused toxicity versus untreated controls (p<0.001). When the cells were pre-
treated with anti-NR2b antibody for 30 minutes prior to addition of NMDA, it provided
significant protection versus the toxicity seen with NMDA alone (*p<0.05, **p<0.01).
Concentrations: NMDA 125 uM, ab1 5ng/ul, ab2 10ng/ul. Data represents mean + SEM of
at least three independent experiments, analyzed by ANOVA with Neumann-Keuls post-
test.
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Figure 7. Tat immune complexes which do not interact with the NMDA receptor do not
neuroprotect
Mixed rat neuronal cultures were exposed to Tataz1_g1, hitrosylated Tat, anti-Tat antibody,

and/or NMDA. Mitochondrial membrane potential was measured 15-18 hours later. (A)
NMDA caused toxicity versus untreated controls (p<0.01), which the mutant Tat-antiTat
immune complex could not attenuate. (B) Nitrosylated Tat-antiTat immune complex could
not attenuate toxicity caused by NMDA. Concentrations: Tat 200nM, antibody 5ng/ul,
NMDA 125 uM. Data represents mean £ SEM of at least five independent experiments,
analyzed by ANOVA with Neumann-Keuls post-test.
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Figure 8. Neuroprotection by Tat immune complexes at NMDA receptors
Model of the interaction between Tat and NMDA. Tat (aa 1-48, PDBid 3MIA) was

manually docked to a cleft at the interface between the NR1/NR2A complex (PDBid 2AT5).
The close proximity of NR1’s cysteine-744 and Tat’s cysteine-31 and Zn-site (coordinated
by cysteines 25, 27 and 30) suggests the possibility of a Zn-mediated or disulfide bridge
between Tat and the receptor. A similar interaction was observed between HIV-Tat and P-
TEFb(Tahirov et al., 2010) (A) Tat (colored magenta) bound to the ligand binding domain
of the NMDA receptor (cyan and green). N- and C-term of Tat are exposed to the solvent,
and available for binding to anti-Tat antibody. The interaction between the molecules may
stabilize the receptor in an active conformation, leading to excitotoxicity. When the anti-Tat
antibody binds to the exposed N- or C-terminal of Tat, Tat is still able to bind to the NMDA
receptor, but the receptor must then be stabilized in an inactive confirmation. Furthermore,
in the presence of this Tat-antiTat immune complex, small molecule agonists are not able to
stimulate the receptor either. (B) Protein cartoon of Tat bound to NR1-NR2A heterodimer
(NR1 in cyan, NR2A in green, and Tat in magenta.) (C) Solvent accessible surface of the
NR1/NR2A heterodimer colored by surface-charge distribution (blue positively charged, red
negatively). The interaction between Tat and cysteine-744 on the NMDA receptor is also
depicted. (D) Tat, represented as a solvent accessible surface colored in magenta, is docked
in the NR1-NR2A interface cleft. The surface corresponding to the Zn2* ion and
cysteine-744 are colored yellow and red respectively. The molecular modeling program
Pymol™(Schrodinger, LLC) was used for the modeling and figures.
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